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PREFACE

The scope of the theory of spin glasses has been expanding well beyond its origi-
nal goal of explaining the experimental facts of spin glass materials. For the first
time in the history of physics we have encountered an explicit example in which
the phase space of the system has an extremely complex structure and yet is
amenable to rigorous, systematic analyses. Investigations of such systems have
opened a new paradigm in statistical physics. Also, the framework of the analyti-
cal treatment of these systems has gradually been recognized as an indispensable
tool for the study of information processing tasks.

One of the principal purposes of this book is to elucidate some of the im-
portant recent developments in these interdisciplinary directions, such as error-
correcting codes, image restoration, neural networks, and optimization problems.
In particular, I would like to provide a unified viewpoint traversing several dif-
ferent research fields with the replica method as the common language, which
emerged from the spin glass theory. One may also notice the close relationship
between the arguments using gauge symmetry in spin glasses and the Bayesian
method in information processing problems. Accordingly, this book is not neces-
sarily written as a comprehensive introduction to single topics in the conventional
classification of subjects like spin glasses or neural networks.

In a certain sense, statistical mechanics and information sciences may have
been destined to be directed towards common objectives since Shannon formu-
lated information theory about fifty years ago with the concept of entropy as the
basic building block. It would, however, have been difficult to envisage how this
actually would happen: that the physics of disordered systems, and spin glass
theory in particular, at its maturity naturally encompasses some of the impor-
tant aspects of information sciences, thus reuniting the two disciplines. It would
then reasonably be expected that in the future this cross-disciplinary field will
continue to develop rapidly far beyond the current perspective. This is the very
purpose for which this book is intended to establish a basis.

The book is composed of two parts. The first part concerns the theory of
spin glasses. Chapter 1 is an introduction to the general mean-field theory of
phase transitions. Basic knowledge of statistical mechanics at undergraduate
level is assumed. The standard mean-field theory of spin glasses is developed
in Chapters 2 and 3, and Chapter 4 is devoted to symmetry arguments using
gauge transformations. These four chapters do not cover everything to do with
spin glasses. For example, hotly debated problems like the three-dimensional spin
glass and anomalously slow dynamics are not included here. The reader will find
relevant references listed at the end of each chapter to cover these and other
topics not treated here.
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The second part deals with statistical-mechanical approaches to information
processing problems. Chapter 5 is devoted to error-correcting codes and Chapter
6 to image restoration. Neural networks are discussed in Chapters 7 and 8, and
optimization problems are elucidated in Chapter 9. Most of these topics are
formulated as applications of the statistical mechanics of spin glasses, with a
few exceptions. For each topic in this second part, there is of course a long
history, and consequently a huge amount of knowledge has been accumulated.
The presentation in the second part reflects recent developments in statistical-
mechanical approaches and does not necessarily cover all the available materials.
Again, the references at the end of each chapter will be helpful in filling the gaps.
The policy for listing the references is, first, to refer explicitly to the original
papers for topics discussed in detail in the text, and second, whenever possible,
to refer to review articles and books at the end of a chapter in order to avoid an
excessively long list of references. I therefore have to apologize to those authors
whose papers have only been referred to indirectly via these reviews and books.

The reader interested mainly in the second part may skip Chapters 3 and 4
in the first part before proceeding to the second part. Nevertheless it is recom-
mended to browse through the introductory sections of these chapters, including
replica symmetry breaking (§§3.1 and 3.2) and the main part of gauge theory
(§84.1 to 4.3 and 4.6), for a deeper understanding of the techniques relevant to
the second part. It is in particular important for the reader who is interested in
Chapters 5 and 6 to go through these sections.

The present volume is the English edition of a book written in Japanese
by me and published in 1999. T have revised a significant part of the Japanese
edition and added new material in this English edition. The Japanese edition
emerged from lectures at Tokyo Institute of Technology and several other uni-
versities. I would like to thank those students who made useful comments on
the lecture notes. I am also indebted to colleagues and friends for collabora-
tions, discussions, and comments on the manuscript: in particular, to Jun-ichi
Inoue, Yoshiyuki Kabashima, Kazuyuki Tanaka, Tomohiro Sasamoto, Toshiyuki
Tanaka, Shigeru Shinomoto, Taro Toyoizumi, Michael Wong, David Saad, Peter
Sollich, Ton Coolen, and John Cardy. I am much obliged to David Sherrington
for useful comments, collaborations, and a suggestion to publish the present En-
glish edition. If this book is useful to the reader, a good part of the credit should
be attributed to these outstanding people.

Tokyo
February 2001
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1
MEAN-FIELD THEORY OF PHASE TRANSITIONS

Methods of statistical mechanics have been enormously successful in clarifying
the macroscopic properties of many-body systems. Typical examples are found
in magnetic systems, which have been a test bed for a variety of techniques.
In the present chapter, we introduce the Ising model of magnetic systems and
explain its mean-field treatment, a very useful technique of analysis of many-
body systems by statistical mechanics. Mean-field theory explained here forms
the basis of the methods used repeatedly throughout this book. The arguments in
the present chapter represent a general mean-field theory of phase transitions in
the Ising model with uniform ferromagunetic interactions. Special features of spin
glasses and related disordered systems will be taken into account in subsequent
chapters.

1.1 Ising model

A principal goal of statistical mechanics is the clarification of the macroscopic
properties of many-body systems starting from the knowledge of interactions
between microscopic elements. For example, water can exist as vapour (gas),
water (liquid), or ice (solid), any one of which looks very different from the oth-
ers, although the microscopic elements are always the same molecules of HoO.
Macroscopic properties of these three phases differ widely from each other be-
cause intermolecular interactions significantly change the macroscopic behaviour
according to the temperature, pressure, and other external conditions. To inves-
tigate the general mechanism of such sharp changes of macroscopic states of
materials, we introduce the Ising model, one of the simplest models of interact-
ing many-body systems. The following arguments are not intended to explain
directly the phase transition of water but constitute the standard theory to de-
scribe the common features of phase transitions.

Let us call the set of integers from 1 to N, V = {1,2,....N} = {i}iz1,. .~
a lattice, and its element i a site. A site here refers to a generic abstract object.
For example, a site may be the real lattice point on a crystal, or the pixel of
a digital picture, or perhaps the neuron in a neural network. These and other
examples will be treated in subsequent chapters. In the first part of this book
we will mainly use the words of models of magnetism with sites on a lattice for
simplicity. We assign a variable S; to each site. The Ising spin is characterized
by the binary value S; = 41, and mostly this case will be considered throughout
this volume. In the problem of magnetism, the Ising spin S; represents whether
the microscopic magnetic moment is pointing up or down.
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]

»—T—n——
Fia. 1.1. Square lattice and nearest neighbour sites (ij) on it

A bond is a pair of sites (ij). An appropriate set of bonds will be denoted as
B = {(ij)}. We assign an interaction energy (or an interaction, simply) —J5;5;
to each bond in the set B, The interaction energy is —J when the states of the
two spins are the same (S; = S;) and is J otherwise (S; = —5;). Thus the
former has a lower energy and is more stable than the latter if J > 0. For the
magnetism problem, S; = 1 represents the up state of a spin (1) and S; = —1
the down state (|), and the two interacting spins tend to be oriented in the
same direction (11 or ||) when J > 0. The positive interaction can then lead
to macroscopic magnetism (ferromagnetism) because all pairs of spins in the set
B have the tendency to point in the same direction. The positive interaction
J > 0 is therefore called a ferromagnetic interaction. By contrast the negative
interaction J < 0 favours antiparallel states of interacting spins and is called an
antiferromagnetic interaction.

In some cases a site has its own energy of the form —hS;, the Zeeman energy
in magnetism. The total energy of a system therefore has the form

N
H=-J Y 88 -h> S (1.1)
(ij)eB =1
Equation (1.1) is the Hamiltonian (or the energy function) of the Ising model.
The choice of the set of bonds B depends on the type of problem one is
interested in. For example, in the case of a two-dimensional crystal lattice, the
set, of sites V' = {i} is a set of points with regular intervals on a two-dimensional
space. The bond (ij) (€ B) is a pair of nearest neighbour sites {see Fig. 1.1).
We use the notation (ij) for the pair of sites (if) € B in the first sum on the
right hand side of (1.1) if it runs over nearest neighbour bonds as in Fig. 1.1. By
contrast, in the infinite-range model to be introduced shortly, the set of bonds
B is composed of all possible pairs of sites in the set of sites V.
The general prescription of statistical mechanics is to calculate the thermal
average of a physical quantity using the probability distribution

z

e

P(S) = (1.2)
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for a given Hamiltonian H. Here, 8 = {S;} represents the set of spin states, the
spin configuration. We take the unit of temperature such that Boltzmann’s con-
stant kp is unity, and 5 is the inverse temperature 5 = 1/7". The normalization
factor Z is the partition function

Z = Z Z Z e”ﬁflaze'ﬁﬂ. (1.3)

Syz=tl Som=t1 Sn=k1 S

One sometimes uses the notation Tr for the sum over all possible spin configu-
rations appearing in (1.3). Hereafter we use this notation for the sum over the
values of Ising spins on sites:

Z =Tre PH, (1.4)
Equation (1.2) is called the Gibbs-Boltzmann distribution, and e is termed
the Boltzmann factor. We write the expectation value for the Gibbs-Boltzmann
distribution using angular brackets {---).

Spin variables are not necessarily restricted to the Ising type (S; = +1). For
instance, in the XY model, the variable at a site ¢ has a real value 6; with modulo
27, and the interaction energy has the form —.J cos(6; — 6;). The energy due to
an external field is —h cosf;. The Hamiltonian of the XY model is thus written

as
H=-J z cos(b; — 6;) — hZcos ;. (1.5)

(ij)eB i
The XY spin variable 6; can be identified with a point on the unit circle. If
J > 0, the interaction term in (1.5) is ferromagnetic as it favours a parallel spin
configuration (6; = 6;).

1.2 Order parameter and phase transition

One of the most important quantities used to characterize the macroscopic prop-
erties of the Ising model with ferromagnetic interactions is the magnetization.
Magnetization is defined by

N
m= <Z 5i> = +Tr ((Z Si)P(S)) , (1.6)
(=3 i

and measures the overall ordering in a macroscopic system (i.e. the system in
the thermodynamic limit N - oo). Magnetization is a typical example of an
order parameter which is a measure of whether or not a macroscopic system is
in an ordered state in an appropriate sense. The magnetization vanishes if there
exist equal numbers of up spins S; = 1 and down spins S; = —1, suggesting the
absence of a uniformly ordered state.

At low temperatures J > 1, the Gibbs-Boltzmann distribution (1.2) implies
that low-energy states are realized with much higher probability than high-energy
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m

Fig. 1.2. Temperature dependence of magnetization

states. The low-energy states of the ferromagnetic Ising model (1.1) without the
external field A = 0 have almost all spins in the same direction. Thus at low
temperatures the spin states are either up S; = 1 at almost all sites or down
5; = —1 at almost all sites. The magnetization m is then very close to either 1
or —1, respectively.

As the temperature increases, 3 decreases, and then the states with various
energies emerge with similar probabilities. Under such circumstances, 5; would
change frequently from 1 to —1 and vice versa, so that the macroscopic state of
the system is disordered with the magnetization vanishing. The magnetization
m as a function of the temperature 1' therefore has the behaviour depicted in
Fig. 1.2. There is a critical temperature Tp; m # 0 for T' < T, and m = 0 for
T >T..

This type of phenomenon in a macroscopic system is called a phase transition
and is characterized by a sharp and singular change of the value of the order
parameter between vanishing and non-vanishing values. In magnetic systems the
state for T < T, with m s 0 is called the ferromagnetic phase and the state
at T > T, with m = 0 is called the paramagnetic phase. The temperature T, is
termed a critical point or a transition point.

1.3 Mean-field theory

In principle, it is possible to calculate the expectation value of any physical quan-
tity using the Gibbs—Boltzmann distribution (1.2). It is, however, usually very
difficult in practice to carry out the sum over 2"V terms appearing in the partition
function (1.3). One is thus often forced to resort to approximations. Mean-field
theory (or the mean-field approximation) is used widely in such situations.

1.3.1  Mean-field Hamiltonian

The essence of mean-field theory is to neglect fluctuations of microscopic vari-
ables around their mean values. One splits the spin variable S; into the mean
m =Yy .(S;)/N = (S;) and the deviation (fluctuation) §S; = S; —m and assumes
that the second-order term with respect to the fluctuation 45; is negligibly small
in the interaction energy:
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H=-~J Y (m+88)(m+58;)~h)_S
(if)eB i
~ —Jm?Ng — Jm z (08 +65;) — hz S;. (1.7)
(t)eB @

To simplify this expression, we note that each bond (ij) appears only once in the
sum of 6.5; + 0.5; in the second line. Thus §5; and 6.5; assigned at both ends of
a bond are summed up z times, where z is the number of bonds emanating from
a given site (the coordination number), in the second sum in the final expression
of (1.7):

H = —Jm*Ng — JWLZZ5Si - hZSi

= NgJm?® — (Jmz + h) Z Si. (1.8)

A few comments on (1.8) are in order.

1. Np is the number of elements in the set of bonds B, Ng = |B|.

2. We have assumed that the coordination number z is independent of site
i, so that Np is related to z by 2N/2 = Np. One might imagine that the
total number of bonds is 2NV since each site has z bonds emanating from
it. However, a bond is counted twice at both its ends and one should divide
zN by two to count the total number of bonds correctly.

3. The expectation value (5;) has been assumed to be independent of i. This
value should be equal to m according to (1.6). In the conventional ferro-
magnetic Ising model, the interaction J is a constant and thus the average
order of spins is uniform in space. In spin glasses and other cases to be
discussed later this assumption does not hold.

The effects of interactions have now been hidden in the magnetization m in
the mean-field Hamiltonian (1.8). The problem apparently looks like a non-
interacting case, which significantly reduces the difficulties in analytical manip-
ulations.

1.3.2  Equation of state

The mean-field Hamiltonian (1.8) facilitates calculations of various quantities.
For example, the partition function is given as

Jé; {wz\zﬂ*/“an2 + (Jmz + h) ): SH

— o BNpJm? {2 cosh B(Jmz + h)}N . (1.9)

Z = Trexp

A similar procedure with S; inserted after the trace operation Tr in (1.9) yields
the magnetization m,
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m

_ y=tanh(BJmz)
ety

TT(T<Ty)

FiG. 1.3. Solution of the mean-field equation of state

. Tl'SieﬂaH

7 = tanh 8(Jmz + h). (1.10)

m
This equation (1.10) determines the order parameter m and is called the equation
of state. The magnetization in the absence of the external field h = 0, the spon-
taneous magnetization, is obtained as the solution of (1.10) graphically: as one
can see in Fig. 1.3, the existence of a solution with non-vanishing magnetization
m 5 0 is determined by whether the slope of the curve tanh(GJmz) at m = 0 is
larger or smaller than unity. The first term of the expansion of the right hand
side of (1.10) with h = 0 is SJzm, so that there exists a solution with m = 0 if
and only if 8Jz > 1. From f8Jz = Jz/T = 1, the critical temperature is found
to be 1, = Jz. Figure 1.3 clearly shows that the positive and negative solutions
for m have the same absolute value (m), corresponding to the change of sign
of all spins (S; - —S;,Vi). Hereafter we often restrict ourselves to the case of
m > 0 without loss of generality.

1.3.3  Free energy and the Landau theory

It is possible to calculate the specific heat C, magnetic susceptibility y, and other
quantities by mean-field theory. We develop an argument starting from the free
energy. The general theory of statistical mechanics tells us that the free energy
is proportional to the logarithm of the partition function. Using (1.9), we have
the mean-field free energy of the Ising model as

F = -Tlog Z = —~NTlog{2cosh 3(Jmz + h)} + NgJm?. (1.11)

When there is no external field h = 0 and the temperature 7" is close to the
critical point 1¢, the magnetization m is expected to be close to zero. It is then
possible to expand the right hand side of (1.11) in powers of m. The expansion
to fourth order is

F=_-NTlog2+ ‘%M(l — BJz)m? + %(sz)‘*ﬁi‘. (1.12)
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F(m)

T>T,

r<T,

AN /

S~ ~— m

FiG. 1.4. Free energy as a function of the order parameter

It should be noted that the coefficient of m? changes sign at 7.. As one can see
in Fig. 1.4, the minima of the free energy are located at m # 0 when I" < T, and
at m = 0 if T" > T,. The statistical-mechanical average of a physical quantity

at the state that minimizes the free energy (thermal equilibrium state). Thus the
magnetization in thermal equilibrium is zero when T > T, and is non-vanishing
for T' < T.. This conclusion is in agreement with the previous argument using
the equation of state. The present theory starting from the Taylor expansion
of the free energy by the order parameter is called the Landau theory of phase
transitions.

1.4 Infinite-range model

Mean-field theory is an approximation. However, it gives the exact solution in the
case of the infinite-range model where all possible pairs of sites have interactions,
The Hamiltonian of the infinite-range model is

J
Hm-é—ﬁ;&sj ~h;&. (1.13)

The first sum on the right hand side runs over all pairs of different sites (i, j) (i =
1,...,N;j=1,...,N;i# j). The factor 2 in the denominator exists so that each
pair (4,7) appears only once in the sum, for example (5352 + 5251}/2 = 515s.
The factor N in the denominator is to make the Hamiltonian (energy) extensive
(i.e. O(N)) since the number of terms in the sum is N(N —1)/2.

The partition function of the infinite-range model can be evaluated as follows.
By definition,

Z = Trexp (%(Z 5% — %ﬂ +phy si) . (1.14)

Here the constant term —3.J/2 compensates for the contribution Y,(S?). This
term, of O(N? = 1), is sufficiently small compared to the other terms, of O(N),
in the thermodynamic limit N — oo and will be neglected hereafter. Since we
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cannot carry out the trace operation with the term (3, S;)* in the exponent, we
decompose this term by the Gaussian integral

007 /2 1/93{\‘1 /Qo dme~Nam*/2+vNamz (1.15)
21 J oo

Substituting a = 3J and z = 3", S;/V/N and using (1.9), we find

[BIN [ NBJm? _ .
Tr W[mmdm exp( 5 +5Jm§i:51+[7’h¥51) (1.16)

>0 T A 2
= 4 /6;f / dm exp (mz’\fﬁgm + Nlog{2 cosh B(Jm + h)}) (1.17)
O

The problem has thus been reduced to a simple single integral.

We can evaluate the above integral by steepest descent in the thermodynamic
limit N — oc: the integral (1.17) approaches asymptotically the largest value of
its integrand in the thermodynamic limit. The value of the integration variable
m that gives the maximum of the integrand is determined by the saddle-point
condition, that is maximization of the exponent:

o ( 8, . )
- (- 5 m Iog{Zc/oshp’(Jm-%‘h)}) =0 (1.18)
or

m = tanh S(Jm + h). (1.19)

Equation (1.19) agrees with the mean-field equation (1.10) after replacement of
J with J/N and z with N. Thus mean-field theory leads to the exact solution
for the infinite-range model.

The quantity m was introduced as an integration variable in the evaluation
of the partition function of the infinite-range model. It nevertheless turned out
to have a direct physical interpretation, the magnetization, according to the
correspondence with mean-field theory through the equation of state (1.19). To
understand the significance of this interpretation from a different point of view,
we write the saddle-point condition for (1.16) as

1
m= Z S;. (1.20)

The sum in (1.20) agrees with the average value m, the magnetization, in the
thermodynamic limit N — oo if the law of large numbers applies. In other
words, fluctuations of magnetization vanish in the thermodynamic limit in the
infinite-range model and thus mean-field theory gives the exact result.

The infinite-range model may be regarded as a model with nearest neighbour
interactions in infinite-dimensional space. To see this, note that the coordination
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number z of a site on the d-dimensional hypercubic lattice is proportional to d.
More precisely, z = 4 for the two-dimensional square lattice, 2 = 6 for the three-
dimensional cubic lattice, and z = 2d in general. Thus a site is connected to very
many other sites for large d so that the relative effects of fluctuations diminish
in the limit of large d, leading to the same behaviour as the infinite-range model.

1.5 Variational approach

Another point of view is provided for mean-field theory by a variational approach.
The source of difficulty in calculations of various physical quantities lies in the
non-trivial structure of the probability distribution (1.2) with the Hamiltonian
(1.1) where the degrees of freedom 8 are coupled with each other. It may thus
be useful to employ an approximation to decouple the distribution into simple
functions. We therefore introduce a single-site distribution function

Pi(o;) =Tr P(8)6(5;, 04) (1.21)
and approximate the full distribution by the product of single-site functions:
P(S) ~ [ Pi(S). (1.22)
i

We determine P;(S;) by the general principle of statistical mechanics to minimize
the free energy F = E—TS, where the internal energy F is the expectation value
of the Hamiltonian and S is the entropy (not to be confused with spin). Under
the above approximation, one finds

F="Tr {H<S> Hmsa} + 1T {H P,(Si) Zlogmsi)}

=—J Y TuSiS;Pi(S:)P;(S;) —h > TrS;Pi(S;)
(ij)eB i
+TY TrPi(Si) log Pi(S:), (1.23)

where we have used the normalization TrP;(S;) = 1. Variation of this free energy
by P;(S;) under the condition of normalization gives
SF
6P;(S;)

=—J Y Sim; —hSi + Tlog P(S;) + T + A =0, (1.24)
Jjel

where A is the Lagrange multiplier for the normalization condition and we have

written my for Tr S;P;(S;). The set of sites connected to 7 has been denoted by

1. The minimization condition (1.24) yields the distribution function

exp (,8] e Sim; + ,@hs,é)

P(Si) = P : (1.25)

where Zyp is the normalization factor. In the case of uniform magnetization
my; {= m), this result (1.25) together with the decoupling (1.22) leads to the
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distribution P(S) o e ## with H identical to the mean-field Hamiltonian (1.8)
up to a trivial additive constant.

The argument so far has been general in that it did not use the values of the
Ising spins S; = +1 and thus applies to any other cases. It is instructive to use
the values of the Ising spins explicitly and see its consequence. Since S; takes
only two values +1, the following is the general form of the distribution function:

1+ mS

Fi(S:) 5 (1.26)

which is compatible with the previous notation m; = TrS;F;(S;). Substitution
of (1.26) into (1.23) yields

F=-J Z mgmy — thi

(ij)eB i
. 14 my T+mg 1—my 1-my
T I 1 . 1.27
+ Zz: ( 5 log + og ) (1.27)

2 2 2

Variation of this expression with respect to m; leads to

m; = tanh 3 | J Z m; + h (1.28)
i€l

which is identical to (1.10) for uniform magnetization (m; = m, ¥i). We have
again rederived the previous result of mean-field theory.

Bibliographical note

A compact exposition of the theory of phase transitions including mean-field
theory is found in Yeomans (1992). For a full account of the theory of phase tran-
sitions and critical phenomena, see Stanley (1987). In Opper and Saad (2001),
one finds an extensive coverage of recent developments in applications of mean-
field theory to interdisciplinary fields as well as a detailed elucidation of various
aspects of mean-field theory.



2
MEAN-FIELD THEORY OF SPIN GLASSES

We next discuss the problem of spin glasses. If the interactions between spins
are not uniform in space, the analysis of the previous chapter does not apply
in the naive form. In particular, when the interactions are ferromagnetic for
some bonds and antiferromagnetic for others, then the spin orientation cannot
be uniform in space, unlike the ferromagnetic system, even at low temperatures.
Under such a circumstance it sometimes happens that spins become randomly
frozen—random in space but frozen in time. This is the intuitive picture of the
spin glass phase. In the present chapter we investigate the condition for the
existence of the spin glass phase by extending the mean-field theory so that it
is applicable to the problem of disordered systems with random interactions. In
particular we elucidate the properties of the so-called replica~-symmetric solution.
The replica method introduced here serves as a very powerful tool of analysis
throughout this book.

2.1 Spin glass and the Edwards—Anderson model

Atoms are located on lattice points at regular intervals in a crystal. This is
not the case in glasses where the positions of atoms are random in space. An
important point is that in glasses the apparently random locations of atoms do
not change in a day or two into another set of random locations. A state with
spatial randomness apparently does not change with time. The term spin glass
implies that the spin orientation has a similarity to this type of location of atom
in glasses: spins are randomly frozen in spin glasses. The goal of the theory of
spin glasses is to clarify the conditions for the existence of spin glass states.!

It is established within mean-field theory that the spin glass phase exists at
low temperatures when random interactions of certain types exist between spins.
The present and the next chapters are devoted to the mean-field theory of spin
glasses. We first introduce a model of random systems and explain the replica
method, a general method of analysis of random systems. Then the replica-
symmetric solution is presented.

"More rigorously, the spin glass state is considered stable for an infinitely long time at
least within the mean-field theory, whereas ordinary glasses will transform to crystals without
randomness after a very long period.

11
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2.1.1  Edwards-Anderson model

Let us suppose that the interaction J;; between a spin pair (ij) changes from
one pair to another. The Hamiltonian in the absence of an external field is then
expressed as
H=- Y J;55;. (2.1)
(ij)eB

The spin variables are assumed to be of the Ising type (S; = &1) here. Each J;; is
supposed to be distributed independently according to a probability distribution
P{.J;j). One often uses the Gaussian model and the £.J model as typical examples
of the distribution of P(.J;;). Their explicit forms are

- 1 (J@ — J{))z
P(Jiz) = pd(Jij — J) + (L = p)o(Ji; +J), (2.3)

respectively. Equation (2.2) is a Gaussian distribution with mean .Jy and variance
J? while in (2.3) J;; is either J (> 0) (with probability p) or —.J (with probability
1-p).

Randomness in J;; has various types of origin depending upon the specific
problem. For example, in some spin glass materials, the positions of atoms car-
rying spins are randomly distributed, resulting in randomness in interactions.
It is impossible in such a case to identify the location of each atom precisely
and therefore it is essential in theoretical treatments to introduce a probability
distribution for Ji;. In such a situation (2.1) is called the Edwards-Anderson
model (Edwards and Anderson 1975). The randomness in site positions (site
randomness) is considered less relevant to the macroscopic properties of spin
glasses compared to the randomness in interactions (bond randomness). Thus
Jij is supposed to be distributed randomly and independently at each bond (j)
according to a probability like (2.2) and (2.3). The Hopfield model of neural net-
works treated in Chapter 7 also has the form of (2.1). The type of randomness of
J;j in the Hopfield model is different from that of the Edwards-Anderson model.
The randomness in Jy; of the Hopfield model has its origin in the randomness
of memorized patterns. We focus our attention on the spin glass problem in
Chapters 2 to 4.

2.1.2  Quenched system and configurational average

Evaluation of a physical quantity using the Hamiltonian (2.1) starts from the
trace operation over the spin variables § = {S;} for a given fixed (quenched)
set of J;; generated by the probability distribution P(.J;;). For instance, the free
energy is calculated as

F = -TlogTre #4, (2.4)

which is a function of J = {.J;;}. The next step is to average (2.4) over the
distribution of J to obtain the final expression of the free energy. The latter
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procedure of averaging is called the configurational average and will be denoted
by brackets [- -] in this book,

[F] = ~Tllog Z] = -T / [1d7:; P(Ji;)log 2. (2.5)
(i5)

Differentiation of this averaged free energy [F] by the external field A or the
temperature 7' leads to the magnetization or the internal energy, respectively.
The reason to trace out first S for a given fixed J is that the positions of atoms
carrying spins are random in space but fixed in the time scale of rapid thermal
motions of spins. It is thus appropriate to evaluate the trace over § first with
the interactions J fixed.

It happens that the free energy per degree of freedom f(J) = F(J)/N has
vanishingly small deviations from its mean value [f] in the thermodynamic limit
N - 0. The free energy f for a given J thus agrees with the mean [f] with
probability 1, which is called the self-averaging property of the free energy. Since
the raw value f for a given J agrees with its configurational average [f] with
probability 1 in the thermodynamic limit, we may choose either of these quan-
tities in actual calculations. The mean [f] is easier to handle because it has no
explicit dependence on J even for finite-size systems. We shall treat the average
free energy in most of the cases hereafter.

2.1.3  Replica method

The dependence of log Z on J is very complicated and it is not easy to calculate
the configurational average [log Z]. The manipulations are greatly facilitated by
the relation
. 2™ -1

log Z] = }ngz(n) — (2.6)
One prepares n replicas of the original system, evaluates the configurational
average of the product of their partition functions Z", and then takes the limit
n — 0. This technique, the replica method, is useful because it is easier to evaluate
[Z™] than [log Z].

Equation (2.6) is an identity and is always correct. A problem in actual replica
calculations is that one often evaluates [Z"] with positive integer n in mind and
then extrapolates the result to n — 0. We therefore should be careful to discuss
the significance of the results of replica calculations.

2.2 Sherrington—Kirkpatrick model

The mean-field theory of spin glasses is usually developed for the Sherrington-
Kirkpatrick (SK) model, the infinite-range version of the Edwards—Anderson
model (Sherrington and Kirkpatrick 1975). In this section we introduce the SK
model and explain the basic methods of calculations using the replica method.



14 MEAN-FIELD THEORY OF SPIN GLASSES

2.2.1 SK model

The infinite-range model of spin glasses is expected to play the role of mean-field
theory analogously to the case of the ferromagnetic Ising model. We therefore
start from the Hamiltonian

H=-Y"J;S58 ~hY S (2.7)
i<j i
The first sum on the right hand side runs over all distinct pairs of spins, N(N —

1)/2 of them. The interaction J;; is a quenched variable with the Gaussian
distribution function

1 [N N (. D\
P(J;J) = 'j %exp {Wé":fé* (jlf/’ - TV") } . (28)
The mean and variance of this distribution are both proportional to 1/N:
] JQ P J2
[l = = [(AJy)7] =+ (2.9)

The reason for such a normalization is that extensive quantities (e.g. the energy
and specific heat) are found to be proportional to N if one takes the above
normalization of interactions, as we shall see shortly.

2.2.2  Replica average of the partition function

According to the prescription of the replica method, one first has to take the
configurational average of the nth power of the partition function

A / HdJ@JP(JU) Trexp SZJ”ZSQSOA ?hiZSa )

i<j 1<Cj =zl i=1 ae==1
(2.10)

where « is the replica index. The integral over J;; can be carried out indepen-
dently for each (ij) using (2.8). The result, up to a trivial constant, is

Trexp{ + 30 (582 Yo sesps7s? + 500 Yo sy |+ on Y Yo se
i< ., @ [ "
(2.11)
By rewriting the sums over ¢ < j and «, # in the above exponent, we find the
following form, for sufficiently large N:

Z"l B Nﬁ‘zJ?n I 432!]2 ZSQS@ 2
[Z™] = exp -1 exp N i S,

< 3

i

2
%?(ng) +;£3h2£3%33? . (2.12)
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2.2.3  Reduction by Gaussian integral

We could carry out the trace over S¢ independently at each site i in (2.12) if the
quantities in the exponent were linear in the spin variables. It is therefore useful
to linearize those squared quantities by Gaussian integrals with the integration
variables g for the term (37, S¢57)? and mq for (3, 5%)%:

732 72
[Z™] = exp (W} / H <iqa5/Hd7na

o< g

-exp | —

NB2J? NBJ, {
a<f o

Trexp | 8207 qap »_SEST 4+ 8 (Joma +h) D SE].(2.13)

a< i a

If we represent the sum over the variable at a single site (3 .) also by the
symbol Tr, the third line of the above equation is t

N
Trexp | 32J° Z GopS*S? + ﬁZ(nga + h)S“ = exp(N log Trel),
a< 3 o
(2.14)
where
L=3T%Y" qapS*S? + 3 (Joma +h)S*. (2.15)
a<f @

We thus have

{Zn} = exXp (W} / H dQQﬁ/HdTna

a<f

N32J? . N{
- exp | — ’QQJ Zqiﬁw /;JOZmi+NlogTreL . (2.16)
a3 et

2.2.4 Steepest descent

The exponent of the above integrand is proportional to N, so that it is possible
to evaluate the integral by steepest descent. We then find in the thermodynamic
limit N — oo

2 of

. NB2J? N3J N
[Z"] ~exp | — p Z 2y — 220 me; + NlogTreX + —321%n
oy 2~ 4
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3272 Bl , 1 1,
~14+Nng -~ i Zqiﬁw%gz:mi%»ﬁlog’l‘r&+zﬁ2]2
a#B o

In deriving this last expression, the limit n — 0 has been taken with N kept
very large but finite. The values of ¢, and m, in the above expression should
be chosen to extremize (maximize or minimize) the quantity in the braces { }.
The replica method therefore gives the free energy as

n} __ a2 72
~[j§f] = lim LZW]}V—E = lim _p’ J Zc;iﬁ

n—0 1. n-—0 4n oy’
BJo 9o Lo 1 L
o %:ma + 8% + —logTret 5. (2.17)

The saddle-point condition that the free energy is extremized with respect to the
variable ¢op (o £ () is

_ TrS5eS%ek

_ L0 A _ (qoegBy
Gap = ,HQJQ 8Q(x[j re TTGL - (S S >L7 (2&[8}

where (-} is the average by the weight e’. The saddle-point condition for m,
is, similarly,

1 9
T BJo Oma

2.2.5  Order parameters

Tr §%el
log Tre! = ————
S VY

Mg

= ($%)z. (2.19)

The variables ¢o3 and m, have been introduced for technical convenience in
Gaussian integrals. However, these variables turn out to represent order parame-
ters in a similar manner to the ferromagnetic model explained in §1.4. To confirm
this fact, we first note that (2.18) can be written in the following form:

Tr S¢S exp(~4Y, H)

= [(§%8P)] = .
Gapg = [(S\‘t Sz >] Ty exp(_ﬁ Er\, H’}) 1 (2 20)
where H, denotes the ~vth replica Hamiltonian
Hy=-=> J;5/8] —h) S (2.21)

i<j i

It is possible to check, by almost the same calculations as in the previous sections,
that (2.18) and (2.20) represent the same quantity. First of all the denominator of
(2.20) is Z", which approaches one as n — 0 so that it is unnecessary to evaluate
them explicitly. The numerator corresponds to the quantity in the calculation
of [Z2"] with S&S” inserted after the Tr symbol. With these points in mind, one
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can follow the calculations in §2.2.2 and afterwards to find the following quantity
instead of (2.14):

(Tre!)N=1 . Ty (§95%5). (2.22)
The quantity log Tre” is proportional to n as is seen from (2.17) and thus Tre”
approaches one as n — 0. Hence (2.22) reduces to Tr (S*S%e%) in the limit
n — 0. One can then check that (2.22) agrees with (2.18) from the fact that the
denominator of (2.18) approaches one. We have thus established that (2.20) and
(2.18) represent the same quantity. Similarly we find

me = [(85)]. (2.23)

The parameter m is the ordinary ferromagnetic order parameter according
to (2.23), and is the value of m, when the latter is independent of o. The other
parameter g¢oz is the spin glass order parameter. This may be understood by
remembering that traces over all replicas other than « and 3 cancel out in the
denominator and numerator in (2.20). One then finds

Tr §ee=FHa Ty §Pe=FHs ‘
Gop = | g o | = USSDI = [(S)%=q  (2:24)

if we cannot distinguish one replica from another. In the paramagnetic phase at
high temperatures, (S;) (which is (S§) for any single a) vanishes at each site i
and therefore m = ¢ = 0. The ferromagnetic phase has ordering almost uniform
in space, and if we choose that orientation of ordering as the positive direction,
then (S;) > 0 at most sites. This implies m > 0 and ¢ > 0.

If the spin glass phase characteristic of the Edwards—Anderson model or the
SK model exists, the spins in that phase should be randomly frozen. In the spin
glass phase {S;) is not vanishing at any site because the spin does not fluctuate
significantly in time. However, the sign of this expectation value would change
from site to site, and such an apparently random spin pattern does not change
in time. The spin configuration frozen in time is replaced by another frozen
spin configuration for a different set of interactions J since the environment
of a spin changes drastically. Thus the configurational average of {S;) over the
distribution of J corresponds to the average over various environments at a given
spin, which would yield both (S;) > 0 and (S5;) < 0, suggesting the possibility of
m = [(S;)] = 0. The spin glass order parameter ¢ is not vanishing in the same
situation because it is the average of a positive quantity (S;)?. Thus there could
exist a phase with m = 0 and ¢ > 0, which is the spin glass phase with ¢ as the
spin glass order parameter. It will indeed be shown that the equations of state
for the SK model have a solution with m = 0 and ¢ > 0.

2.3 Replica-symmetric solution
2.3.1  Equations of state

It is necessary to have the explicit dependence of ¢ and m, on replica indices
« and [ in order to calculate the free energy and order parameters from (2.17)
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to (2.19). Naively, the dependence on these replica indices should not affect the
physics of the system because replicas have been introduced artificially for the
convenience of the configurational average. It therefore seems natural to assume
replica symmetry (RS), gos = ¢ and mg = m (which we used in the previous
section), and derive the replica~-symmetric solution.

The free energy (2.17) is, before taking the limit n — 0,

BJo

1 1
{-n(n—1)¢*} - ~f—2;~nm2 + - log Trel + Z;’ﬁzf"‘ (2.25)

B2

i) = 22

The third term on the right hand side can be evaluated using the definition of
L, (2.15), and a Gaussian integral as

[32 72
log Trel = log Tr éj««—qfdz
2m

-exp —@—2;}—2222 + 32 1%z Z S — EﬁQqu + B(Jom + h) Z e
2 - 2

[43
= log / Dz exp (n log 2 cosh(B.J\/qz + BJom + Bh) — gﬂzﬁq)
= log (1 + nsz log 2 cosh BH (z) — %ﬁzJ?‘q + 0(712)) . (2.26)
Here Dz = dz exp(~2%/2)/v/2n is the Gaussian measure and H(z) = J,/gz +
Jom -+ h. Inserting (2.26) into (2.25) and taking the limit n — 0, we have

/32 J?

-8l = 5

(1-q)%~ %ﬁJomz + /Dz log 2 cosh BH (z). (2.27)
The extremization condition of the free energy (2.27) with respect to m is
m= /Dz tanh BH(z). (2.28)

This is the equation of state of the ferromagnetic order parameter m and cor-
responds to (2.19) with the trace operation being carried out explicitly. This
operation is performed by inserting gos = ¢ and my, = m into (2.15) and taking
the trace in the numerator of (2.18). The denominator reduces to one as n — 0. It
is convenient to decompose the double sum over o and 4 by a Gaussian integral.

Comparison of (2.28) with the equation of state for a single spin in a field
m = tanh Sh (obtained from (1.10) by setting J = 0) suggests the interpretation
that the internal field has a Gaussian distribution due to randomness.

The extremization condition with respect to ¢ is

/32 J2
2

(g — 1)+ /Dz(t&nilﬂﬁ(z)) . %z =0, (2.29)
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partial integration of which vields
g=1- / Dzsech? H(z) = / Dz tanh® 3H(2). (2.30)

2.3.2  Phase diagram

The behaviour of the solution of the equations of state (2.28) and (2.30) is
determined by the parameters 3 and .Jy. For simplicity let us restrict ourselves to
the case without external field h = 0 for the rest of this chapter. If the distribution
of Ji; is symmetric (Jy = 0), we have H(z) = J \/q% so that tanh BH(z) is an odd
function. Then the magnetization vanishes (m = 0) and there is no ferromagnetic
phase. The free energy is

Bl = iﬁzﬁ(l ~q)% + / Dz log 2 cosh(3.J/qz). (2.31)

To investigate the properties of the system near the critical point where the spin
glass order parameter ¢ is small, it is convenient to expand the right hand side
of (2.31) as

B2J? 2 72y 2 3 .
: (1—73°J7q" +Og°). (2.32)

Blf] = g7 —log2

The Landau theory tells us that the critical point is determined by the condition
of vanishing coefficient of the second-order term ¢ as we saw in (1.12). Hence
the spin glass transition is concluded to exist at 1" = J = T5.

It should be noted that the coefficient of ¢* in (2.32) is negative if T' > T}. This
means that the paramagnetic solution (¢ = 0) at high temperatures maximizes
the free energy. Similarly the spin glass solution ¢ > 0 for T' < T} mazimizes
the free energy in the low-temperature phase. This pathological behaviour is a
consequence of the replica method in the following sense. As one can see from
(2.25), the coefficient of ¢, which represents the number of replica pairs, changes
the sign at n = 1 and we have a negative number of pairs of replicas in the limit
n — 0, which causes maximization, instead of minimization, of the free energy.
By contrast the coefficient of m does not change as in (2.25) and the free energy
can be minimized with respect to this order parameter as is usually the case in
statistical mechanics.

A ferromagnetic solution (m > 0) may exist if the distribution of Jj; is not
symmetric around zero (Jy > 0). Expanding the right hand side of (2.30) and
keeping only the lowest order terms in ¢ and m, we have

q=3Tq+ B2 IEm>. (2.33)

If Jy = 0, the critical point is identified as the temperature where the coefficient
3%2J? becomes one by the same argument as in §1.3.2. This result agrees with
the conclusion already derived from the expansion of the free energy, Tt = J.
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FiG. 2.1. Phase diagram of the SK model. The dashed line is the boundary
between the ferromagnetic (F) and spin glass (SG) phases and exists only
under the ansatz of replica symmetry. The dash-dotted lines will be explained
in detail in the next chapter: the replica-symmetric solution is unstable below
the AT line, and a mixed phase (M) emerges between the spin glass and
ferromagnetic phases. The system is in the paramagnetic phase (P) in the
high-temperature region.

If Jo > 0 and m > 0, (2.33) implies ¢ = O(m?). We then expand the right
hand side of the equation of state (2.28) bearing this in mind and keep only the
lowest order term to obtain

m = BJom + O(q). (2.34)

It has thus been shown that the ferromagnetic critical point, where m starts to
assume a non-vanishing value, is fJy = 1 or T, = Jy.

We have so far derived the boundaries between the paramagnetic and spin
glass phases and between the paramagnetic and ferromagnetic phases. The bound-
ary between the spin glass and ferromagnetic phases is given only by numerically
solving (2.28) and (2.30). Figure 2.1 is the phase diagram thus obtained. The
spin glass phase (g > 0,m = 0) exists as long as Jp is smaller than J. This spin
glass phase extends below the ferromagnetic phase in the range Jo > J, which is
called the re-entrant transition. The dashed line in Fig. 2.1 is the phase bound-
ary between the spin glass and ferromagnetic phases representing the re-entrant
transition. As explained in the next chapter, this dashed line actually disappears
if we take into account the effects of replica symmetry breaking. Instead, the ver-
tical line (separating the spin glass and mixed phases, shown dash-dotted) and
the curve marked ‘AT line’ (dash~dotted) emerge under replica symmetry break-
ing. The properties of the mixed phase will be explained in the next chapter.
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2.3.3  Negative entropy

Failure of the assumption of replica symmetry at low temperatures manifests
itself in the negative value —1/27 of the ground-state entropy for Jo = 0. This
is a clear inconsistency for the Ising model with discrete degrees of freedom. To
verify this result from (2.31), we first derive the low-temperature form of the
spin glass order parameter ¢. According to (2.30), ¢ tends to one as 7" — 0. We
thus assume ¢ = 1 — aT" (a > 0) for T very small and check the consistency of
this linear form. The ¢ in sech?H(z) of (2.30) can be approximated by one to
leading order. Then we have, for 3 — oo,

/Dz sech’4Jz = ﬁlj /Dz% tanh 8Jz

— % Dz {20(2)} = \/%-f; (2.35)

This result confirms the consistency of the assumption ¢ = 1 — 1" with a =
V2 /)],

To obtain the ground-state entropy, it is necessary to investigate the be-
haviour of the first term on the right hand side of (2.31) in the limit T — 0.
Substitution of ¢ = 1 —aT into this term readily leads to the contribution ~T'/27
to the free energy. The second term, the integral of log 2 cosh H(z), is evaluated
by separating the integration range into positive and negative parts. These two
parts actually give the same value, and it is sufficient to calculate one of them
and multiply the result by the factor 2. The integral for large 3 is then

o0 » 28J(1 — aT'/2) ®
2 Dz J Z A log(1 + e 28J Vaz ~ ————+2/ Dze % Jﬂz.
fo {ﬂ Vaz + log( )} o A
(2.36)

The second term can be shown to be of O(1?), and we may neglect it in our
evaluation of the ground-state entropy. The first term contributes —/2/wJ+T /7
to the free energy. The free energy in the low-temperature limit therefore behaves

as
[f1~ W\EJ + ;}7; (2.37)

from which we conclude that the ground-state entropy is —1/27 and the ground-
state energy is —/2/mJ.

It was suspected at an early stage of research that this negative entropy
might have been caused by the inappropriate exchange of limits n — 0 and
N — oo in deriving (2.17). The correct order is N — oo after n — 0, but we
took the limit N — oo first so that the method of steepest descent is applicable,
However, it has now been established that the assumption of replica symmetry
gag = q (Y(af);o # () is the real source of the trouble. We shall study this
problem in the next chapter.
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references in the next chapter.
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Let us continue our analysis of the SK model. The free energy of the SK model
derived under the ansatz of replica symmetry has the problem of negative en-
tropy at low temperatures. It is therefore natural to investigate the possibility
that the order parameter ¢,s may assume various values depending upon the
replica indices o and [ and possibly the a-dependence of mg. The theory of
replica symmetry breaking started in this way as a mathematical effort to avoid
unphysical conclusions of the replica-symmetric solution. It turned out, however,
that the scheme of replica symmetry breaking has a very rich physical implica-
tion, namely the existence of a vast variety of stable states with ultrametric
structure in the phase space. The present chapter is devoted to the elucidation
of this story.

3.1 Stability of replica-symmetric solution

It was shown in the previous chapter that the replica-symmetric solution of the
SK model has a spin glass phase with negative entropy at low temperatures.
We now test the appropriateness of the assumption of replica symmetry from a
different point of view.

A necessary condition for the replica-symmetric solution to be reliable is that
the free energy is stable for infinitesimal deviations from that solution. To check
such a stability, we expand the exponent appearing in the calculation of the
partition function (2.16) to second order in (gap — ¢q) and (mq — m), deviations
from the replica-symmetric solution, as

/ Hdma H dgap exp [=BN{ frs + (quadratic in (gop — ¢) and (my —m))},
o a<j3

(3.1)
where frg is the replica-symmetric free energy. This integral should not diverge
in the limit N - co and thus the quadratic form must be positive definite (or
at least positive semi-definite). We show in the present section that this stability
condition of the replica-symmetric solution is not satisfied in the region below a
line, called the de Almeida~Thouless (AT) line, in the phase diagram (de Almeida
and Thouless 1978). The explicit form of the solution with replica symimetry
breaking below the AT line and its physical significance will be discussed in
subsequent sections.

23
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3.1.1 Hessian

We restrict ourselves to the case h = (0 unless stated otherwise. It is convenient
to rescale the variables as

BJ qup = y*?, /B me = z°. (3.2)

Then the free energy is, from (2.17),
— ﬁJQ H 1 1 B2 1 a2
1= =5 =l g~ 2 507 - 2567

+ logTrexp | 5J Z y?SeSP /By ZmaS"‘ . (3.3)

a<j

Let us expand [f] to second order in small deviations around the replica-symmetric
solution to check the stability,

¢ =z +€*, y*P =y b (3.4)

of

The final term of (3.3) is expanded to second order in €* and n*” as, with the

notation Lo = 3Jy >, 5 5980 4 /BIox S, Sas

log Trexp | Lo + 3J Z n08e8? + \/BJy Zﬁ"‘S“

O£<:;3
~ log Trelo + B 026 (5287 , + i J SO (5087878,
af a< Gy
- £h s WL DD S S s (5087 1, (575,
a<Fy<d
wd}’\/ﬁj DN (8% L, (575%) .,
§ a<f
+BINBI > D PSP 5S8) ,. (3.5)
§ a<f

Here (- --)1,, denotes the average by the replica-symmetric weight e**. We have
used the facts that the replica-symmetric solution extremizes (3.3) (so that the
terms linear in € and n®? vanish) and that Tre®® — 1 as n — 0 as explained
in §2.3.1. We see that the second-order term of [f] with respect to ¢* and nos
is, taking the first and second terms in the braces {---} in (3.3) into account,

1 .
= 53 {Bas — BI((S*S°) 1 — (5%) 1 (571, } €*e?
af
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+BIVBT0 S D (8%)1,(5%8%) 1, — (S75°5%) 1, )€’ n?

§ a<f
T3 Z > {0tapysy) — BI2(SSPS7S%) 1,
a<3'7<5
—(5%5%) 1, (878 1) } 0 (3.6)

up to the trivial factor of Bn (which is irrelevant to the sign). We denote the
matrix of coefficients of this quadratic form in €* and n*? by G which is called
the Hessian matrix. Stability of the replica-symmetric solution requires that the
eigenvalues of G all be positive.

To derive the eigenvalues, let us list the matrix elements of G. Since (---)z,
represents the average by weight of the replica-symmetric solution, the coefficient
of the second-order terms in e has only two types of values. To simplify the
notation we omit the suffix L in the present section.

Goo =1—BJo(1— (8% = A (3.7)
Gap = —BJo(($°5%) — (5%)*) = B. (3.8)
The coefficients of the second-order term in 7 have three different values, the

diagonal and two types of off-diagonal elements. One of the off-diagonal elements
has a matched single replica index and the other has all indices different:

G(o;;?)(a,@) =1 ,82J2(1 - <Sa56>2) =P (39)
Glap)(ay) = —B2T2((8757) — (5°5°)*) = Q (3.10)
Glap)(vs) = —(2J%((8*S$%878%) — (§*57)?) = R. (3.11)
Finally there are two kinds of cross-terms in € and n:
Galap) = BT BI((S*)(S*SP) — (§%)) = C (3.12)
Grlap) = BIBIo((S MV(S*SPY — (§*SPSM)) = D. (3.13)

These complete the elements of G.

The expectation values appearing in (3.7) to (3.13) can be evaluated from the
replica-symmetric solution. The elements of G are written in terms of {(S%) = m
and {S*S7) = ¢ satisfying (2.28) and (2.30) as well as

(848838 =t = / Dz tanh® H (2) (3.14)
(§°88578%) =1 = /Dz tanh® BH(z). (3.15)

The integrals on the right of (3.14) and (3.15) can be derived by the method in
§2.3.1.
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3.1.2  FEigenvalues of the Hessian and the AT line

We start the analysis of stability by the simplest case of paramagnetic solution.
All order parameters m,q,r, and ¢ vanish in the paramagnetic phase. Hence
B,Q.R,C, and D (the off-diagonal elements of G) are all zero. The stability
condition for infinitesimal deviations of the ferromagnetic order parameter €® is
A > 0, which is equivalent to 1 — 3Jo > 0 or T > Jy from (3.7). Similarly the
stability for spin-glass-like infinitesimal deviations n®? is P > 0 or T' > .J. These
two conditions precisely agree with the region of existence of the paramagnetic
phase derived in §2.3.2 (see Fig. 2.1). Therefore the replica-symmetric solution
is stable in the paramagnetic phase.

It is a more elaborate task to investigate the stability condition of the ordered
phases. It is necessary to calculate all eigenvalues of the Hessian. Details are given
in Appendix A, and we just mention the results here.

Let us write the eigenvalue equation in the form

Gp =y, p= ( f,;f%) : (3.16)

The symbol {€*} denotes a column from €' at the top to €” at the bottom, and
{n*P} is for n'? to ynbm,

The first eigenvector p, has €* = a and n®? = b, uniform in both parts. Its
eigenvalue is, in the limit n — 0,

M= % [A-B+P-4Q+3R= A B P1iQ 30?80 Dp}.
(3.17)
The second eigenvector g, has €? = a for a specific replica § and €% = b otherwise,
and 7 = ¢ when « or 3 is equal to § and 7*? = d otherwise. The eigenvalue of
this eigenvector becomes degenerate with Ay in the limit n — 0. The third and
final eigenvector py has € = a,e” = a for two specific replicas 6, v and ¢ =
otherwise, and n? = ¢, 7’ = p¥® = d and *? = e otherwise. Its eigenvalue is

A3 =P - 20+ R. (3.18)
A sufficient condition for A1, Az > 0 is, from (3.17),
A-B=1-8Jy(1—q) >0, P—4Q+3R =1-2J*(1—4q+3r) > 0. (3.19)

These two conditions are seen to be equivalent to the saddle-point condition
of the replica-symmetric free energy (2.27) with respect to m and ¢ as can be
verified by the second-order derivatives:

A_p L0
Jo Om? | g

_ 2 2l
B 9¢* |gs

>0, P—40Q + 3R =

>0, (3.20)

These inequalities always hold as has been mentioned in §2.3.2.
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RS

RSB

0 1 ky T/

Fic. 3.1. Stability limit of the replica-symmetric (RS) solution in the h-T phase
diagram (the AT line) below which replica symmetry breaking (RSB) occurs.

The condition for positive Az is
P-2Q+R=1-8J°(1-2¢+7)>0 (3.21)

or more explicitly

(%—7)‘ > / zsech(3J\/qz + BJom). (3.22)

By numerically solving the equations of state of the replica-symmetric order pa-
rameters (2.28) and (2.30), one finds that the stability condition (3.22) is not
satisfied in the spin glass and mixed phases in Fig. 2.1. The line of the limit of
stability within the ferromagnetic phase (i.e. the boundary between the ferromag-
netic and mixed phases) is the AT line. The mixed phase has finite ferromagnetic
order but replica symmetry is broken there. More elaborate analysis is required
in the mixed phase as shown in the next section.

The stability of replica symmetry in the case of finite A with symmetric
distribution Joy = 0 can be studied similarly. Let us just mention the conclusion
that the stability condition in such a case is given simply by replacing Jom by h
in (3.22). The phase diagram thus obtained is depicted in Fig. 3.1. A phase with
broken replica symmetry extends into the low-temperature region. This phase is
also often called the spin glass phase. The limit of stability in the present case
is also termed the AT line.

3.2 Replica symmetry breaking

The third eigenvector p,, which causes replica symmetry breaking, is called the
replicon mode. There is no replica symmetry breaking in m, since the replicon
mode has a = b for ¢ and €” in the limit n — 0, as in the relation (A.19) or
(A.21) in Appendix A. Only g,3 shows dependence on a and /. It is necessary to
clarify how ¢.s depends on o and 3, but unfortunately we are not aware of any
first-principle argument which can lead to the exact solution. One thus proceeds
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by trial and error to check if the tentative solution satisfies various necessary
conditions for the correct solution, such as positive entropy at low temperatures
and the non-negative eigenvalue of the replicon mode.

The only solution found so far that satisfies all necessary conditions is the one
by Parisi (1979, 1980). The Parisi solution is believed to be the exact solution of
the SK model also because of its rich physical implications. The replica symmetry
is broken in multiple steps in the Parisi solution of the SK model. We shall explain
mainly its first step in the present section.

3.2.1 Parisi solution

Let us regard gog (o # ) of the replica-symmetric solution of the SK model
as an element of an n x n matrix. Then all the elements except those along the
diagonal have the common value ¢, and we may write

{das} = N (3.23)

In the first step of replica symmetry breaking (1RSB), one introduces a pos-
itive integer my (< n) and divides the replicas into n/my blocks. Off-diagonal
blocks have gg as their elements and diagonal blocks are assigned ¢;. All diagonal
elements are kept 0. The following example is for the case of n = 6, m{ = 3.

0qgqa
a1 0 gl Qo
g1 q1 0 .

. 3.24
0 ¢ q (3:24)
B @0 aq
q1q1 0

In the second step, the off-diagonal blocks are left untouched and the diagonal
blocks are further divided into my/ms blocks. The elements of the innermost
blocks are assumed to be ¢o and all the other elements of the larger diagonal
blocks are kept as ¢;. For example, if we have n = 12,m; = 6,ma = 3,
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0 g2 q2
@2 0 ¢ q
G2 g2 0
0 g2 90 o
a1 |22 0 g
g2 q2 0 .
00 ao . (3.25)
g 0 g2 ¢
@2 q2 0
do 0 ¢ q
@1 |22 0 g
g2 g2 0
The numbers n,my, mq,... are integers by definition and are ordered as n >
my = moe 22> 1.
Now we define the function g{x) as
g(z) =q; (Mir1 <z <my) (3.26)

and take the limit n — 0 following the prescription of the replica method. We
somewhat arbitrarily reverse the above inequalities

0<mi<---<1 (0<z<1) (3.27)

and suppose that ¢(x) becomes a continuous function defined between 0 and 1.
This is the basic idea of the Parisi solution.

3.2.2  First-step RSB

We derive expressions of the physical quantities by the first-step RSB (1RSB)
represented in (3.24). The first term on the right hand side of the single-body
effective Hamiltonian (2.15) reduces to

1 n 2 n/my mi 2
5 4ass®s = Lo (zsa) faew) S ( 5 sa) s
a<3 @ block \agcblock

(3.28)
The first term on the right hand side here fills all elements of the matrix {g.s}
with go but the block-diagonal part is replaced with ¢; by the second term. The
last term forces the diagonal elements to zero. Similarly the quadratic term of
gap in the free energy (2.17) is

1 , 1 n

lim — % g2y = lim ~ {nzqé +omia — ) - mﬁ} = (m1 = 1)¢f — mugj.
a#p

(3.29)

We insert (3.28) and (3.29) into (2.17) and linearize (3, 5*)% in (3.28) by a

Gaussian integral in a similar manner as in the replica-symmetric calculations.
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It is necessary to introduce 1 + n/m; Gaussian variables corresponding to the
number of terms of the form (3~ S%)? in (3.28). Finally we take the limit n — 0
to find the free energy with 1RSB as

32.J? 3.J
Bfirsp = ! 1 {(ml . 1)q% - m;qﬁ + 2q1 — 1} 4 -/—?z-ﬁmz —log 2
S Dulog / Dvcosh™ = (3.30)
my
E=0(JVaou+ Vg —qov+ Jom + h). (3.31)

Here we have used the replica symmetry of magnetization m = m,,.

The variational parameters ¢y, g1, m, and my all fall in the range between 0
and 1. The variational (extremization) conditions of (3.30) with respect to m, g,
and ¢ lead to the equations of state:

B [ Dvcosh™ = tanh = .
m = / Du T Dvcosh™ = (3.32)

B J Dvcosh™ = tanh = ? ..
P = / Du ( J Ducosh™ E (3.33)

- 2 =
[ Dvcosh™ = tanh” =
J Dvcosh™ E

¢ = [ Du (3.34)

Comparison of these equations of state for the order parameters with those for
the replica-symmetric solution (2.28) and (2.30) suggests the following interpre-
tation. In (3.32) for the magnetization, the integrand after Du represents mag-
netization within a block of the 1RSB matrix (3.24), which is averaged over all
blocks with the Gaussian weight. Analogously, (3.34) for ¢; is the spin glass order
parameter within a diagonal block averaged over all blocks. In (3.33) for ¢g, on
the other hand, one first calculates the magnetization within a block and takes its
product between blocks, an interblock spin glass order parameter. Indeed, if one
carries out the trace operation in the definition of ¢,3, (2.18), by taking « and
3 within a single block and assuming 1RSB, one obtains (3.34), whereas (3.33)
results if o and J belong to different blocks. The Schwarz inequality assures
@ 2 qo-

We omit the explicit form of the extremization condition of the free energy
(3.31) by the parameter my since the form is a little complicated and is not used
later.

When Jy = h = 0, Z is odd in u,v, and thus m = 0 is the only solution
of (3.32). The order parameter g; can be positive for T' < Tt = J because the
first term in the expansion of the right hand side of (3.34) for small ¢y and
¢ is 32J?%q;. Therefore the RS and 1RSB give the same transition point. The
parameter m; is one at 1y and decreases with temperature.
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3.2.3  Stability of the first-step RSB
The stability of 1IRSB can be investigated by a direct generalization of the argu-
ment in §3.1. We mention only a few main points for the case Jo = h = 0. It is
sufficient to treat two cases: one with all indices «, 3, v, 6 of the Hessian elements
within the same block and the other with indices in two different blocks.

If o and @ in gus belong to the same block, the stability condition of the
replicon mode for infinitesimal deviations from 1RSB is expressed as

[ Dvcosh™ 4=

For the replicon mode between two different blocks, the stability condition reads

[ Dvcosh™ ' =

4
Do oo™ & ) >0.  (3.36)

)\3:P-—2Q+}%=1—~[ﬁzj2/Du(

According to the Schwarz inequality, the right hand side of (3.35) is less than
or equal to that of (3.36), and therefore the former is sufficient. Equation (3.35)
is not satisfied in the spin glass phase similar to the case of the RSB solution.
However, the absolute value of the eigenvalue is confirmed by numerical evalu-
ation to be smaller than that of the RS solution although Az is still negative.
This suggests an improvement towards a stable solution. The entropy per spin
at Jp = 0,71 = 0 reduces from —0.16 (= —1/2r) for the RS solution to —0.01 for
the 1RSB. Thus we may expect to obtain still better results if we go further into
replica symmetry breaking.

3.3 Full RSB solution
Let us proceed with the calculation of the free energy (2.17) by a multiple-step
RSB. We restrict ourselves to the case Jy = 0 for simplicity.

3.3.1  Physical quantities

The sum involving qgﬁ in the free energy (2.17) can be expressed at the Kth
step of RSB (K-RSB) as follows by counting the number of elements in a similar
way to the 1RSB case (3.29):

Z Q‘ixﬁ

a3
1,2 ! Iy,o2 I ! v 2 M1 n .
=qon” + (q1 — qo)m7 - ;,;";*“(42“91)7”2';;;';;;1“*“"'“(11{'”
K
= nZ(mj - mjﬂ)qfﬁ (3.37)
=0

where [ is an arbitrary integer and mp = n,mg.41 = 1. In the limit n — 0, we
may use the replacement m; — mj4 — —dx to find
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2 - [ @, (3.38)
T 0

a#

The internal energy for Jo = 0,h = 0 is given by differentiation of the free
energy (2.17) by 3 as?

B 2« pJ* o :
E=~— 5 1+52q{w e 1-/{;q(m)d:r . (3.39)

a<

The magnetic susceptibility can be written down from the second derivative of
(2.17) by h as

1 l
x=0811+ - O%:gqaﬁ — 3 (}, -/0 q(sc)da;) . (3.40)

It needs some calculations to derive the free energy in the full RSB scheme.
Details are given in Appendix B. The final expression of the free energy (2.17)
is

a2 72 1
o7 == {1 [awrar -2} - [Dufo0 Va0, @

Here fy satisfies the Parisi equation

. 2
Ofo(e,h) _ J*dg {6% . (dfo) } (3.42)

Ox 2 dz | 9h? oh
to be solved under the initial condition fo(1, h) = log 2 cosh Gh.

3.3.2  Order parameter near the critical point

It is in general very difficult to find a solution to the extremization condition
of the free energy (3.41) with respect to the order function ¢(x). It is neverthe-
less possible to derive some explicit results by the Landau expansion when the
temperature is close to the critical point and consequently ¢(z) is small. Let us
briefly explain the essence of this procedure.

When Jy = h = 0, the expansion of the free energy (2.17) to fourth order in
qap turns out to be

1 (1 /1% 5 1
Bf = lim — 4 = | —— . 2 3
1 a1 2 2 1 4 4
- gI‘I’Q + 3 Z QagﬁQw‘y - "}_2‘ Z Qaﬁ * (543)
a#fFEy a#B
where we have dropped g¢-independent terms. The operator Tr here denotes the

diagonal sum in the replica space. We have introduced the notation Q. =

2The symbol of configurational average [---] will be omitted in the present chapter as long
as it does not lead to confusion.
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(8J)?qas. Only the last term is relevant to the RSB. It can indeed be verified
that the eigenvalue of the replicon mode that determines stability of the RS
solution is, by setting the coefficient of the last term to —y (which is actually

Az = —16y6°, (3.44)

where 6 = (I; — T')/T;. We may thus neglect all fourth-order terms except Q4 5
to discuss the essential features of the RSB and let n — 0 to get

1 T
s =3 [ wfioee - i@ - [ cous et} @)

The extremization condition with respect to ¢(x) is written explicitly as

x 1
2/0|q(z) — z¢*(x) — /0 ¢*(y)dy — 2¢(z) / qly)dy + %qg(ﬁr) =0.  (3.46)

Differentiation of this formula gives

1
0= aa(o) - [ aldy+ @) =0 or d@)=0. (34D

Still further differentiation leads to
x

g(z) = 5 or q'(x) = 0. (3.48)

The RS solution corresponds to a constant g(x). This constant is equal to |4
according to (3.46). There also exists an z-dependent solution

q@) =5 (0<z <z =2(1)) (3.49)
q(z) =q(1) (71 <z <1). (3.50)

By inserting this solution in the variational condition (3.46), we obtain
q(1) = 6] + O(6%). (3.51)

Figure 3.2 shows the resulting behaviour of ¢(x) near the critical point where
is elose to zero.

3.3.3  Vertical phase boundary

The susceptibility is a constant y = 1/J near the critical point Tt because the
integral in (3.40) is 1 — T/T} according to (3.49)-(3.51). It turns out in fact
that this result remains valid not only near Tt but over the whole temperature
range below the critical point. We use this fact to show that the phase boundary
between the spin glass and ferromagnetic phases is a vertical line at Jy = J as
in Fig. 2.1 (Toulouse 1980).
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q(x)
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X

F1G. 3.2. g(z) near the critical point

The Hamiltonian of the SK model (2.7) suggests that a change of the centre
of distribution of J;; from 0 to Jo/N shifts the energy per spin by —.Jom?/2.

Thus the free energy f(T',m, Jy) as a function of T and m satisfies

f(T,m, Jo) = f(T,m,0) — é—:foﬁlz.

From the thermodynamic relation
of(T,m,0)
am -
and the fact that m = 0 when Jy = 0 and h = 0, we obtain

* Oh J4_ om?

h

m—Q

Thus, for sufficiently small m, we have
1 .
f(Ta m, 0) = fO(T) “+ EZ”X“ITN?‘.
Combining (3.52) and (3.55) gives

FTm, Jo) = folT) + 507 = Jo)m

(3.52)

(3.53)

(3.56)

This formula shows that the coefficient of m? in f(71',m, Jy) vanishes when y =
1/Jo and therefore there is a phase transition between the ferromagnetic and
non-ferromagnetic phases according to the Landau theory. Since x = 1/.J in the
whole range 1" < T}, we conclude that the boundary between the ferromagnetic

and spin glass phases exists at Jy = J.

Stability analysis of the Parisi solution has revealed that the eigenvalue of
the replicon mode is zero, implying marginal stability of the Parisi RSB solution.
No other solutions have been found with a non-negative replicon eigenvalue of

the Hessian.
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Fic. 3.3. Simple free energy (a) and multivalley structure (b)

3.4 Physical significance of RSB

The RSB of the Parisi type has been introduced as a mathematical tool to
resolve controversies in the RS solution. It has, however, been discovered that
the solution has a profound physical significance. The main results are sketched
here (Mézard et al. 1987; Binder and Young 1986).

3.4.1  Multivalley structure

In a ferromagnet the free energy as a function of the state of the system has
a simple structure as depicted in Fig. 3.3(a). The free energy of the spin glass
state, on the other hand, is considered to have many minima as in Fig. 3.3(b),
and the barriers between them are expected to grow indefinitely as the system
size increases. It is possible to give a clear interpretation of the RSB solution if
we accept this physical picture.

Suppose that the system size is large but not infinite. Then the system is
trapped in the valley around one of the minima of the free energy for quite
a long time. However, after a very long time, the system climbs the barriers
and reaches all valleys eventually. Hence, within some limited time scale, the
physical properties of a system are determined by one of the valleys. But, after
an extremely long time, one would observe behaviour reflecting the properties
of all the valleys. This latter situation is the one assumed in the conventional
formulation of equilibrium statistical mechanics,

We now label free energy valleys by the index a and write m$ = (S}, for the
magnetization calculated by restricting the system to a specific valley a. This is
analogous to the restriction of states to those with m > 0 (neglecting m < 0) in
a simple ferromagnet.

3.4.2 gpa and G

To understand the spin ordering in a single valley, it is necessary to take the
thermodynamic limit to separate the valley from the others by increasing the
barriers indefinitely. Then we may ignore transitions between valleys and observe
the long-time behaviour of the system in a valley. It therefore makes sense to
define the order parameter gra for a single valley as
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qEa = t&nc}o jégﬂw KSZ(?‘}O)SZ (t(; 4 t))} . (3.57)

This quantity measures the similarity {or overlap) of a spin state at site i after a
long time to the initial condition at ty. The physical significance of this quantity
suggests its equivalence to the average of the squared local magnetization (m¢)*:

G = {Z P, (mf})z} - {Z Py Y (mﬁ,‘)?} : (3.58)

Here P, is the probability that the system is located in a valley (@ pure state)
a, that is P, = e P« /Z_ In the second equality of (3.58), we have assumed that
the averaged squared local magnetization does not depend on the location.

We may also define another order parameter ¢ that represents the average
over all valleys corresponding to the long-time observation (the usual statistical-
mechanical average). This order parameter can be expressed explicitly as

g= {(Z Pam?)z} = {Z Panm,?mg} = 1% {Z P(,,Pme?mi-’} . (3.59)
a ab ab @

which is rewritten using m; = Y P,m{ as
7=[m]] = [($:)?). (3.60)

As one can see from (3.59), § is the average with overlaps between valleys taken
into account and is an appropriate quantity for time scales longer than transition
times between valleys.

If there exists only a single valley (and its totally reflected state), the relation
gea = ¢ should hold, but in general we have gga > §. The difference of these two
order parameters gpa — ¢ is a measure of the existence of a multivalley structure.
We generally expect a continuous spectrum of order parameters between g and
qea corresponding to the variety of degrees of transitions between valleys. This
would correspond to the continuous function ¢(x) of the Parisi RSB solution.

3.4.3  Distribution of overlaps

Similarity between two valleys a and b is measured by the overlap ¢,p defined by
1
Qab = memf (3.61)
i

This gqp takes its maximum when the two valleys a and b coincide and is zero
when they are completely uncorrelated. Let us define the distribution of ¢, for
a given random interaction J as

Ps(q) = (6(q = ga)) = > PaPod(q — qab), (3.62)
ab
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F1G. 3.4. Distribution function P(q) of a simple system (a) and that of a system
with multivalley structure (b)

and write P(g) for the configurational average of Fy(g):
P(q) = [Ps(q)]- (3.63)

In a simple system like a ferromagnet, there are only two different valleys con-
nected by overall spin reversal and g, assumes only +m?. Then P(q) is consti-
tuted only by two delta functions at ¢ = +m?, Fig. 3.4(a). If there is a multivalley
structure with continuously different states, on the other hand, g4 assumes var-
ious values and P(g) has a continuous part as in Fig. 3.4(b).

3.4.4  Replica representation of the order parameter

Let us further investigate the relationship between the RSB and the continuous
part of the distribution function P(g). The quantity ¢, in the replica formalism
is the overlap between two replicas « and 3 at a specific site

Gap = (SESP). (3.64)

In the RSB this quantity has different values from one pair of replicas af to
another pair. The genuine statistical-mechanical average should be the mean of
all possible values of ¢, 5 and is identified with § defined in (3.59),

1
= lim ——— Y gus. (3.65)
1y 2 |

The spin glass order parameter for a single valley, on the other hand, does not
reflect the difference between valleys caused by transitions between them and
therefore is expected to be larger than any other possible values of the order
parameter. We may then identify ggpa with the largest value of g, in the replica
method:
gEA = MaX gag = maxq(z). (3.66)
(af) z

Let us define x(g) as the accumulated distribution of P(qg):
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2(q) = /0 4 P(@), j—“”;- ~ P(g). (3.67)

Using this definition and the fact that the statistical-mechanical average is the
mean over all possible values of ¢, we may write

1 1
1= [ daiP@) = [ atwe (3.68)

The two parameters gga and 7 have thus been expressed by ¢(z). If there are
many valleys, ¢os takes various values, and P(g) cannot be expressed simply in
terms of two delta functions. The order function ¢(z) under such a circumstance
has a non-trivial structure as one can see from (3.67), which corresponds to the
RSB of Parisi type. The functional form of ¢(x) mentioned in §3.3.2 reflects the
multivalley structure of the space of states of the spin glass phase.

3.4.5 Ultrametricity

The Parisi RSB solution shows a remarkable feature of ultrametricity. The con-
figurational average of the distribution function between three different states

Py(qi.q2,93) = Z PoPyPed(q1 — qab)d(q2 — qbe)0(q3 — Gea) (3.69)

abe

can be evaluated by the RSB method to yield

(Prar, 02,45 = 5 P(a)e(@)3(ar — 2)5(an ~ as)

+% {P(q1)P(q2)0(q1 — ¢2)0(q2 — g3) + (two terms with 1,2, 3 permuted)} .

Here z(q) has been defined in (3.67), and ©(g; — ¢2) is the step function equal
to 1 for ¢¢ > g2 and 0 for ¢4 < ¢o. The first term on the right hand side is
non-vanishing only if the three overlaps are equal to each other, and the second
term requires that the overlaps be the edges of an isosceles triangle (¢1 > ¢2,92 =
gs). This means that the distances between three states should forin either an
equilateral or an isosceles triangle. We may interpret this result as a tree-like
{or equivalently, nested) structure of the space of states as in Fig. 3.5. A metric
space where the distances between three points satisfy this condition is called an
ultrametric space.

3.5 TAP equation

A different point of view on spin glasses is provided by the equation of state due to
Thouless, Anderson, and Palmer (TAP) which concerns the local magnetization
in spin glasses (Thouless et al. 1977).
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F1G. 3.5. Tree-like and nested structures in an ultrametric space. The distance
between C and D is equal to that between C and E and to that between D
and E, which is smaller than that between A and C and that between C and
F.

3.5.1 TAP equation

The local magnetization of the SK model satisfies the following TAP equation,
given the random interactions J = {.J;;}:

m; = tanh 3 Z Jigmy + hy — 6ZJ%(1 — m?)mi . (3.70)
J J

The first term on the right hand side represents the usual internal field, a gen-
eralization of (1.19). The third term is called the reaction field of Onsager and
is added to remove the effects of self-response in the following sense. The mag-
netization m; affects site j through the internal field Jj;m, that changes the
magnetization of site j by the amount x;;.Ji;m;. Here

_ Omy

XJ] - ahf h5~'0

= B3(1 — m?). (3.71)

Then the internal field at site i would increase by
JijxjgJigmi = BI5 (1 —m3)m;. (3.72)

The internal field at site ¢ should not include such a rebound of itself. The third
term on the right hand side of (3.70) removes this effect. In a usual ferromagnet
with infinite-range interactions, the interaction scales as J;; = J/N and the
third term is negligible since it is of O(1/N). In the SK model, however, we have
Jg = O(1/N) and the third term is of the same order as the first and second
terms and cannot be neglected. The TAP equation gives a basis to treat the spin
glass problem without taking the configurational average over the distribution
of J.
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The TAP equation (3.70) corresponds to the extremization condition of the
following free energy:

. 1 ] . .
frap = -5 Z Jijmimg — Z him,; — " Z ij(l —m3)(1— n’z?)
i ] g i ]

T 1+
+ 5; {(1 +m;)log 5

The first and second terms on the right hand side are for the internal energy, and
the final term denotes the entropy. The third term corresponds to the reaction
field.

This free energy can be derived from an expansion of the free energy with
magnetization specified

g (1 —m;)log i

} . (3.73)

~Bf(a, B,m) =log Tre @ — 5% “him, (3.74)

%

where H(o) = aHg ~ ), hiS; and m = {m;}. The Hamiltonian Hy denotes
the usual SK model, and h;(«, 3, m) is the Lagrange multiplier to enforce the
constraint m; = (S;)a, where (-), is the thermal average with H(«a). Expanding
f to second order in a around « = 0 and setting « equal to one, we can derive
(3.73). This is called the Plefka expansion (Pletka 1982).

To see it, let us first carry out the differentiations

of _
da

o2 f oh; .
% = —ﬁ <Hg (Hg e <Hg>a e i %(Sz - ’Ini))> . (376)

The first two terms of the expansion f(1) ~ f(0) + f/(0) give (3.73) except the
Onsager term with ij since

. = (l4mi. 14mi 1-mi. 1-m;
f(()):TZ( +2m% log +27m—%~ 2m log 2?7%) (3.77)

(Ho)a (3.75)

f’(O) = -é z Jiﬂnl—mj. (378)
i)

The second derivative (3.76) can be evaluated at o = 0 from the relation

Oh; 0 af B . |
702;:] =0 T da 877%} - Z Jiymi;. (3‘79)
: a=0 (D)

Inserting this relation into (3.76) we find
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F10) = 353 30 - md) -~ md) (3:50)
i

which gives the Onsager term in (3.73). It has hence been shown that frap =
F(0) + f(0) + f(0)/2. It can also be shown that the convergence condition of
the above expansion for a > 1 is equivalent to the stability condition of the free
energy that the eigenvalues of the Hessian {0? frap/0m;0m;} be non-negative.
All higher order terms in the expansion vanish in the thermodynamic limit as
long as the stability condition is satisfied.

3.5.2  Cavity method

The cavity method is useful to derive the TAP equation from a different perspec-
tive (Mézard et al. 1986, 1987). It also attracts attention in relation to practical
algorithms to solve information processing problems (Opper and Saad 2001).
The argument in the present section is restricted to the case of the SK model
for simplicity (Opper and Winther 2001).

Let us consider the local magnetization m; = (S;), where the thermal average
is taken within a single valley. The goal is to show that this local magnetization
satisfies the TAP equation. For this purpose it suffices to derive the distribution
function of local spin P;(S;), with which the above thermal average is carried
out. It is assumed for simplicity that there is no external field h; = 0. The local
magnetization is determined by the local field h; = Zj Ji;S;. Hence the joint

distribution of S; and l?zvi can be written as
P(Si, i) o ®hSi P(hi \ Sy), (3.81)

where P(iz,i \ S;) is the distribution of the local field when the spin S; is removed
from the system (i.e. when we set .J;; = 0 for all j) (cavity field). More explicitly,

P(il;’ \Sz) = Trs\giégwli - Z JZJS])P(S \ Si), {382)

where P(S\ S;) is the probability distribution of the whole system without S,
(Jij = 0 for all 7). The distribution

P.(S)) / dfs 755 P(R, \ Sy) (3.83)

is thus determined once P(h; \ S;) is known.

In the SK model the range of interaction is unlimited and the number of
terms appearing in the sum y . J;;S; is N — 1. If all these terms are independent
and identically distributed, then the central limit theorem assures that the cavity
field h; is Gaussian distributed. This is certainly the case on the Bethe lattice
(Fig. 3.6) that breaks up into independent trees as soon as a site is removed. Let
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F1G. 3.6. There are no loops of bonds on the Bethe lattice, so that removal of
any single site breaks the system into independent trees.

us assume that this is also true for the SK model in which the correlations of
different sites are weak. We then have

7 _ 1 (h‘z - >\z) !
Combination of this Gaussian form and (3.83) yields
m; = tanh ﬁ(izi)\i. (3.85)

It is therefore necessary to evaluate the average (ﬁi)\i.
The standard average of the local field (without the cavity),

<721> = Tl’f,'i /d}wl@ E@P(Sft, }Wl@), (386)
together with the Gaussian cavity field (3.84) leads to the relation
(hi) = (ha)\i + Vi(Ss) (3.87)
or, in terms of m;,
(hi)\ Z Jigmj — Vim. (3.88)
We then have to evaluate the variance of the local field
Vi = Z Jij Tt ((Sj Sk i — (Sini{Skhi)- (3.89)
j}k

Ounly the diagonal terms (j = k) survive in the above sum because of the clus-
tering property in a single valley

1
el > ((SkS;) = (Sk)(S))? =0 (3.90)
Jk
as N —» oo as well as the independence of Ji]’ and Jip (§ # k:). We then have
Vi & Z ij(l - (Sj)fl) R~y Z ij(l Z m (3.91)
J J

From this, (3.85), and (3.88), we arrive at the TAP equation (3.70).
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The equations of state within the RS ansatz (2.28) and (2.30) can be derived
from the TAP equation with the cavity method taken into account. We first
separate the interaction Jj; into the ferromagnetic and random terms,

Jo J
Joi = — 3.92
s=F+ox (3.92)
where z;; is a Gaussian random variable with vanishing mean and unit variance.
Then (3.88) is

~ JO J X
(hivi = ;mj TN ; zijimg — Vim. (3.93)

The first term on the right hand side is identified with Jom, where m is the fer-
romagnetic order parameter. The effects of the third term, the cavity correction,
can be taken into account by treating only the second term under the assumption
that each term z;;m; is an independent quenched random variable; the whole
expression of (3.93) is the thermal average of the cavity field and therefore the
contribution from one site j would not interfere with that from another site
j. Then the second term is Gaussian distributed according to the central limit
theorem. The mean vanishes and the variance is

Z Z[zijzik}mjmk = Z m? = Nq. (3.94)
ik J

Thus the second term (with the third term taken into account) is expressed as
V' Ngz with z being a Gaussian quenched random variable with vanishing mean
and variance unity. Hence, averaging (3.85) over the distribution of z, we find

m = /Dz tanh B(Jom + @2), (3.95)

which is the RS equation of state (2.28). Averaging the square of (3.85) gives
(2.30). One should remember that the amount of information in the TAP equa-
tion is larger than that of the RS equations of state because the former is a
set of equations for N variables whereas the latter is for the macroscopic order
parameters m and ¢. It is also possible to derive the results of RSB calculations
with more elaborate arguments (Mézard et al. 1986).

3.5.3 Properties of the solution

To investigate the behaviour of the solution of the TAP equation (3.70) around
the spin glass transition point, we assume that both the m; and h; are small and
expand the right hand side to first order to obtain

mi =B Jiym; + Bhi — 32 m;. (3.96)
J
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This linear equation (3.96) can be solved by the eigenvalues and eigenvectors of
the symmetric matrix J. Let us for this purpose expand J;; by its eigenvectors
as

Jij =¥ A (A, (3.97)
A
We define the A-magnetization and A-field by
ma = (Aliyms,  hy =Y (Ai)h; (3.98)
i i
and rewrite (3.96) as
my = Bmadx + Bhy — 2% m,. (3.99)
Thus the A-susceptibility acquires the expression
om 3
oma _ (3.100)

= S ST (B

The eigenvalues of the random matrix J are known to be distributed between
~2J and 2.J with the density

Va2 —J 2
pIN) = S (3.101)
It is thus clear from (3.100) that the susceptibility corresponding to the largest
eigenvalue Jy == 2.J diverges at Ty = J, implying a phase transition. This transi-
tion point 1y = J agrees with the replica result.

In a uniform ferromagnet, the uniform magnetization corresponding to the
conventional susceptibility (which diverges at the transition point) develops be-
low the transition point to form an ordered phase. Susceptibilities to all other
external fields (such as a field with random sign at each site) do not diverge at
any temperature. In the SK model, by contrast, there is a continuous spectrum
of Jy and therefore, according to (3.100), various modes continue to diverge one
after another below the transition point T} where the mode with the largest
eigenvalue shows a divergent susceptibility. In this sense there exist continuous
phase transitions below 1%, This fact corresponds to the marginal stability of the
Parisi solution with zero eigenvalue of the Hessian and is characteristic of the
spin glass phase of the SK model.

The local magnetization m{ which appeared in the argument of the multival-
ley structure in the previous section is considered to be the solution of the TAP
equation that minimizes the free energy. Numerical analysis indicates that solu-
tions of the TAP equation at low temperatures lie on the border of the stability
condition, reminiscent of the marginal stability of the Parisi solution (Nemoto
and Takayama 1985). General solutions of the TAP equation may, however, cor-
respond to local minima, not the global minima of the free energy (3.73). It
is indeed expected that the solutions satisfying the minimization condition of
the free energy occupy only a fraction of the whole set of solutions of the TAP
equation that has very many solutions of O(e®") (a > 0).
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Bibliographical note

Extensive accounts of the scheme of the RSB can be found in Mézard et ol
(1987), Binder and Young (1986), and Fischer and Hertz (1991). All of these
volumes and van Hemmen and Morgenstern (1987) cover most of the develop-
ments related to the mean-field theory until the mid 1980s including dynamics
and experiments not discussed in the present book. One of the major topics of
high current activity in spin glass theory is slow dynamics. The goal is to clarify
the mechanism of anomalous long relaxations in glassy systems at the mean-field
level as well as in realistic finite-dimensional systems. Reviews on this problem
are found in Young (1997) and Miyako et al. (2000). Another important issue
is the existence and properties of the spin glass state in three (and other fi-
nite) dimensions. The mean-field theory predicts a very complicated structure
of the spin glass state as represented by the full RSB scheme for the SK model.
Whether or not this picture applies to three-dimensional systems is not a trivial
problem, and many theoretical and experimental investigations are still going
on. The reader will find summaries of recent activities in the same volumes as
above (Young 1997; Miyako et al. 2000). See also Dotsenko (2001) for the renor-
malization group analyses of finite-dimensional systems.



4
GAUGE THEORY OF SPIN GLASSES

We introduced the mean-field theory of spin glasses in the previous chapters
and saw that a rich structure of the phase space emerges from the replica sym-
metry breaking. The next important problem would be to study how reliable
the predictions of mean-field theory are in realistic finite-dimensional systems.
It is in general very difficult to investigate two- and three-dimensional systems
by analytical methods, and current studies in this field are predominantly by
numerical methods. It is not the purpose of this book, however, to review the
status of numerical calculations; we instead introduce a different type of argu-
ment, the gauge theory, which uses the symmetry of the system to derive a
number of rigorous/exact results. The gauge theory does not directly answer the
problem of the existence of the spin glass phase in finite dimensions. Nevertheless
it places strong constraints on the possible structure of the phase diagram. Also,
the gauge theory will be found to be closely related to the Bayesian method
frequently encountered in information processing problems to be discussed in
subsequent chapters,

4.1 Phase diagram of finite-dimensional systems

The SK model may be regarded as the Edwards—Anderson model in the limit of
infinite spatial dimension. The phase diagram of the finite-dimensional +J Ising
model (2.3) is expected to have a structure like Fig. 4.1. The case of p = 1 is
the pure ferromagnetic Ising model with a ferromagnetic phase for T' < T, and
paramagnetic phase for T > T,. As p decreases, antiferromagnetic interactions
gradually destabilize the ferromagnetic phase, resulting in a decreased transition
temperature. The ferromagnetic phase eventually disappears completely for p
below a threshold p.. Numerical evidence shows that the spin glass phase ex-
ists adjacent to the ferromagnetic phase if the spatial dimensionality is three
or larger. There might be a mixed phase with the RSB at low temperatures
within the ferromagnetic phase. The Gaussian model (2.2) is expected to have
an analogous phase diagram.

It is very difficult to determine the structure of this phase diagram accurately,
and active investigations, mainly numerical, are still going on. The gauge theory
does not give a direct answer to the existence problem of the spin glass phase
in finite dimensions, but it provides a number of powerful tools to restrict pos-
sibilities. It also gives the exact solution for the energy under certain conditions
(Nishimori 1980, 1981; Morita and Horiguchi 1980; Horiguchi 1981).

46
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Fia. 4.1. Phase diagram of the +.J model

4.2 Gauge transformation

Let us consider the symmetry of the Edwards-Anderson model

H=-Y"17;55; (4.1)
{ig)

to show that a simple transformation of variables using the symmetry leads to a
number of non-trivial conclusions. We do not restrict the range of the sum (ij)
in (4.1) here; it could be over nearest neighbours or it may include farther pairs.
We first discuss the &J model and add comments on the Gaussian and other
models later.

We define the gauge transformation of spins and interactions as follows:

SZ' > S’ioi, Jz‘j hand Jijaiaj. (42)

Here o; is an Ising spin variable at site i fixed to either 1 or —1 arbitrarily
independently of 5;. This transformation is performed at all sites. Then the
Hamiltonian (4.1) is transformed as

H — — Z']ijgiaj . Si(fi N dej = Ha (43)
(ig)
which shows that the Hamiltonian is gauge invariant.

To see how the probability distribution (2.3) of the +.J model changes under
the gauge transformation, it is convenient to rewrite the expression (2.3) as

el

2cosh K’ (44)

P(Jij) =

where K, is a function of the probability p,
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2Ky = P 4.

R (45)
In (4.4), 7y; is defined as Ji; = Jry, the sign of Jj;. It is straightforward to
check that (4.4) agrees with (2.3) by inserting 7;; = 1 or —1 and using (4.5). The
distribution function transforms by the gauge transformation as

e Kprijoio;

P(Ji) = 2cosh K,

(4.6)

Thus the distribution function is not gauge invariant. The Gaussian distribution
function transforms as

1 JE+ T8 Jo
P(Jw) - We}(}) (-—3-2‘]70> exp (J—(;Jijdz’o'j\) . (47)

It should be noted here that the arguments developed below in the present
chapter apply to a more generic model with a distribution function of the form

P(Jig) = Po(|Jis ) e (4.8)
The Gaussian model clearly has this form with a = Jy/J?, and the same is true
for the +J model since its distribution can be expressed as
el pTis

P(Jij) = pd(rij — 1)+ (L—=p)d(mi; +1) = Wﬁ(m -

1)+5(Tij “4*3.)} (4.9)

for which we choose a = K, /J. The probability distribution (4.8) transforms as

P(Jiz) = Po(lJig]) €577 (4.10)

4.3 Exact solution for the internal energy

An appropriate application of gauge transformation allows us to calculate the
exact value of the internal energy of the Edwards-Anderson model under a cer-
tain condition. We mainly explain the case of the +J model and state only the
results for the Gaussian model. Other models in the class (4.8) can be treated
analogously.

4.3.1  Application of gauge transformation
The internal energy is the configurational average of the statistical-mechanical
average of the Hamiltonian:
E] = Trg He P77 exp(Kp Y5 Tij)
| Trge AH | (2cosh K,)Ne
.TTS (—J Z(ij) Ti39:95) exp(K Z(ij) 7i35i5;)

Trg exp(K Z<U) 7555:55) )

Here Trg denotes the sum over 8§ = {S; = £1}, K = 3.J, and Ng is the number

of terms in the sum Y (i) o the total number of interaction bonds, Np = Bl

(4.11)
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We write Tr for the sum over spin variables at sites and reserve the symbol )" _
for variables {7;} defined on bonds.

Let us now perform gauge transformation. The gauge transformation (4.2)
just changes the order of sums in Trg appearing in (4.11) and those in )__. For
example, the sum over §; = £1 in the order ‘+1 first and then —1’ is changed
by the gauge transformation to the other order ‘1 first and then 1’, if o; = —1.
Thus the value of the internal energy is independent of the gauge transformation.
We then have

. pr(f{p Z Tij0i0j> i TI‘S (WJ Z TijSiSj) exp(K Z TijSiSj)
[E] = Z (2cosh K)o Trs exp(K > 7;5:S;) » (412)

where gauge invariance of the Hamiltonian has been used. It should further be
noted that the value of the above formula does not depend on the choice of the
gauge variables o = {0} (of the Ising type). This implies that the result remains
unchanged if we sum the above equation over all possible values of o and divide
the result by 27, the number of possible configurations of gauge variables:

- 1 .
B = 2N (2 cosh K,)Ns ER;TI,, GXP(EPZT‘&JGZUJ)
Trs (=7 30 7;5:5;) exp(K 3 73;5:5;)

Trg exp(K Y 7:;9:5;) :

(4.13)

4.3.2  Exact internal energy

One observes in (4.13) that, if K = K, the sum over S in the denominator
(the partition function) cancels out the sum over o that has been obtained by
gauge transformation from the probability distribution P(.J;;). Then the internal
energy becomes

1 . .
(E] = N Bemh K D Trs | —J > 7 SiS; | exp(K Y 7;SiS;).  (4.14)
T (&4}

The sums over 7 and S in (4.14) can be carried out as follows:

J a
[E] = - 2N (2 cosh K )N# Z Trs 0K exp(K Z 73 5i553)
J Jd .. ,
~ 9N (2cosh K)Nr 0K Irs H Z exp(K7i;5:5)
(i) \riz==*1
= —Np.J tanh K. (4.15)

This is the exact solution for the internal energy under the condition K = K,
The above calculations hold for any lattice. Special features of each lattice are
reflected only through Np, the total number of bonds.



50 GAUGE THEORY OF SPIN GLASSES

(b)

Fic. 4.2, Nishimori line (dashed) in the (a) £.J and (b) Gaussian models

4.3.3  Relation with the phase diagram

The condition K = K, relates the temperature I' (= J/K) and the probability
p(= (tanh K, + 1}/2), which defines a curve in the 7T"-p phase diagram. The
cwve K = K, is called the Nishimori line and connects (I" = 0,p = 1) and
(T' = oo, p = 1/2) in the phase diagram of the +.J model (Fig. 4.2(a}).

The exact internal energy (4.15) on the Nishimori line has no singularity as
a function of the temperature. The Nishimori line, on the other hand, extends
from the ferromagnetic ground state at (1" = 0,p = 1) to the high-temperature
limit (T = oo, p = 1/2) as shown in Fig. 4.2(a); it inevitably goes across a phase
boundary. It might seem strange that the internal energy is non-singular when
the line crosses a phase boundary at a transition point. We should, however,
accept those two apparently contradicting results since (4.15) is, after all, the
exact solution.® One possibility is that the singular part of the internal energy
happens to vanish on the Nishimori line. This is probably a feature only of the
internal energy, and the other physical quantities (e.g. the free energy, specific
heat, and magnetic susceptibility) should have singularities at the crossing point.
In almost all cases investigated so far, this transition point on the Nishimori line
is a multicritical point where paramagnetic, ferromagnetic, and spin glass phases
merge.

Similar arguments apply to the Gaussian model. The Nishimori line in this
caseis Jo/J? = 3, from the cancellation condition of numerator and denominator
as in the previous subsection. It is shown as the dashed line in Fig. 4.2(b). The
energy for Jo/J? = (3 is

[E] = ~NpgJo. (4.16)

It is possible to confirm (4.16) for the infinite-range version of the Gaussian
model, the SK model, with A = 0. One can easily verify that m = ¢ from the RS
solution (2.28) and (2.30) under the condition 3.J? = Jy. The internal energy is,
from the free energy (2.27),

3The existence of a finite region of ferromagnetic phase in two and higher dimensions has
been proved (Horiguchi and Morita 19824, b).
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N
[E] = =5 {Jom® + BJ*(1 = ¢*)} . (4.17)
Insertion of m = g and 8J? = Jy into the above formula gives [E] = —JoN/2,

which agrees in the limit ¥ — oo with (4.16) with Ng = N(N — 1)/2 and
Jo — Jo/N. Therefore the RS solution of the SK model is exact on the Nishimori
line at least as far as the internal energy is concerned. The AT line lies below the
Nishimori line and the RS solution is stable. It will indeed be proved in §4.6.3
that the structure of the phase space is always simple on the Nishimori line.

4.3.4  Distribution of the local energy
We can calculate the expectation value of the distribution function of the energy
of a single bond J;;5;5;

P(E) = [(0(F — J;;5:5;))] (4.18)

by the same method as above (Nishimori 1986a). Since 6(E — J;;5:5;) is gauge
invariant, arguments in §4.3 apply and the following relation corresponding to
(4.14) is derived when K = K,

1

P(E) = NG K > Trs 6(E — JijSiS;) exp(K Y mimSiSm).  (4.19)
T

Summing over bond variables other than the specific one (ij), which we are
treating, can be carried out. The result cancels out with the corresponding factors
in the denominator. The problem then reduces to the sum over the three variables
Tij, Si, and S, which is easily performed to yield

P(E) = pd(E — J) + (1 — p)8(E + J). (4.20)

It is also possible to show that the simultaneous distribution of two different
bonds is decoupled to the product of distributions of single bonds when K = K,

Py(En, Es) = [(0(E1 — J35SiS5)0(E2 — JuSkSi))] = P(E1)P(Ez).  (4.21)

The same holds for distributions of more than two bonds. According to (4.20) and
(4.21), when K = K, the local energy of a bond is determined independently
of the other bonds or spin variables on average but depends only on the original
distribution function (2.3). The same is true for the Gaussian model.

4.3.5  Distribution of the local field
The distribution function of the local field to site i

P(h) = [(8(h =Y Ji35)))] (4.22)
;

can be evaluated exactly if K = K, by the same method (Nishimori 1986a).
Since the Hamiltonian (4.1) is invariant under the overall spin flip S; — —8; (Vi),
(4.22) is equal to
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P(R) = (60— 3"y §) + (6(h+ 3 JisS)] (423)
7 7

which is manifestly gauge invariant. We can therefore evaluate it as before under
the condition K = K. After gauge transformation and cancellation of denomi-
nator and numerator, one is left with the variables related to site i to find

1 6(hwjz_;’rﬂ)+§(h“+“€]z]7'”) .
P(h) = (2 cosh K')* g 2 exp(K };Ti;)
1
" (2cosh K)* ;5(77! - J%:Tij} cosh Sh, {4.24)

where z is the coordination number, and the sum over 7 runs over the bonds
connected to i. This result shows again that each bond connected to i behaves
independently of other bonds and spins with the appropriate probability weight
p = efv/2cosh K, or 1 —p = e X /2cosh K,. The same argument for the
Gaussian model leads to the distribution

B 1 (h — z3J)? (h + zBJ)?
P(h) = mg = {exp (Wm%,]? ) + exp (Mmz,zﬂ )} (4.25)

when 3J? =

4.4 Bound on the specific heat

It is not possible to derive the exact solution of the specific heat. We can never-
theless estimate its upper bound. The specific heat is the temperature derivative
of the internal energy:

oE]
aB

T3C) = — (4.26)

Trg H?e PH Trg He PH\?
Trs e~AH Trs e~BH

For the +J model, the first term of the above expression (= C1) can be calculated
in the same manner as before:

Z exp(K, Y. 7ij) Trs (- > 7i;8:9;)  exp(K Y 15 8:5;)
(2cosh K,)Ne Trg exp(K > 7;5:5;)

J? .
- 2N (2 cosh K,)No Z Try exp(K), Z Tij0i05)

) (@2/6‘1’{2)%5 GXP(K' Z TijSiSj)
Trs exp(K 3 7;8:8;)

Cancellation of the denominator and numerator is observed when K = K, to
give

(4.27)

J-z (92

Gi= 2N (2 cosh K)Vv K2

Trs exp(KZm&@)
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= S oN 0 (2 cosh K)N#
© 2N(2cosh K)Ns ™ QK2
= J?(N} tanh® K + Npsech’K). (4.28)

The second term on the right hand side of (4.26), Cs, cannot be evaluated directly
but its lower bound is obtained by the Schwarz inequality:

Cy = [E?] > [E]? = J?N} tanh®* K. (4.29)

From (4.28) and (4.29),
T%C] < J*Npsech’K. (4.30)

Hence the specific heat on the Nishimori line does not diverge although the line
crosses a phase boundary and thus the specific heat would be singular at the
transition point.

For the Gaussian distribution, the upper bound on the specific heat is

T?[C] < J®Np. (4.31)

4.5 Bound on the free energy and internal energy

We can derive an interesting inequality involving the free energy and, simulta-
neously, rederive the internal energy and the bound on the specific heat from an
inequality on the Kullback-Leibler divergence (Iba 1999). Let us suppose that
P(z) and Q(x) are probability distribution functions of a stochastic variable z.
These functions satisfy the normalization condition ) P(z) = )  Q(z) = 1.
The following quantity is called the Kullback—Leibler divergence of P(z) and
Q(x):

G = ZP(*{ log 0 ; (4.32)

Since G vanishes when P(x) = Q(x) (Vz), it measures the similarity of the two
distributions. The Kullback-Leibler divergence is also called the relative entropy.
The Kullback-Leibler divergence is positive semi-definite:

G = Zp(x {1 og gg”; Qirg - 1} >0. (4.33)

Here we have used the inequality —logy+y—1 > 0 for positive y. The inequality
(4.33) leads to an inequality on the free energy. We restrict ourselves to the £J
model for simplicity.

Let us choose the set of signs T = {7;;} of Ji; = J7y; as the stochastic variable
z and define P(z) and Q(z) as

Tre exp(Kp Z(%J) 7'@0‘;‘0'3’) Q(,‘.) B Tr, eXp(K Z(z]) Tijdi(}'j)
2N (2 cosh K,)Ns ’ B 2N (2cosh K)Ni

P(r) = . (4.34)
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It is easy to check that these functions satisfy the normalization condition. Then
(4.32) has the following expression:

Tro exp(Ky Y 7i50i05)
¢ = Z 2N (2 cosh K,) Ve

. {k)g Tre exp(K, z 7350:05) — log Tre exp(K Z Tija"z‘,ﬂ'j)}
— Npglog2cosh K, + Nplog2cosh K. (4.35)

This equation can be shown to be equivalent to the following relation by using
gauge transformation:

exp(Kp Y 7i5)
G= z(2coahK Nb

. {Iog Tre exp(K, Z 7350:0;5) — log Trg exp(K Z Tijaicrj)}
— Nglog2cosh K, + Nglog 2 cosh K. (4.36)

The second term on the right hand side of (4.36) is nothing more than the
logarithm of the partition function of the +.J model, the configurational average
of which is the free energy F(K,p) divided by temperature. The first term on
the right hand side is the same quantity on the Nishimori line (K = K, }. Hence
the inequality G > 0 is rewritten as

BF(K,p) + Nplog2cosh K > 3,F(K,,p) + Nplog2 cosh K),. (4.37)

The function SFy(K) = —Npglog2cosh K is equal to the free energy of the one-
dimensional +.J model with Ng bonds and free boundary condition. Then (4.37)
is written as

BLF(K, p) = Fo(K)} = Bp{F (Kp,p) — Fo(Kp)}. (4.38)

This inequality suggests that the system becomes closest to the one-dimensional
model on the Nishimori line as far as the free energy is concerned.

Let us write the left hand side of (4.38) as g(K, p). Minimization of g(K, p)
at K = K, gives the following relations:

0 gu(zp> 0 zg(l(,p)
el 2L e S > (], )
IK K=K, O’ 8K2 K=K, 0 (4 39)

The equality in the second relation holds when g(K, p) is flat at K = K,. This
happens, for instance, for the one-dimensional model where g(K, p) = 0 identi-
cally. However, such a case is exceptional and the strict inequality holds in most
systems. By noting that the derivative of GF by § is the internal energy, we can
confirm that the first equation of (4.39) agrees with the exact solution for the
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internal energy (4.15). The second formula of (4.39) is seen to be equivalent to
the upper bound of the specific heat (4.30).

When the strict inequality holds in the second relation of (4.39), the following
inequality follows for K close to K

dg(K,p) ., . <0 (K < K,)
JW = {E} + A’BJ tanh K >0 (K > Kp) (440)
The energy thus satisfies
< —NpgJtanh K (T > Tp e J/I‘fp)
BT p)] { > —NpJtanh K (T < T}) (441)

when T is not far away from T),. The internal energy for generic T and p is smaller
(larger) than the one-dimensional value when 7' is slightly larger (smaller) than
T, corresponding to the point on the Nishimori line for the given p.

4.6 Correlation functions

One can apply the gauge theory to correlation functions to derive an upper
bound that strongly restricts the possible structure of the phase diagram (Nishi-
mori 1981; Horiguchi and Morita 1981). For simplicity, the formulae below are
written only in terms of two-point correlation functions (the expectation value
of the product of two spin variables) although the same arguments apply to any
other many-point correlation functions. It will also be shown that the distribu-
tion function of the spin glass order parameter has a simple structure on the
Nishimori line (Nishimori and Sherrington 2001; Gillin et al. 2001) and that the
spin configuration is a non-monotonic function of the temperature (Nishimori
1993).

4.6.1 Identities

Let us consider the +J model. The two-point correlation function is defined by

Trg SoS.e~ B4
[(SoSr) K] = [W

exp(K, > 7;) Trs SoS,exp(K ) 7:;59:5;)

. 4.42
(2cosh K,)Ne Trg exp(K Y~ 7;5:5;) (4.42)
A gauge transformation changes the above expression to
1
[(SoSr) k] = 3V (2 cosh K,) N5 g Tro 000, exp(K, Z TijTi0;)
.TI’S SQS:,‘ exp(KETijSiSj). (4'43)

Trg exp(K Y 7:;5:5;)

We do not observe a cancellation of the numerator and denominator here even
when K = K, because of the factor oo, caused by the gauge transformation of
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So5r. However, an interesting identity results if one inserts the partition function
to the numerator and denominator:

1 .
(SoSr)x] = 2N(2cosh Kp)Ne g {Trc, exP(szTéjaioj)}

. (’f{‘r“ o0, exp([{pZT@j0¢Gj>> ) (TTS SoSr @XP(KZTi]'SiSj)) (4.44)
Tre exp(Kyp Y 1ij0i05) Trs exp(K ) 7;5:55) A

The last two factors here represent correlation functions (09o,)k, and (SoS,) K
for interaction strengths K, and K, respectively. The above expression turns out
to be equal to the configurational average of the product of these two correlation
functions

[(SoSr) K] = [(UOUT>K,) (SoSr) k] (4.45)

To see this, we write the definition of the right hand side as
1 -
KO’{)GT)K,, (SOST>K] = W g BXP(AP Z T%.?)

) Trs SoSy exp(Kp }: T«ngiSj) . Trg 505, exp(K 2 TijSiSj)
Trg exp(K, Y. 71;5:5;) Trs exp(K > 7:;5:5;)

(4.46)

Here we have used the variable § instead of o in writing {090, ) k,. The result is
independent of such a choice because, after all, we sum it over +1. The product
of the two correlation functions in (4.46) is clearly gauge invariant. Thus, after
gauge transformation, (4.46) is seen to be equal to (4.44), and (4.45) has been
proved.

By taking the limit r — oo in (4.45) with K = K, site 0 should become
independent of site r so that the left hand side would approach [(So)k][(Sr) k],
the square of the ferromagnetic order parameter m. The right hand side, on the
other hand, approaches [(09)k {S0) i |[{or) Kk (Sr) K], the square of the spin glass
order parameter ¢. We therefore have m = ¢ on the Nishimori line. Since the spin
glass phase has m = 0 and ¢ > 0 by definition, we conclude that the Nishimori
line never enters the spin glass phase (if any). In other words, we have obtained
a restriction on the possible location of the spin glass phase. The result m = ¢
will be confirmed from a different argument in §4.6.3.

Another interesting relation on the correlation function can be derived as
follows. Let us consider the configurational average of the inverse of the correla-
tion function [(SoS,)%']. The same manipulation as above leads to the following

relation: ) s
LSOS»K} B Lsiéiﬂ ' (4.47)

The right hand side is unity if K = K. Therefore the expectation value of the
inverse of an arbitrary correlation function is one on the Nishimori line. This
is not as unnatural as it might seem; the inverse correlation (5’0:3’,")1};1 is either
greater than 1 or less than —1 depending upon its sign. The former contribution
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dominates on the Nishimori line (a part of which lies within the ferromagnetic
phase), resulting in the positive constant.

A more general relation holds if we multiply the numerator of the above
equation (4.47) by an arbitrary gauge-invariant quantity ¢:

on kel s

Here () may be, for instance, the energy at an arbitrary temperature (H}) g+ or the
absolute value of an arbitrary correlation [(S;S;)k|. This identity (4.48) shows
that the gauge-invariant quantity € is completely uncorrelated with the inverse
of the correlation function on the Nishimori line because the configurational
average decouples:

[W%h—} =[] (: (@] [m D : (4.49)

It is somewhat counter-intuitive that any gauge-invariant quantity @ takes a
value independent of an arbitrarily chosen inverse correlation function. More
work should be done to clarify the significance of this result.

4.6.2  Restrictions on the phase diagram

A useful inequality is derived from the correlation identity (4.45). By taking the
absolute values of both sides of (4.45), we find

[[(SoSr) k]| = | [{9007) i, (S0 Sr) k|| < [[{o00r) ik, | - [(SoSr) k|| < [](0’007«)!(&',) ] -)

4.50
It has been used here that an upper bound is obtained by taking the absolute
value before the expectation value and that the correlation function does not
exceed unity.

The right hand side of (4.50) represents a correlation function on the Nishi-
mori line K = K. This is a correlation between site 0 and site r, ignoring the
sign of the usual correlation function (¢g0) k. It does not decay with increasing
r if spins are frozen at each site as in the spin glass and ferromagnetic phases.
The left hand side, on the other hand, reduces to the square of the usual ferro-
magnetic order parameter in the limit » — oo and therefore approaches zero in
the spin glass and paramagnetic phases. The right hand side of (4.50) vanishes
as r — oo if the point on the Nishimori line corresponding to a given p lies
within the paramagnetic phase. Then the left hand side vanishes irrespective of
K, implying the absence of ferromagnetic ordering. This fact can be interpreted
as follows.

Let us define a point A as the crossing of the vertical (constant p) line L
(dash-dotted in Fig. 4.3) and the Nishimori line (shown dashed). If A lies in
the paramagnetic phase as in Fig. 4.3, no point on L is in the ferromagnetic
phase by the above argument. We therefore conclude that the phase boundary
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Cl Cg C3

Fig. 4.3. Structure of the phase diagram compatible with the correlation in-
equality: Co and Cs. The shape Cy is not allowed.

between the ferromagnetic and spin glass (or paramagnetic, in the absence of the
spin glass phase) phases does not extend below the spin glass (or paramagnetic)
phase like C;. The boundary is either vertical as Co or re-entrant as Cs where
the spin glass (or paramagnetic) phase lies below the ferromagnetic phase. It
can also be seen that there is no ferromagnetic phase to the left of the crossing
point M of the Nishimori line and the boundary between the ferromagnetic and
non-ferromagnetic phases. It is then natural to expect that M is a multicritical
point (where paramagnetic, ferromagnetic, and spin glass phases merge) as has
been confirmed by the renormalization-group and numerical calculations cited
at. the end of this chapter.

4.6.3 Distribution of order parameters

The remarkable simplicity of the exact energy (4.15) and independence of energy
distribution (4.21) suggest that the state of the system would be a simple one on
the Nishimori line. This observation is reinforced by the relation ¢ = m, which is
interpreted as the absence of the spin glass phase. We show in the present subsec-
tion that a general relation between the order parameter distribution functions
confirms this conclusion. In particular, we prove that the distribution functions
of g and m coincide, Py(x) = Py, (), a generalization of the relation ¢ = m. Since
the magnetization shows no RSB, the structure of P, {(x) is simple (i.e. composed
of at most two delta functions). Then the relation P,(z) = P, () implies that
P,(z} is also simple, leading to the absence of a complicated structure of the
phase space on the Nishimori line.

The distribution function of the spin glass order parameter for a generic
finite-dimensional system is defined using two replicas of the system with spins
o and S:



CORRELATION FUNCTIONS 59

Try Trs 8(z — & 3, 045;) e PH{e)=0H(S)
Try Trg e—#H(e)—BH(S) '

Py(z) = (4.51)

where the Hamiltonians are
H(U) = -ZJij0i0j5 H(S) == —ZJijSiSj. (4.-52)

The two replicas share the same set of bonds J. There is no interaction between
the two replicas. If the system has a complicated phase space, the spins take
various different states so that the overlap of two independent spin configurations
>, 0iS;/N is expected to have more than two values (£m?) for a finite-step RSB
or a continuous spectrum for full RSB as in the SK model.

It is convenient to define a generalization of P,(x) that compares spin con-
figurations at two different (inverse) temperatures 3; and s,

Troe Trs d(z — + 3, 0:5:) o~ P1H (o) 32 H(S) ]
Tro Trg e H(e)=B2H(S) . (4.53)

Py(w; 81, 02 ) = {

The distribution of magnetization is defined similarly but without replicas:

) (4.54)

" L X gy o BH(S)
puo = [Tt Bz en)]

By applying the same procedure as in §4.6.1 to the right hand side of (4.54), we
find

1 \
Pm(’l?) e 23\,(2 cosh I(p)N” Zr:ril‘a @Xp(KpZ Tija'idj)
) Tre Trg 5(’13 - T%? Zi O‘zS»J EXI)(K;, Z Tijoicrj) GXP(K Z Tz‘jSiSj)
Tl‘g Ti’s @Xp(KpZTijOiO’j) QXP(KZTijSiSj)

. (4.55)

Similarly, gauge transformation of the right hand side of (4.53) yields the same
expression as above when 81J = K, and (2J = K. We therefore have

Po(2; K) = Py(a; Ky, K). (4.56)

Here the K-dependence of the left hand side has been written out explicitly. By
setting K = K, we obtain Py(z) = P, (). This relation shows that the phase
space is simple on the Nishimori line as mentioned above. Comparison of the first
moments of Fy(x) and Py, (x) proves that g = m. Since ¢ = m means that the
ordered state on the Nishimori line should be a ferromagnetic phase, the absence
of complicated phase space implies the absence of a mixed phase (ferromagnetic
phase with complicated phase space).

Equation (4.56) may be interpreted that the spin state at K projected to the
spin state at K, (the right hand side) always has a simple distribution function
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P (x) Py(x)
——
x P < X
—~I 2 0 m?‘ 0
(a) K=K, bYK>K,

FiG. 4.4. The distribution function of the spin glass order parameter on the
Nishimori line is simple (a). If there exists a phase with full RSB immediately
below the Nishimori line, the derivative of P,(x) with respect to K should
be positive in a finite range of z (b).

(the left hand side). Physically, this implies that the spin state at K, on the
Nishimori line, is much like a perfect ferromagnetic state since the left hand side
of the above equation represents the distribution of the spin state relative to the
perfect ferromagnetic state, >, (S; - 1). This observation will be confirmed from
a different point of view in §4.6.4.

More information can be extracted from (4.56) on the possible location of
the AT line. Differentiation of both sides of (4.56) by K at K = K, yields

0 0 o

1
=Py, (z; K) = —P,(z; K, K) R P(z; K, K) .
aK K=K, BK ! ? K=K, 2 BK ! K=K,
(4.57)
The left hand side is
1 1
Bwi(me(:E; K) = -5(5’(:1: —m(K))ym'(K) + 55’(:1: +m(K))m'(K) (4.58)

which vanishes at almost all © (s =m(K)). The right hand side thus vanishes at
x # =m(K). It follows that there does not exist a phase with full RSB immedi-
ately below the Nishimori line K = K),; otherwise the derivative of P, (x; K, K)
with respect to the inverse temperature K should be positive in a finite range
of x to lead to a continuous spectrum of P,(z; K, K} at a point slightly below
the Nishimori line, see Fig. 4.4. Clearly the same argument applies to any step
of the RSB because the right hand side of (4.57) would have non-vanishing (di-
vergent) values at some z % =m(K) if a finite-step RSB occurs just below the
Nishimori line. Therefore we conclude that the Nishimori line does not coincide
with the AT line marking the onset of RSB if any. Note that the present ar-
gument does not exclude the anomalous possibility of the RSB just below the
Nishimori line with infinitesimally slow emergence of the non-trivial structure
like Py(x) o f(z)e V/ (K-Kp),
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It is possible to develop the same argument for the Gaussian model.

4.6.4 Non-monotonicity of spin configurations

Let us next investigate how spin orientations are aligned with each other when
we neglect the reduction of spin magnitude by thermal fluctuations in the =£.J
model. We only look at the sign of correlation functions:

(SoSe)k | 1 ., Trs SoS; exp(K Y 7;5:5;)
[NSaSr)K] = oo Ky 2 P DT 5,6 e (5 7 5.5,
(4.59)
After gauge transformation, we find
{ (SoSr) K }
{SoSr) K]
- 1 . . o (SOST>K
= N Zeosh K, ; Tro exp(K, Z 7i50:05){0007) K, (SoS k|
1 . .
= 24’\1(2 cosh KP)NB Z Iro @XP(KP ZTijUiGj)%(O’()Ur>K?’%. (4.60)

We have taken the absolute value and replaced the sign of (S5S,)x by its upper
bound 1. The right hand side is equivalent to

b(aoar)m, }

Ey. (4.61)

because, by rewriting (4.61) using the gauge transformation, we have

{]@’00“7-}}(;» }

(0007 ) K, |

_ 1 Z {Trs oo, exp(Kp Y ’rijgiaj)}z
2N (2 cosh Kp)N1 = |Trg 0907 exp(K)p Y Tij0i05)]|
1 -
= V(2 cosh )7 ; ]Tro ooor exp(K)p Z Tz’jﬂ'iaj)i

1 , .
- 2N (2 cosh K,)N5 Zﬂ” exp(f*ipanaiaj) |(000r) i, |-
p T

(4.62)

Thus the following relation has been proved:
[sgn{ooo,) x| < [sgn(SoSy )k, ] (4.63)

This inequality shows that the expectation value of the relative orientation of
two arbitrarily chosen spins is a maximum at K = K, as a function of K
with p fixed. Spins become best aligned with each other on the Nishimori line
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Fic. 4.5. Different bond configurations with the same distribution of frustra-
tion. Bold lines denote antiferromagnetic interactions. Black dots indicate
the frustrated plaquettes (f. = —1). One of the two configurations changes
to the other by the gauge transformation with o; = —1.

when the temperature is decreased from a high value at a fixed p, and then the
relative orientation decreases as the temperature is further lowered, implying
non-monotonic behaviour of spin alignment. Note that the correlation function
itself [(SoSr) k| is not expected to be a maximum on the Nishimori line.

4.7 Entropy of frustration

We further develop an argument for the +.J model that the phase boundary
below the Nishimori line is expected to be vertical like Cy of Fig. 4.3 (Nishimori
1986b). Starting from the definition of the configurational average of the free
energy

_gip = P Do Ty) e
BIF] = Z (Zcosh K)o logTrs exp(KZfrwSzSJ), (4.64)

T

we can derive the following expression by gauge transformation under the con-
dition K = K.

1

-BlF) = V(o KN Z Try exp(K Z 735005 )-log Trg exp(K Z 7i59:55)
T
1
= NG K > Z(K)log Z(K). (4.65)

Let us recall here that Z(K) in front of log Z(K') was obtained from the gauge
transformation of the distribution function P(J;;) and the sum over gauge vari-
ables. Since gauge transformation does not change the product of bonds f, =
1. Jij over an arbitrary closed loop ¢, this f. is a gauge-invariant quantity,
called frustration (see Fig. 4.5).% The sum of all bond configurations with the

4 A more accurate statement is that the loop ¢ is said to be frustrated when fe < 0. One often
talks about frustration of the smallest possible loop, a plaguette (the basic square composed of
four bonds in the case of the square lattice, for example).
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same distribution of frustration {f.} gives Z(K,) (up to a normalization fac-
tor). This Z(K),) is therefore identified with the probability of the distribution
of frustration. Then, (4.65) may be regarded as the average of the logarithm of
the probability of frustration distribution on the Nishimori line, which is nothing
but the entropy of frustration distribution. We are therefore able to interpret the
free energy on the Nishimori line as the entropy of frustration distribution.

It should be noted here that the distribution of frustration is determined
only by the bond configuration J and is independent of temperature. Also, it
is expected that the free energy is singular at the point M in Fig. 4.3 where
the Nishimori line crosses the boundary between the ferromagnetic and non-
ferromagnetic phases, leading to a singularity in the frustration distribution.
These observations indicate that the singularity in the free energy at M is caused
by a sudden change of the frustration distribution, which is of geometrical nature.
In other words, the frustration distribution is singular at the same p(= p.) as
the point M as one changes p with temperature fixed. This singularity should be
reflected in singularities in physical quantities at p = p,. Our conclusion is that
there is a vertical phase boundary at the same p as M. It should be remembered
that singularities at higher temperatures than the point M are actually erased by
large thermal fHluctuations. This argument is not a rigorous proof for a vertical
boundary, but existing numerical results are compatible with this conclusion (see
the bibliographical note at the end of the chapter).

Singularities in the distribution of frustration are purely of a geometrical
nature independent of spin variables. It is therefore expected that the location
of a vertical boundary is universal, shared by, for instance, the XY model on the
same lattice if the distribution of J;; is the same (Nishimori 1992).

4.8 Modified +J model

The existence of a vertical phase boundary discussed in §4.7 can be confirmed
also from the following argument (Kitatani 1992). The probability distribution
function of interactions of the £.J model is given as in (4.4) for each bond. It
is instructive to modify this distribution and introduce the modified +J maodel
with the following distribution:

exp{(K} +a) Z(ij} Tij } Z(Kp, T)

Pu(Kp,a,7) = (2cosh Kp)Vo Z(Kp +a,7)

(4.66)

where a is a real parameter. Equation (4.66) reduces to the usual +J model
when a = 0. It is straightforward to show that (4.66) satisfies the normalization
condition by summing it over 7 and then using gauge transformation.

4.8.1  Ezpectation value of physical quantities

The expectation value of a gauge-invariant quantity in the modified +J model
coincides with that of the conventional +J model. We denote by {---}% = the
configurational average by the probability (4.66) and [---]k, for the configura-
tional average in the conventional +.J model. To prove the coincidence, we first
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write the definition of the configurational average of a gauge-invariant quantity
@ in the modified £.J model and apply gauge transformation to it. Then we sum
it over the gauge variables o to find that Z(K), + a,T) appearing in both the
numerator and denominator cancel to give

e 1 - ’
@Y, = N Goosh )™ EZ(KW')Q = [Qlx,- (4.67)

The final equality can be derived by applying gauge transformation to the defini-
tion of (@], and summing the result over gauge variables. Equation (4.67) shows
that the configurational average of a gauge-invariant quantity is independent of
a.

Let us next derive a few relations for correlation functions by the same
method as in the previous sections. If we take the limit r — oo in (4.45) (which
holds for the conventional £J model), the left hand side reduces to the squared
magnetization m(K, Kp)?. Similarly, when K = K, the right hand side ap-
proaches the square of the usual spin glass order parameter ¢(K,, K,)*. We thus
have

m(Ky, Kp) = q(Kp, Kp).- (4.68)

The corresponding relation for the modified +J model is
mar(Kp + a, Kp) = qu(Kp + a, K,), (4.69)

where the subscript M denotes that the quantities are for the modified +.J model.
Another useful relation is, for general K,

Q([{s Kp} = QM(Ka Kp)a (470}

which is valid according to (4.67) because the spin glass order parameter ¢ is
gauge invariant. It is also not difficult to prove that

m(K, + a, Kp) = my(Kp, Kp) (4.71)
from gauge transformation.

4.8.2  Phase diagram

Various formulae derived in the previous subsection are useful to show the close
relationship between the phase diagrams of the modified and conventional +.J
models. First of all, we note that the spin glass phase exists in the same region
in both models according to (4.70). In the conventional +J model, (4.68) implies
that ¢ > 0 if m > 0 on the Nishimori line K = K,. Thus there does not exist
a spin glass phase (¢ > 0,m = 0) when K = K, and the ordered phase at low
temperatures on the Nishimori line (the part with p > p. in Fig. 4.6(a)) should
be the ferromagnetic phase. Accordingly, the ordered phase to the upper right
side of the Nishimori line cannot be the spin glass phase but is the ferromagnetic
phase.
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F1G. 4.6. Phase diagram of the conventional (a) and modified (b) +.J models

In the modified -=J model, on the other hand, (4.69) holds when K = K, +aq,
so that the lower part of the curve K = K, + @ is in the ferromagnetic phase
(the part with p > p. in Fig. 4.6(b)). It is very plausible that the ordered phase
to the upper right of the line K = K, + a is the ferromagnetic phase, similar to
the case of the conventional £.J model.

We next notice that the magnetization at the point B on the line K = K, +a
in the conventional =7 model (Fig. 4.6(a)) is equal to that at C on K = K, in the
modified +.J model (Fig. 4.6(b)) according to {4.71). Using the above argument
that the ferromagnetic phase exists to the upper right of K’ = K, + a in the
modified 4+-J model, we see that my (Kp, Kp) > 0 at C and thus m(K,+a, Kp) >
0 at B. If we vary a (> 0) with p fixed, B moves along the vertical line below
K = K. Therefore, if m(K,, K,) > 0 at a point on the line K = K,,, we are
sure to have m(K, K,) > 0 at all points below it. It is therefore concluded that
m > 0 below the line K = K, for all p in the range p > p.. We have already
proved in §4.6 that there is no ferromagnetic phase in the range p < p., and
hence a vertical boundary at p = p. is concluded to exist in the conventional -.J
model.

We have assumed in the above argument that the modified £.J model has the
ferromagnetic phase on the line K = K,,, which has not been proved rigorously
to be true. However, this assumption is a very plausible one and it is quite
reasonable to expect that the existence of a vertical boundary is valid generally.

4.8.3 Existence of spin glass phase

Active investigations are still being carried out concerning the existence of a spin
glass phase as an equilibrium state in the Edwards-Anderson model (including
the conventional +.J and Gaussian models) in finite dimensions. Numerical meth-
ods are used mainly, and it is presently believed that the Edwards-Anderson
model with Ising spins has a spin glass phase in three and higher dimensions. In
the modified +J model, it is possible to prove the existence of a spin glass phase
relatively easily. Let us suppose a < 0 in the present section.

As pointed out previously, the conventional -J and modified +J models
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F1a. 4.7. Phase diagram of the modified -£J model with a < 0

share the same region with ¢ > 0 (spin glass or ferromagnetic phase) in the
phase diagram. In the modified +.J model, we have my = ¢u > 0 in the low-
temperature part of the line K = K, +a and hence this part lies in the ferromag-
netic phase (Fig. 4.7). It is by the way possible to prove the following inequality
similarly to (4.50):

{(S05r) i}, | < {1{S0Sr) ke, +al Y i, - (4.72)

If we set r — oo in this relation, the left hand side reduces to the squared
magnetization on the line K = K, in the modified &=J model and the right hand
side to an order parameter on K = K, + a. Thus the right hand side approaches
zero in the paramagnetic phase (where p < pn, in Fig. 4.7) and consequently
the left hand side vanishes as well. It then follows that the shaded region in the
range p. < p < Py in Fig. 4.7 has gn > 0, my = 0, the spin glass phase.

The only assumption in the above argument is the existence of the ferro-
magnetic phase in the conventional £.J model at low temperature, which has
already been proved in two dimensions (Horiguchi and Morita 1982b), and it is
straightforward to apply the same argument to higher dimensions. Hence it has
been proved rigorously that the modified +J model has a spin glass phase in
two and higher dimensions.

We note that the bond variables T are not distributed independently at each
bond (ij) in the modified £.J model in contrast to the conventional +.J model.
However, the physical properties of the modified 4.J model should not be essen-
tially different from those of the conventional +.J model since gauge-invariant
quantities (the spin glass order parameter, free energy, specific heat, and so on)
assume the same values. When a > 0, the distribution (4.66) gives larger prob-
abilities to ferromagnetic configurations with 7;; > 0 than in the conventional
+.J model, and the ferromagnetic phase tends to be enhanced. The case a < 0
has the opposite tendency, which may be the reason for the existence of the spin
glass phase.
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It is nevertheless remarkable that a relatively mild modifications of the +.J
model leads to a model for which a spin glass phase is proved to exist.

4.9 Gauge glass

The gauge theory applies not just to the Ising models but to many other models
(Nishimori 1981; Nishimori and Stephen 1983; Georges et al. 1985; Ozeki and
Nishimori 1993; Nishimori 1994). We explain the idea using the example of the
XY model with the Hamiltonian (gauge glass)

H=—J) cos(fi — 0 — xij), (4.73)
(i5)
where quenched randomness exists in the phase variable xy;. The case x;; = 0

is the usual ferromagnetic XY model. The gauge theory works in this model if
the randomly quenched phase variable follows the distribution

P(xi) = exp (K, cos Xij), (4.74)

1
27 Io (K p)
where Iy(K,) is the modified Bessel function for normalization. The gauge trans-
formation in this case is
0 — 0; — ¢y, Xij = Xij — @i + 5. (4.75)

Here ¢; denotes the gauge variable arbitrarily fixed to a real value at each i. The
Hamiltonian is gauge invariant. The distribution function (4.74) transforms as

1 . X
P(xij) — M exp{ K, cos(¢p; — ¢; — xij)}- (4.76)

4.9.1  Energy, specific heat, and correlation

To evaluate the internal energy, we first write its definition

[E] = m / H dxi; exp(Kp }: oS Xij)

(i)
U 1, d6: {—J cos(6: — 0, — xi;)} exp{K 3 cos(fi — 0; — xi;)}
27 ~
0 " Hi de; GXP{I{ }4 cos(f; — 9]‘ - Xij)}
The integration range shifts by ¢; after gauge transformation, which does not
affect the final value because the integrand is a periodic function with period 2.

The value of the above expression therefore does not change by gauge transfor-
mation:

N J
{if)

L (4.77)
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_ gzﬁ 11, d0; cos(8; — 85 — xi5) exp{K > cos(0; — 0; — x4;)}
02'” H@i d(?z (“’:Xp{ff Z COS(Q;‘ - Qj . Xij)} ’
Both sides of this formula do not depend on {¢;}, and consequently we may

integrate the right hand side over {¢;} from 0 to 27 and divide the result by
(27)Y to get the same value:

NglJ
(@2m)N 2 Io(K,) N>
2 2w
‘/o 1T v fo [T d6: exp{K, > " cos(¢: — ¢; — xi5)}
{if) i
Jo T I, 485 cos(8; — 6; — xij) exp{K - cos(f — 6, — xiy)}

(4.78)

[B] = -

5 ’ . (4.79)
Jo " TT; 6 exp{K 3" cos(8; — 6; — x45)}
If K = K, the denominator and numerator cancel and we find
J
El— —
[E] (2m)N(2r Iy (K))Ns
27 a 27 '
fo gdxw'ﬁf—/o Udg@ QXP{KZCOS;(Q@ - 99 e XW«J)} (4,80}
Integration over x;; gives 2wlo(K) for each (ij):
J N 8 N Il {I()
E] =~ , 20)Y —(2nlo(K))"? = ~JNp——=. (4.81
{ } <2F)N(2WIQ(K))N13( T) 61{( ™ O( )) J1 BIQ([() ( 8 )

Because the modified Bessel functions Io(K) and Iy (K) are not singular and
Iy(K) > 0 for positive K, we conclude, as in the case of the Ising model, that
the internal energy has no singularity along the Nishimori line K = K, although
it crosses the boundary between the ferromagnetic and paramagnetic phases.

It is straightforward to evaluate an upper bound on the specific heat on the
Nishimori line, similar to the Ising case, and the result is

T°[C] < J°Np {5 + ) ( Il(K))Q}. (4.82)

2 2Iy(K) Io(K)

The right hand side remains finite anywhere on the Nishimori line.

Arguments on the correlation equality and inequality work as well. The cor-
relation function is [(cos(0; —0;)) k|, or [(expi(0; —0;)) k], and by using the latter
expression and the gauge theory, we can derive the following identity:

[(cos(0: — 0,))x] = [{cos(é — &), (cos(fs — 6))].  (4.83)
By taking the absolute value and evaluating the upper bound, we have
[{cos(; — 0;)) k]| < [[{cos(¢i — ¢5))k,|]- (4.84)

This relation can be interpreted in the same way as in the Ising model: the
ferromagnetic phase is not allowed to lie below the spin glass phase.
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Fi1c. 4.8. Ground-state configuration of the six-site XY model with a single
antiferromagnetic bond (bold line). The right plaquette has chirality + and
the left —.

4.9.2  Chirality

The XY model has an effective degree of freedom called chirality. We can show
that the chirality completely loses spatial correlations when K = K.
This result is a consequence of the following relation

(f1(0i = 0; = X35 f2(00 = Om — xim))] = [(f1(0: — 0; — xi; )] [(fo(6r — O — )Efims)>§

.85
for K = K, where (ij) and (lm) are distinct bonds and f; and fy are arbitrary
functions with period 27. Equation (4.85) can be proved in the same way as
we derived the exact energy (4.81) and is analogous to the decoupling of bond
energy in the Ising model (4.21). Each factor on the right hand side of (4.85) is
evaluated as in the previous subsection and the result is

;)ZW dé f, (Q)QK cos @ ' fegﬂ' a6 fg(&)eK cos

()27{ dg ek cosé j{)%' dg eK cosd
(4.86)

[(f1(0: = 05 — xi5) f2(61 — Om — X1m))] =

under the condition K = K.
Chirality has been introduced to quantify the degree of twistedness on the
frustrated XY model (Villain 1977) and is defined by

Rp = ZSIH(Q,, - Qj — Xij)» {487)

where the sum is over a directed path (counter-clockwise, for example) around
a plaquette. Frustrated plaquettes are generally neighbouring to each other as
in Fig. 4.8, and such plaquettes carry the opposite signs of chirality. It is a
direct consequence of the general relation (4.86) that chiralities at plaquettes
without common bonds are independent. In particular, we have [(k,)] = 0 at
any temperature since the sine in (4.87) is an odd function and consequently

[(Fpy Fps)] = [p) 1 [(ip,)] = 0 (4.88)

if K = K, and the plaquettes p; and ps are not adjacent to each other sharing
a bond.
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The complete absence of chirality correlation (4.88) is not easy to understand
intuitively. Chiralities are in an ordered state at low temperatures in regular
frustrated systems (Miyashita and Shiba 1984) and in a spin glass state in the
random XY model (Kawamura and Li 1996). There is no apparent reason to
expect the absence of chirality correlations in the present gauge glass problem.
Further investigation is required to clarify this point.

4.9.3 XY spin glass

The name ‘XY spin glass’ is usually used for the XY model with random inter-
actions:
H==>"Jijcos(8; — ), (4.89)
(i)

where J;; obeys such a distribution as the %J or Gaussian function as in the
Ising spin glass. This model is clearly different from the gauge glass (4.73). It
is difficult to analyse this XY spin glass by gauge transformation because the
gauge summation of the probability weight leads to a partition function of the
Ising spin glass, which does not cancel out the partition function of the XY spin
glass appearing in the denominator of physical quantities such as the energy. It
is nevertheless possible to derive an interesting relation between the Ising and
XY spin glasses using a correlation function (Nishimori 1992).

The gauge transformation of the Ising type (4.2) reveals the following relation
of correlation functions:

[(Si-SHx"] = o)k, (Si- SHn" ], (4.90)

where S; (= ‘(cos8;,sin6;)) denotes the XY spin and the thermal average is
taken with the +J XY Hamiltonian (4.89) for (---)*Y and with the +.J Ising
model for (---).. Taking the absolute value of both sides of (4.90) and replacing
(S;-8;)%Y on the right hand side by its upper bound 1, we find

1081 S5)7 1 < (o), | (4.91)

The right hand side vanishes for p < p. (see Fig. 4.3) in the limit |i — j| — oo
since the Nishimori line is in the paramagnetic phase. Thus the left hand side
also vanishes in the same range of p. This proves that p., the lower limit of the
ferromagnetic phase, for the XY model is higher than that for the Ising model

pXY > pl. (4.92)

It is actually expected from the argument of §4.7 that the equality holds in
(4.92).

The same argument can be developed for the Gaussian case as well as other
models like the +.J /Gaussian Heisenberg spin glass whose spin variable has three
components S = 1(S;, S,,5,) under the constraint 8% =1.
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4,10 Dynamical correlation function

It is possible to apply the gauge theory also to non-equilibrium situations (Ozeki
1995, 1997). We start our argument from the master equation that determines
the time development of the probability P;{S) that a spin configuration S is

realized at time £:
dP(S)

dt

Here W(S|8’) is the transition probability that the state changes from 8§’ to
S (# 8’ in unit time. Equation (4.93) means that the probability P;(S) increases
by the amount by which the state changes into S. If W < 0, the probability
decreases by the change of the state from S.

An example is the kinetic Ising model

exp(—5A(S,5)

2cosh SA(S, S")
exp(—5A(5",9))
2cosh £A(S, 8"

= Trg W (S|S")P(S). (4.93)

W(S|S") = 6,(S|S")

—5(S, 8" Trg61(8"|S)

(4.94)

where §;(S|8’) is a function equal to one when the difference between S and S’
is just a single spin flip and is zero otherwise:

51(8]8") = 542, (1 - S:S)}- (4.95)

%

In (4.94), A(S, S’) represents the energy change H(S) — H(S’). The first term
on the right hand side of (4.94) is the contribution from the process where the
state of the system changes from S’ to 8 by a single spin flip with probability
e~ 98/2 /9 cosh(8A/2). The second term is for the process where the state changes
from § to another by a single spin flip. Since §(8, 8”),61(S|S"), and A(S, 8’) are
all gauge invariant, W is also gauge invariant: W(S|8’) = W(Seo|S o), where
So = {Si()‘g}.

The formal solution of the master equation (4.93) is
Py(8) = Trg (S]e'™ |S") Po(S"). (4.96)

We prove the following relation between the dynamical correlation function and
non-equilibrium magnetization using the above formal solution:

[(S:(0)Si (1)) "] = [(Si(t)) ). (4.97)

Here (Si(O)Si(t))?’ is the autocorrelation function, the expectation value of the
spin product at site ¢ when the system was in equilibrium at ¢ = 0 with the
inverse temperature K, and was developed over time to ¢:

(S:(0)S:()) 1" = TrgTrg: S;(S|et™ |8") S/ P.(S', K,) (4.98)
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] 1 ,
P.(S' K,) = i) exp(Kp > 7i;5(55), (4.99)

where the K(= f.J)-dependence of the right hand side is in W. The expecta-
tion value (S;(¢))%- is the site magnetization at time ¢ starting from the perfect
ferromagnetic state |F):

(Si(t)% = Trs S;(Se™™ |F). (4.100)

To prove (4.97), we perform gauge transformation (7;; — 735004, 5; — S;ioy)
to the configurational average of (4.100)
1 '
[(Si#)k] = Tooh K D exp(K, Y 7iy)Trs Si(Sle™|F).  (4.101)

Then the term e'" is transformed to (Soje |F), which is equal to (S|e'V|o)
by the gauge invariance of W. Hence we have

1 1

{(Sz(t)}i} == m '2"}'\,7 ZTI‘G QXp(Kp Z njaiaj)’l‘rs S,;(Siem{]a‘)oi
4 ' T
L 1 tW
~ Boh K 27 > TrsTry Si(Slet™ |0)0: Z(K,) Po(o, Kp). (4.102)
£ P g

It is also possible to show that the configurational average of (4.98) is equal to
the above expression, from which (4.97) follows immediately.

Equation (4.97) shows that the non-equilibrium relaxation of magnetization
starting from the perfect ferromagnetic state is equal to the configurational av-
erage of the autocorrelation function under the initial condition of equilibrium
state at the inverse temperature K. In particular, when K = K, the left hand
side is the equilibrium autocorrelation function, and this identity gives a direct
relation between equilibrium and non-equilibrium quantities.

A generalization of (4.97) also holds:

[(Si(bw)Sit + )] = [(Siltw)Silt + t)) - (4.103)
Both sides are defined as follows:
(Si(tw)Silt + tw)) "
= TI‘S()rPrslTI'SQSQi{SgI@tWr SﬁSu{SlletWVV S())pe(S(), Kp} (4104)
(Si(tw)si(t + tw))?(
= Tfslrrl’sg Sgi<SQE8tw;{S1>Su<Sl]etww]F). (4.105)

Equation (4.104) is the autocorrelation function at time ¢ after waiting for t,
with inverse temperature K starting at time ¢ = 0 from the initial equilibrium
state with the inverse temperature K,. Equation (4.105), on the other hand,
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represents the correlation function with the perfect ferromagnetic state as the
initial condition instead of the equilibrium state at K, in (4.104). Equation (4.97)
is a special case of (4.103) with ¢, = 0.

To prove (4.103), we first note that the gauge transformation in (4.105) yields
o as the initial condition in this equation. Similar to the case of (4.102), we take
a sum over o and divide the result by 2. We next perform gauge transformation
and sum it up over the gauge variables in (4.104), comparison of which with the
above result leads to (4.103). It is to be noted in this calculation that (4.105) is
gauge invariant.

If K =K, in (4.103),

[(S:(0)Ss()) 5 ] = [(Si(tw)Si(t + tw)) i, |- (4.106)

For K = K, the left hand side of (4.103) is the equilibrium autocorrelation func-
tion and should not depend on ty, and thus we have set t,, = 0. Equation (4.106)
proves that the autocorrelation function does not depend on ¢, on average if it is
measured after the system is kept at the equilibrium state with inverse tempera~
ture K, for time duration ty and the initial condition of a perfect ferromagnetic
state. The aging phenomenon, in which non-equilibrium quantities depend on
the waiting time t,, before measurement, is considered to be an important char-
acteristic of the spin glass phase (Young 1997; Miyako et al. 2000). Equation
(4.106) indicates that the configurational average of the autocorrelation function
with the perfect ferromagnetic state as the initial condition does not show aging.

Bibliographical note

The analytical framework of the gauge theory has been developed in the refer-
ences cited in the text. Numerical investigations of various problems related to
the gauge theory have been carried out by many authors. The main topics were
the location of the multicritical point (in particular whether or not it is on the
Nishimori line) and the values of the critical exponents (especially around the
multicritical point). References until the early 1990s include Ozeki and Nishimori
(1987), Kitatani and Oguchi (1990, 1992), Ozeki (1990}, Ueno and Ozeki (1991),
Singh (1991), and Le Doussal and Harris (1988, 1989). These problems have been
attracting resurgent interest recently as one can see in Singh and Adler (1996),
Ozeki and Tto (1998), Serensen et al. (1998), Gingras and Sgrensen (1998), Aarao
Reis et al. (1999), Kawashima and Aoki (2000), Mélin and Peysson (2000), Ho-
necker et al. (2000), and Hukushima (2000). Properties of the multicritical point
in two dimensions have been studied also from the standpoints of the quantum
Hall effect (Cho and Fisher 1997; Senthil and Fisher 2000; Read and Ludwig
2000) and supersymmetry (Gruzberg et al. 2001).
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ERROR-CORRECTING CODES

Reliable transmission of information through noisy channels plays a vital role in
modern society. Some aspects of this problem have close formal similarities to
the theory of spin glasses. Noise in the transmission channel can be related to
random interactions in spin glasses and the bit sequence representing informa-
tion corresponds to the Ising spin configuration. The replica method serves as
a powerful tool of analysis, and TAP-like equations can be used as a practical
implementation of the algorithm to infer the original message. The gauge theory
also provides an interesting point of view.

5.1 Error-correcting codes

Information theory was initiated by Shannon half a century ago. It formulates
various basic notions on information transmission through noisy channels and
develops a framework to manipulate those abstract objects. We first briefly re-
view some ideas of information theory, and then restate the basic concepts, such
as noise, communication, and information inference, in terms of statistical me-
chanics of spin glasses.

5.1.1  Transmission of information

Suppose that we wish to transmit a message (information) represented as a
sequence of N bits from one place to another. The path for information trans-
mission is called a (transmission) channel. A channel usually carries noise and
the output from a channel is different in some bits from the input. We then ask
ourselves how we can infer the original message from the noisy output.

It would be difficult to infer which bit of the output is corrupted by noise if the
original message itself had been fed into the channel. It is necessary to make the
message redundant before transmission by adding extra pieces of information,
by use of which the noise can be removed. This process is called channel coding
(or encoding), or simply coding. The encoded message is transmitted through a
noisy channel. The process of information retrieval from the noisy output of a
channel using redundancy is called decoding.

A very simple example of encoding is to repeat the same bit sequence several
(for instance, three) times. If the three sequences received at the end of the
channel coincide, one may infer that there was no noise, If a specific bit has
different values in the three sequences, one may infer its correct value (0 or 1)
by the majority rule. For example, when the original message is (0,0,1,1,0) and
the three output sequences from a noisy channel are (0,0,1,1,0).(0,1,1,1,0),
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1o 11 0 1 1][1]

channel

1o o1 o0 1 1][1]

FiG. 5.1. Parity-check code

and (0,0,1,1,0), the correct second bit can be inferred to be 0 whereas all the
other bits coincide to be (0,*,1,1,0). This example shows that the redundancy
is helpful to infer the original information from the noisy message.

A more sophisticated method is the parity-check code. For example, suppose
that seven bits are grouped together and one counts the number of ones in the
group. If the number is even, one adds 0 as the eighth bit (the parity bit) and
adds 1 otherwise. Then there are always an even number of ones in the group of
eight bits in the encoded message (code word). If the noise rate of the channel
is not very large and at most only one bit is flipped by noise out of the eight
received bits, one may infer that the output of the channel carries no noise when
one finds even ones in the group of eight bits. If there are odd ones, then there
should be some noise, implying error detection (Fig. 5.1). Error correction after
error detection needs some further trick to be elucidated in the following sections.

5.1.2  Similarity to spin glasses

It is convenient to use the Ising spin 1 instead of 0 and 1 to treat the present
problem by statistical mechanics. The basic operation on a bit sequence is the
sum with modulo 2 (2=0 with mod 2), which corresponds to the product of Ising
spins if one identifies 0 with S; = 1 and 1 with S; = —1. For example, 0+ 1 =1
translates into 1 X (=1} = —1 and 1+ 1 = 0 into (—1) x (—1) = 1. We hereafter
use this identification of an Ising spin configuration with a bit sequence.

Generation of the parity bit in the parity-check code corresponds to the
product of appropriate spins. By identifying such a product with the interaction
between the relevant spins, we obtain a spin system very similar to the Mattis
model of spin glasses.

In the Mattis model one allocates a randomly quenched Ising spin &; to each
site, and the interaction between sites ¢ and j is chosen to be Ji; = &&;. The
Hamiltonian is then

H=-) &&5S;. (5.1)
(id)
The ground state is clearly identical to the configuration of the quenched spins
S; =& (Vi) (or its total reversal S; = —&; (Vi)), see Fig. 5.2(a).

Returning to the problem of error-correcting codes, we form the Mattis-type

interactions {Jﬁmir = &;, ... &, } with r an integer for appropriate combinations
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F1G. 5.2. The ground-state spin configurations of the Mattis model without
noise added (a), the interaction marked by a cross flipped by noise (b}, and
three interactions flipped by strong noise (¢). Thin lines represent ferromag-
netic interactions and bold lines antiferromagnetic interactions. The plague-
ttes marked by dots are frustrated.

of sites {4y ...4,}. We then feed these interactions (encoded message), instead of
the original spin configuration & = {;} (original message), into the noisy chan-
nel. The encoded information is redundant because the number of interactions
Np (which is the number of elements in the set {(i;...i,)}) is larger than the
number of spins N.

For instance, the conventional r = 2 Mattis model on the two-dimensional
square lattice has Np = 2N interactions, the number of neighbouring sites. For
the original interactions without noise J% = {£&;}, the product of the J?j along
an arbitrary closed loop ¢, f. = HJ% = [1(&&;), is always unity (positive)
since all the & appear an even number of times in the product. Thus the Mattis
model has no frustration. However, noise in the channel flips some elements of
JY and therefore the output of the channel, if it is regarded as interactions of
the spin system, includes frustration (Fig. 5.2(b)). Nevertheless the original spin
configuration is still the ground state of such a system if the noise rate is not large
(i.e. only a small number of bits are flipped) as exemplified in Fig. 5.2(b). It has
thus been shown that correct inference of the original message is possible even
if there exists a small amount of noise in the channel, as long as an appropriate
procedure is employed in encoding and decoding the message.

5.1.3  Shannon bound

It is necessary to introduce redundancy appropriately to transmit information
accurately through a noisy channel. It can indeed be proved that such redun-
dancy should exceed a threshold so that we are able to retrieve the original
message without errors.

Let us define the transmission rate R of information by a channel as

_ N(number of bits in the original message)
~ Ng(number of bits in the encoded message)

R (5.2)

For smaller denominator, the redundancy is smaller and the transmission rate
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is larger. Strictly speaking, the numerator of (5.2} should be the ‘number of
informative bits in the original message’. For biased messages, where 0 and 1
appear with unequal probabilities, the amount of information measured in bits
is smaller than the length of the binary message itself. This can easily be verified
by the extreme case of a perfectly biased message with only ones; the message
carries no information in such a case. By multiplying (5.2) by the number of bits
transmitted per second, one obtains the number of information bits transmitted
per second.

We consider a memoryless binary symmetric channel (BSC) where noise flips
a bit from 1 to 0 and 0 to 1 independently at each bit with a given probability.
It is known that the transmission rate should satisfy the following inequality so
that error-free transmission is possible through the BSC in the limit of a very
long bit sequence:

R<C, (5.3)

where C is a function of the noise probability and is called the channel capacity.
The capacity of the BSC is

C=1+plogyp+ (1 - p)log,(1—p). (5.4)

Here p is the probability that a bit is flipped by noise. Equation (5.3) is called
the channel coding theorem of Shannon and implies that error-free transmission
is possible if the transmission rate does not exceed the channel capacity and
an appropriate procedure of encoding and decoding is employed. Similar results
hold for other types of channels such as the Gaussian channel to be introduced
later. A sketch of the arguments leading to the channel coding theorem is given
in Appendix C.

An explicit example of a code that saturates the Shannon bound (5.3) asymp-
totically as an equality is the Sourlas code {Sourlas 1989): one takes all possible
products of r spins from N sites to form Mattis-type interactions. We have
mainly explained the conventional Mattis model with » = 2 in §5.1.2, and we
discuss the general case of an arbitrary r (= 2, 3,4, ...) hereafter. This is nothing
but the infinite-range model with r-body interactions.® It will be shown later
that the Shannon bound (5.3) is asymptotically achieved and the error rate ap-
proaches zero in the Sourlas code if we take the limit N — oo first and r — o0
afterwards. It should be noted, however, that the inequality (5.3) reduces to an
equality with both sides approaching zero in the Sourlas code, which means that
the transmission rate R is zero asymptotically. Therefore the transmission is not
very efficient. A trick to improve this point was shown recently to be to take the
product of a limited number of combinations, not all possible combinations of r
spins, from N sites. All of these points will be elucidated in detail later in the
present chapter.

5The symbol p is often used in the literature to denote the number of interacting spins. We
use r instead to avoid confusion with the error probability in the BSC.
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5.1.4  Finite-temperature decoding

Let us return to the argument of §5.1.2 and consider the problem of inference
of spin configurations when the noise probability is not necessarily small. It was
shown in §5.1.2 that the ground state of the Ising spin system (with the output
of the channel as interactions) is the true original message (spin configuration) if
the channel is not very noisy. For larger noise, the ground state is different from
the original spin configuration (Fig. 5.2(c)). This suggests that the original spin
configuration is one of the excited states and thus one may be able to decode
more accurately by searching for states at finite temperature. It will indeed be
shown that states at a specific finite temperature T, determined by the error
rate p give better results under a certain criterion. This temperature 1), turns
out to coincide with the temperature at the Nishimori line discussed in Chapter
4 (Rujén 1993).

5.2 Spin glass representation

We now formulate the arguments in the previous section in a more quantitative
form and proceed to explicit calculations (Sourlas 1989).

5.2.1  Conditional probability

Suppose that the Ising spin configuration € = {&;} has been generated according
to a probability distribution function P(£). This distribution P(&) for generat-
ing the original message is termed the prior. Our goal is to infer the original
spin configuration from the output of a noisy channel as accurately as possible.
Following the suggestion in the previous section, we form a set of products of r
spins

T iy = &ir -+ Gi (= £1) (5.5)

for appropriately chosen combinations of the & and feed the set of interactions
into the channel. We first consider the BSC, and the output of the channel J;, _;,
is flipped from the corresponding input Jg i, = &y -+ - &, with probability p and
is equal to —¢&;, ... &;,. The other possibility of correct output &;, ...&;, has the
probability 1 — p. The output probability of a BSC can be expressed in terms of
a conditional probability:

exp(Bpdiy i, iy -6 )

P(Jiy i, 16y -+ &) = 2 cosh 5, , (5.6)
where 3, is a function of p defined as
2 — 1;22 (5.7)

p

Equation (5.6) is equal to 1 — p when J;, ;. = &, ...§, according to (5.7)
and is equal to p when J;, . = —&;, ...&,, implying that (5.6) is the correct
conditional probability to characterize the channel. Equations (5.6) and (5.7)
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inverse of 8, defined in (5.7), denoted T}, at the end of the previous section,
coincides with the temperature on the Nishimori line. One should note here that
p in the present chapter is 1 — p in Chapter 4. The temperature 7}, is sometimes
called the Nishimori temperature in the literature of error-correcting codes.

Assume that (5.6) applies to each set (i ...1,) independently. This is a mem-
oryless channel in which each bit is affected by noise independently. The overall
probability is then the product of (5.6)

1
P(JIg) = (@eosh 3,V P (/%Z Jiy.., €ix &) , (5.8)

where the sum in the exponent is taken over all sets (i ...14,) for which the spin
products are generated by (5.5). The symbol Ny is for the number of terms in
this sum and is equal to the number of bits fed into the channel.

5.2.2  Bayes formula

The task is to infer the original message (spin configuration) £ from the out-
put J = {J;, ., }. For this purpose, it is necessary to introduce the conditional
probability of € given J, which is called the posterior. The posterior is the con-
ditional probability with the two entries of the left hand side of (5.8), J and &,
exchanged. The Bayes formula is useful for exchanging these two entries.

The joint probability P(A, B) that two events A and B occur is expressed
in terms of the product of P(B) and the conditional probability P(A|B) for A
under the condition that B occurred. The same holds if A and B are exchanged.
Thus we have

P(A,B) = P(A|B)P(B) = P(B|A)P(A). (5.9)
It follows immediately that

_ PBAPUA) _ P(BIAP(A) :
PABY=="pE) = 5, PBIAPA) (510

Equation (5.10) is the Bayes formula.
We can express P(o|J) in terms of (5.8) using the Bayes formula:

P(J|o)P(o)

POl = 5 pioPio) (5:11)

We have written o = {oy,...,on} for dynamical variables used for decoding.
The final decoded result will be denoted by é = {é},} e ,éN}, and we reserve £ =
{&1,..., &} for the true original configuration. Equation (5.11) is the starting
point of our argument.

The probability P(J]o) represents the characteristics of a memoryless BSC
and is given in (5.8). It is therefore possible to infer the original message by (5.11)
if the prior P(eo) is known. Explicit theoretical analysis is facilitated by assuming
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a message source that generates various messages with equal probability. This
assumption is not necessarily unnatural in realistic situations where information
compression before encoding usually generates a rather uniform distribution of
zeros and ones. In such a case, P(o) can be considered a constant. The posterior

is then V
€xXp (5;9 Z Jiy iy Uz‘,,)
Tl‘g exp (ﬁp Z Jil_“@,(f@l e 0’5,,)

Since J is given and fixed in the present problem, (5.12) is nothing more than the
Boltzmann factor of an Ising spin glass with randomly quenched interactions J.
We have thus established a formal equivalence between the probabilistic inference
problem of messages for a memoryless BSC and the statistical mechanics of the
Ising spin glass.

Plo|J) =

(5.12)

5.2.3 MAP and MPM

Equation (5.12) is the probability distribution of the inferred spin configuration
o, given the output of the channel J. Then the spin configuration to maximize
(5.12) is a good candidate for the decoded (inferred) spin configuration. Maxi-
mization of the Boltzmann factor is equivalent to the ground-state search of the
corresponding Hamiltonian

H=— Z'Jizwirail e TG (513}

This method of decoding is called the mazimum a posteriori probability (MAP).
This is the idea already explained in §5.1.2. Maximization of the conditional
probability P(J|e) with respect to o is equivalent to maximization of the poster-
ior P(o|J) if the prior P(o) is uniform. The former idea is termed the mazimum
likelihood method as P(J\o) is the likelihood function of o.

The MAP maximizes the posterior of the whole bit sequence o. There is
another strategy of decoding in which we focus our attention on a single bit i,
not the whole sequence. This means we trace out all the spin variables except for a
single o; to obtain the posterior only of ;. This process is called marginalization
in statistics:

P(O‘EJ) _ Tra(¢gi) exp (}313 Z Ji}“.i,>ai1 cee Ui,k)
¢ Tr,, exp (,{))p Z ']ﬁ.,.irail v air) )

We then compare P(o; = 1|J) and P(o; = —1|J) and, if the former is larger,
we assign one to the decoded result of the ith bit (él = 1) and assign E} = -1
otherwise. This process is carried out for all bits, and the set of thus decoded bits
constitutes the final result. This method is called the finite-temperature decoding
or the mazimizer of posterior marginals (MPM) and clearly gives a different
result than the MAP (Rujdn 1993; Nishimori 1993; Sourlas 1994; Iba 1999).

It is instructive to consider the MPM from a different point of view. The
MPM is equivalent to accepting the sign of the difference of two probabilities as
the ith decoded bit

(5.14)
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& =sgn{P(o; = 1|J) ~ P(o; = ~1|J)}. (5.15)

This may also be written as

: Treo:Plo;|J)
&= P im) —sgn [ ZeT )N s, (5.16)
sgn (g;ﬂg o. sgn ( Trg P(o7]J) ) sgn{oi)a

Here (o), is the local magnetization with (5.12) as the Boltzmann factor. Equa-
tion (5.16) means to calculate the local magnetization at a finite temperature
T, = B, ! and assign its sign to the decoded bit. The MAP can be regarded
as the low-temperature (large-/3) limit in place of finite 5, in (5.16). The MAP
was derived as the maximizer of the posterior of the whole bit sequence, which
has now been shown to be equivalent to the low-temperature limit of the MPM,
finite-temperature decoding. The MPM, by contrast, maximizes the posterior
of a single bit. We shall study the relation between these two methods in more
detail subsequently.

5.2.4 Gaussian channel

It is sometimes convenient to consider channels other than the BSC. A typical
example is a Gaussian channel. The encoded message &;, ... &, (= =*1) is fed into
the channel as a signal of some amplitude, Jo&;, ...&, . The output is continu-
ously distributed around this input with the Gaussian distribution of variance
J%:

P(Ji; .,

iy = Jois - &i)? } . (517

1
fu---éi,.)=mexp{ 572

If the prior is uniform, the posterior is written using the Bayes formula as

Plold) = - exp {(Jo/J*) Y Jiy.inoiy .00 } » (5.18)
Tro exp {(Jo/J?) > Jiy.i, 04y - 04, } '
Comparison of this equation with (5.12) shows that the posterior of the Gaussian
channel corresponds to that of the BSC with (3, replaced by Jo/J?. We can
therefore develop the following arguments for both of these channels almost in
the same way.

5.3 Overlap
5.3.1  Measure of decoding performance

It is convenient to introduce a measure of success of decoding that represents
the proximity of the decoded message to the original one. The decoded ith bit is
& = sgn{o;)g with 3 = 3, for the MPM and 3 — oo for the MAP. It sometimes
happens that one is not aware of the noise rate p of the channel, or equivalently
Bp. Consequently it makes sense even for the MPM to develop arguments with
& unspecified, which we do in the following.
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The product of & and the corresponding original bit &, &sgnlo;)a, is 1 if
these two coincide and —1 otherwise. An appropriate strategy is to increase the
probability that this product is equal to one. We average this product over the
output probability of the channel P(J|§) and the prior P(€),

M(B) = Trg »_ P(&)P(J[€) & sgn(o)s, (5.19)
J

which is the overlap of the original and decoded messages. We have denoted the
sum over the site variables £ by Trg and the one over the bond variables J by
>~ - A better decoding would be the one that gives a larger M (). For a uniform
message source P(£) = 27 the average over £ and J leads to the right hand
side independent of 4,

1
M(B) = N2 cosh )N ;Tfé exp(Bp Y Jiyinbis -+ &i,) Gisgnloi) . (5.20)

This expression may be regarded as the average of sgn{c;)s with the weight
proportional to Z(3,)(§)s,, which is essentially equivalent to the configurational
average of the correlation function with a similar form of the weight that appears
frequently in the gauge theory of spin glasses, for example (4.43).

The overlap is closely related with the Hamming distance of the two mes-
sages (the number of different bits at the corresponding positions). For closer
messages, the overlap is larger and the Hamming distance is smaller. When the
two messages coincide, the overlap is one and the Hamming distance is zero,
while, for two messages completely inverted from each other, the overlap is —1
and the Hamming distance is N.

5.3.2  Upper bound on the overlap

An interesting feature of the overlap M () is that it is a non-monotonic function
of 3 with its maximum at 3 = 3

M(8) < M(8,). (5.21)

In other words the MPM at the correct parameter value F = 3, gives the opti-
mal result in the sense of maximization of the overlap (Rujdn 1993; Nishimori
1993; Sourlas 1994; Iba 1999). The MPM is sometimes called the Bayes-optimal
strategy.

To prove (5.21), we first take the absolute value of both sides of (5.20) and
exchange the absolute value operation and the sum over J to obtain

1
M(B) < 21\7(2 COShﬂp)NB EJ: ITré & EXP(/BIJ Z Jiy iy - NIBIN (5.22)

where we have used |sgn{o;)g| = 1. By rewriting the right hand side as follows,
we can derive (5.21):

1 5 (Tre & exp(By X Jiy i, &y - - 6))°

M - ,
1) = N @ cosh 3,77 2 Thre & exp(By 3 16660
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1 , )
= 3N (2cosh B,)Nn EJ: Tre & exp(Bp Y Jiyoibi -6,

Tre &iexp(Bp 2 Jiyi iy - - - Gir)
ITre & exp(Bp > Jiy iy iy -6 )|

1
s W ; fIYE %ﬁ exp(ﬁ[) Z Jil...i,-€i1 M glv)sgn<a.i>ﬁp

= M(B,). (5.23)

Almost the same manipulations lead to the following inequality for the Gaussian
channel:

M(B) = %’rrg/ndjﬁ,,,i,, P(J|€) &sgnlos)g < M (%) . (5.24)

We have shown that the bit-wise overlap defined in (5.19) is maximized by
the MPM with the correct parameter (4 = 3, for the BSC). This is natural in
that the MPM at § = (3, was introduced to maximize the bit-wise (marginalized)
posterior. The MAP maximizes the posterior of the whole bit sequence o, but
its probability of error for a given single bit is larger than the MPM with the
correct parameter value. This observation is also confirmed from the viewpoint
of Bayesian statistics (Sourlas 1994; Iba 1999).

The inequalities (5.21) and (5.24) are essentially identical to (4.63) derived
by the gauge theory in §4.6.4. To understand this, we note that generality is not
lost by the assumption &; = 1 (Vi) in the calculation of M () for a uniform infor-
mation source. This may be called the ferromagnetic gauge. Indeed, the gauge
transformation J;, ;. — Ji, .8y ... &, and o; — ;& in (5.19) removes &; from
the equation. Then M defined in (5.19) is seen to be identical to (4.63) with the
two-point. correlation replaced with a single-point spin expectation value. The
argument in §4.6.4 applies not only to two-point correlations but to any cor-
relations, and thus the result of §4.6.4 agrees with that of the present section.
Therefore the overlap M of the decoded bit and the original bit becomes a maxi-
mum on the Nishimori line as a function of the decoding temperature with fixed
error rate p. For the Gaussian channel, (5.24) corresponds to the fact that the
Nishimori line is represented as Jy/J? = 3 as observed in §4.3.3.

5.4 Infinite-range model

Inequality (5.21) shows that M (/) is a non-monotonic function, but the inequal-
ity does not give the explicit S-dependence. It may also happen that it is not
easy to adjust 4 exactly to 3, in practical situations where one may not know
the noise rate p very precisely. One is then forced to estimate 3, but should
always be careful of errors in the parameter estimation. It is therefore useful if
one can estimate the effects of errors in the parameter estimation on the overlap

M(B).
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A solvable model, for which we can calculate the explicit form of M (/3), would
thus be helpful as a guide for non-solvable cases. The infinite-range model serves
as an important prototype for this and other purposes.

54.1  Infinite-range model

The Sourlas code explained in §5.1.3 is represented as the infinite-range model.
In the Sourlas code, the sum in the Hamiltonian

Z Jil*..z’rai; e O (525}

iy <oy

runs over all possible combinations of r spins out of N spins. Then the number
of terms is N = (7). This infinite-range model with r-body interactions can be
solved explicitly by the replica method (Derrida 1981; Gross and Mézard 1984;
Gardner 1985; Nishimori and Wong 1999). We show the solution for the Gaussian
channel. The BSC is expected to give the same result in the thermodynamic limit
according to the central limit theorem.

The parameters Jy and J in the Gaussian distribution (5.17) must be scaled
appropriately with N so that the expectation value of the infinite-range Hamil-
tonian (5.25) is extensive (proportional to N) in the limit N — oco. If we also
demand that physical quantities remain finite in the limit r — oo after N — oo,
then r should also be appropriately scaled. The Gaussian distribution satisfying
these requirements is

N1\ P2 N7l jor! 2
P(Jiy i &y - &) = (W) exp T (Jz‘b..i,~ - %&; - fz.) ’

(5.26)
where J and jo are independent of N and r. The appropriateness of (5.26) is
justified by the expressions of various quantities to be derived below that have
non-trivial limits as N — oo and r — oc.

5.4.2 Replica calculations

Following the general prescription of the replica method, we first calculate the
configurational average of the nth power of the partition function and take the
limit n — 0. Order parameters naturally emerge in due course. The overlap M
is expressed as a function of these order parameters.

The configurational average of the nth power of the partition function of the
infinite-range model is written for the uniform prior (P = 27V) as

[Z"] = Tre f [T d7.. PEPUIE 2

iy <<y

NT 1 1/2
zrg/ H d]z, (ﬁm,)
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ZVT..] j{]'f" 2
cexXp "’*W Z («Jil,,_ ‘N"rmlf:ll 6%)

iy <<y
Tro exp (ﬁ Z Jiy.od, de‘l arg) ; (5.27)
iy <<y o

where (= 1,...,n) is the replica index. A gauge transformation
Jiyoip = Jiginkiy - Ciy 08 036 (5.28)

in (5.27) removes € from the integrand. The problem is thus equivalent to the
case of & = 1 (Vi), the ferromaguetic gauge. We mainly use this gauge in the
present chapter. The sum over £ in (5.27) then simply gives 2V, and the factor
27N in front of the whole expression disappears.

It is straightforward to carry out the Gaussian integral in (5.27). If we ignore
the trivial overall constant and terms of lower order in NNV, the result is

2"

52! Gr!
mTI’a exP{4NrTl Z (ZO‘“.. g 2 N?;j? Z ZJ‘M"' ir}

<<y @ Gyl @

2 72,1

Z)j\;}?“jl Z (Zazl... oo o‘ +n)

i< <y a3

Brij
= NPT

i<l @

2 72 7\ 1 e "op2 g2
= Try exp ﬁél Z(ang(ff) +@4J Nn

a< g [

+JoBNY (}IV Zgg) } (5.29)

Here Tr, is the sum over o. In deriving the final expression, we have used a
relation that generalizes the following relation to the r-body case:

= Trs exp

2

1 11 o
;1"\",.; Z 03y Oiy = '2” (“ﬁ Zz:(fi) ”%”0(1\/ )

i1 <lig 3 (530)
1 1
Z 00,0y = 3%. (F ZO‘@) + 0(]\{0).
i1 <Cig <13 ) i

It is convenient to introduce the variables

1 ‘ 1
tap = 5 Zaf‘of, Mo =+ Zoz?‘ (5.31)
i i



86 FRROR-CORRECTING CODES

to replace the expressions inside the parentheses in the final expression of (5.29)
by gas and mg so that we can carry out the Tr, operation. The condition to sat-
isfy (5.31) is imposed by the Fourier-transformed expressions of delta functions
with integration variables §,5 and 1h4:

l‘N
{Zn} == }J‘a-/ H dQQ{id(]ad /Hdmadma exp Z( mf")r

a<f a<f
-N Z Josfas + N Z Gap (N ZUQ ’6) + joBN Z(Tna)r
a<f a<fF «

N . 1 1 .
- N%:mamu + N%:ma (N gaf‘) +- 2132J2Nn} . (5.32)

We can now operate Tr, independently at each ¢ to find

32 2N
[Z" = /quggdqa;j ]Hdmadma exp g Z(Q‘*ﬁ

o< a<f

=N > Gaplas + /32 J2Nn + joBN Z ma)"

a<
Zmama + Nlog Trexp Z Gapo®o® + Z Mao® . (5.33)
a< 3
Here Tr denotes sums over single-site replica spins {o!,... 0™ }.

5.4.3 Replica-symmetric solution

Further calculations are possible under the assumption of replica symmetry:
G = Gass 4= Gag, M= Mg, M= (5.34)

We fix n and take the thermodynamic limit N — oo to evaluate the integral by
steepest descent. The result is

o .on(n—1) -1 . . 1 .
[Z"] ~ exp [N {;BZJZH(’Z }q" - n(n2 )qé + jofnm” — nmin + Znﬂ’“Jz

n
+10'Tr/Du ex juy o +mdy % — =g , 5.35
)

where Dy = e=%"/ 2du/+/2m. This u has been introduced to reduce the double sum
over av and (3, 5) to a single sum. The trace operation can be performed for
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each replica independently so that the free energy 3f defined by [Z2"] = e~ "4/
becomes in the limit n — 0

1 1
-Bf = ””gﬁgﬁqr + 511!2 + Bjom” — min
1 1
- 162.]2 - 5(} -+ /Du log?cosh(\/éu + ). (5.36)

The equations of state for the order parameters are determined by the saddle-
point condition. By variation of (5.36), we obtain

1 .
G = ér‘Bszq””l, m = Bjorm™ (5.37)
q= /Du tanh®(\/Gu +m), m = /Du tanh(y/Gu -+ 1m). (5.38)

Eliminating ¢ and m from (5.38) using (5.37), we can write the equations for ¢
and m in closed form:

q= f Du tanh® 3G, m = / Du tanh 3G, (5.39)
where
rq"1 . r—1
G=J 5wt jorm"". (5.40)

These reduce to the equations of state for the conventional SK model, (2.28) and
(2.30), when r = 2. One should remember that 2jp here corresponds to Jy in the
conventional notation of the SK model as is verified from (5.27) with r = 2.

5.4.4  Owverlap

The next task is to derive the expression of the overlap M. An argument similar
to §2.2.5 leads to formulae expressing the physical meaning of ¢ and m:

g = [(ofol)] = [@)*], m=[(o9) = l(on)]. (5.41)

Comparison of (5.41) and (5.39) suggests that tanh® 3(-) and tanh 3(-) in the
integrands of the latter may be closely related with (¢;)? and (o) in the former.
To confirm this, we add h}_, 0o to the final exponent of (5.27) and follow
the calculations of the previous section to find a term ho®o” in the exponent
of the integrand of (5.35). We then differentiate —fnf with respect to h and
let n — 0,h — 0 to find that ¢® and ¢ are singled out in the trace operation
of replica spins, leading to the factor tanh? A(-). A similar argument using an
external field term h ), of" and differentiation by h leads to tanh 3(-).
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It should now be clear that the additional external field with the product of
k spins, h' 32, 020l ..., yields

{on)h] = / Du tanh® 5G. (5.42)

Thus, for an arbitrary function F(z) that can be expanded around z = 0, the
following identity holds:

[F({oi)g)] = /Du F(tanh 8G). {5.43)

The overlap is, in the ferromagnetic gauge, M(f) = [sgn{o;)g]. If we therefore
take as F'(x) a function that approaches sgn(z) (e.g. tanh(az) with @ — o0), we
obtain the desired relation for the overlap:

M(3) = [sgn{oi)g] = /Dusgn G. (5.44)

It has thus been established that M () is determined as a function of ¢ and m
through G.

5.5 Replica symmetry breaking

The system (5.25) and (5.26) in the ferromagnetic gauge is a spin glass model
with r-body interactions. It is natural to go further to investigate the properties
of the RSB solution (Derrida 1981; Gross and Mézard 1984; Gardner 1985; Nishi-
mori and Wong 1999; Gillin et al. 2001). We shall show that, for small values
of the centre of distribution jy, a 1RSB phase appears after the RS paramag-
netic phase as the temperature is lowered. A full RSB phase follows at still lower
temperature. For larger jy, paramagnetic phase, ferromagnetic phase without
RSB, and then ferromagnetic phase with RSB phases appear sequentially as the
temperature is decreased.

5.5.1 First-step RSB

The free energy with 1RSB can be derived following the method described in
§3.2:

R 1 1 R )
—Bf = —im + 5%4oto + 5(1 —z)grq1 + Biom”
1

1 oon. 1 1, )
- 23?';’3217‘3@(7) - 2(1 — )32 %] + 22'32-]2 — 50

1
+ o /Du longv cosh”(m + \/Cj—ou + 3G —Gov)+log2, (5.45)

where (0 < z < 1) is the boundary of ¢y and ¢; in the matrix block, denoted
by m; in §3.2. Extremization of (5.45) with respect to go, q1, §o, G1, m, M, x leads
to the equations of state. For m, qo, ¢1,
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. 1 . 1. r—l - 1 . —
= Bjorm" ™', Go = §ﬁz.f2rq5 Lo = 5,62']2?“(1{ L (5.46)

Elimination of 7, 4o, §; using (5.46) from the equations of extremization with
respect to dg, ¢1, 1 leads to

B J Dv cosh® 5G4 tanh 5G4
= /Du | Dv cosh® 3G, (547)
B J Dvcosh® 3Gy tanh G 2
= /Du ( [ Duv cosh® 3G, (5:48)
o J Dvcosh” 5G4 tanh? 3G,
o= / J Duvcosh® 3G (5-49)

rqgml T el -1 : -1
Gy =.J -—~§--~u+J 5((11 —qy ) v A jorm” . (5.50)

These equations coincide with (3.32)-(3.34) for r = 2 if we set h = 0 and 2jy =
Jo. The equation of extremization by = does not have an intuitively appealing
compact form so that we omit it here.

The AT stability condition of the RS solution is

2T2q2mr

2 1
- >J fDusech 8G. (5.51)

The criterion of stability for 1RSB is expressed similarly. For the replica pair
(af3) in the same diagonal block, the stability condition for small deviations of
Jop and gop from 1RSB is

> oyt
201%q > sz]:) J Dv cosh ] {301.
r(r— 1) | Dvcosh” BG4

Further steps of RSB take place with the diagonal blocks breaking up into smaller
diagonal and off-diagonal blocks. Thus it is sufficient to check the intra-block
stability condition (5.52) only.

5.5.2  Random energy model

The model in the limit r — oo is known as the random energy model (REM)
(Derrida 1981). The problem can be solved completely in this limit and the spin
glass phase is characterized by 1RSB.

As its name suggests, the REM has an independent distribution of energy.
Let us demonstrate this fact for the case of jo = 0. The probability that the
system has energy E will be denoted by P(E},

P(E) = [§(E — H(a))] . (5.53)

The average [ -] over the distribution of J, (5.26), can be carried out if we
express the delta function by Fourier transformation. The result is
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P(E) = (5.54)

! ex b
N2 P\TPN )
The simultaneous distribution function of the energy values Ey and Es of two
independent spin configurations o' and o(?) with the same set of interactions
can be derived similarly:

P(Ey, Ez) = [8(Ey ~ H(eV)o(Es — H(e™))]
_ 1 exp (_ (Er+ B2)*  (Er—E»)? )
NrJ2 /(T + ¢ - ¢") 2N(1+44¢")J? 2N(1—gq")J?
_ ! M 2
4= % zi:cré o (5.55)

It is easy to see in the limit » — oo that
P(Ey, Ez) — P(Ey)P(E2), (5.56)

which implies independence of the energy distributions of two spin configurations,
Similar arguments hold for three (and more) energy values.

The number of states with energy E is, according to the independence of
energy levels,

2
n(E) =2YP(E) = ?:;JJQ exp N {log? — (%) } . (5.57)

This expression shows that there are very many energy levels for |E| < N.J/log?2
= Ey but none in the other range |E| > Ejy in the limit N — oo. The entropy
for |E| < Ep is

E\2
S(E)y=N {10g2 - (N—J) } . (5.58)
We then have, from dS/dE = 1/T,
E = —%««;ﬁ. (5.59)
The free energy is therefore
J?
~T'log2 — T (T >T.) (5.60)

—J+/log 2 (T < To),

where 1../J = (2/log 2)~!. Equation (5.60) indicates that there is a phase tran-
sition at 7' = T, and the system freezes out completely (S = 0) below the
transition temperature.
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5.5.3 Replica solution in the limit r — oo

It is instructive to rederive the results of the previous subsection by the replica
method. We first discuss the case jo = 0. It is quite reasonable to expect no RSB
in the paramagnetic (P) phase at high temperature. We thus set ¢ = § = m =
m =0 in (5.36) to obtain
p = —Tlog2 S 5.61
fo=-Tlog2— 7. (5.61)
This agrees with (5.60) for T" > T..

It is necessary to introduce RSB in the spin glass (SG) phase. We try 1RSB
and confirm that the result agrees with that of the previous subsection. For the
1RSB to be non-trivial (i.e. different from the RS), it is required that ¢p < ¢1 <1
and gp < ¢;. Then, if ¢ < 1, we find Go = ¢; = 0 in the limit r — oo from (5.46).
We therefore have ¢; = 1, and ¢, = $%J%r/2 from (5.46). Then, in (5.48), we find
Gy =J \/@v for r > 1 and the v-integral in the numerator vanishes, leading
to go = 0. Hence go = 0 from (5.46). From these results, the free energy (5.45)
in the limit r — oo is

. B
—Bf = ﬁ[i T+ ;iogQ. (5.62)
Variation with respect to x gives
(xBJ)? = 4log2. (5.63)

The highest temperature satisfying this equation is the following one for z = 1:

T, 1

- __ 5.64
J  2/log?2’ (5.64)

and therefore, for T' < T¢,
fsa = —Jy/log2. (5.65)

This agrees with (5.60), which confirms that 1RSB is exact in the temperature
range ' << T¢. It is also possible to show by explicit k-step RSB calculations that
the solution reduces to the 1RSB for any k(> 1) (Gross and Mézard 1984).

It is easy to confirm that z < 1 for T" < T} from (5.63); generally, z = T'/T-.
The order parameter function ¢(z) is equal to 1 (= ¢1) above x (= T/1;) and
0(= qo) below z (see Fig. 5.3).

For jo exceeding some critical value, a ferromagnetic (F) phase exists. It is
easy to confirm that the solution of (5.48), (5.49), and (5.47) in the limit r — o0
is go = g1 = m = 1 when jy > 0,m > 0. The ferromagnetic phase is therefore
replica symmetric since go = ¢1. The free energy (5.36) is then

Je = —Jo. (5.66)

The phase boundaries between these three phases are obtained by comparison
of the free energies:
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q(x)

0 /T, 1

FiG. 5.3. Spin glass order parameter of the REM below the transition temper-

ature
k177
B p
i e
2./log 2
SG F
0 viog2 Jo/J

FiG. 5.4, Phase diagram of the REM. The Nishimori line is shown dashed.

1. P-SG transition: T./J = (2y/log2)~%.

3. P-F transition: jo = J?/(4T) + T log 2.
The final phase diagram is depicted in Fig. 5.4.

Let us now turn to the interpretation of the above results in terms of error-
correcting codes. The overlap M is one in the ferromagnetic phase (jo/J >
V1og2) because the spin alignment is perfect (m = 1), implying error-free de-
coding.® To see the relation of this result to the Shannon bound (5.3), we first
note that the transmission rate of information by the Sourlas code is

N
)

As shown in Appendix C, the capacity of the Gaussian channel is

R= (5.67)

SRemember that we are using the ferromagnetic gauge.
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1 JZ .

Here we substitute Jy = jor!/N""! and J? — J?rl/2N"! according to (5.26)
and take the limit N > 1 with r fixed to find

3
_ jgr! -
OX FNrTiog2 (5.69)

The transmission rate (5.67), on the other hand, reduces in the same limit to

r!
~ Nr=1 :

R (5.70)
It has thus been established that the transmission rate R coincides with the
channel capacity C at the lower limit of the ferromagnetic phase jo/J = /log?2.
In the context of error-correcting codes, jo represents the signal amplitude and J
is the amplitude of the noise, and hence jy/J corresponds to the S/N ratio. The
conclusion is that the Sourlas code in the limit r — oo, equivalent to the REM,
is capable of error-free decoding (m = 1, M = 1) for the S/N ratio exceeding
some critical value and the Shannon bound is achieved at this critical value.

The general inequality (5.21) is of course satisfied. Both sides vanish if jy <
(jo)e- For jo > (Jo)e, the right hand side is one while the left hand side is zero
in the paramagnetic phase and one in the ferromagnetic phase. In other words,
the Sourlas code in the limit r — oo makes it possible to transmit information
without errors under the MAP as well as under the MPM. An important point is
that the information transmission rate R is vanishingly small, impeding practical
usefulness of this code.

The Nishimori line 3J? = Jy is in the present case T'/.J = J/(2jo) and passes
through the point at jo/J = log2 and T/J = 1/2y/log2 where three phases
(P, SG, F) coexist. The exact energy on it, E = —jg, derived from the gauge
theory agrees with the above answer (5.66). One should remember here that the
free energy coincides with the energy as the entropy vanishes.

5.5.4  Solution for finite r

It is necessary to solve the equations of state numerically for general finite r.7
The result for the case of r = 3 is shown here as an example (Nishimori and Wong
1999; Gillin et al. 2001). If jy is close to zero, one finds a 1RSB SG solution with
q; > 0 and ¢o = m = 0 below T = 0.651.J. As the temperature is lowered, the
stability condition of the IRSB (5.52) breaks down at 7" = 0.240.J, and the full
RSB takes over.

The ferromagnetic phase is RS (5.39) in the high-temperature range but
the RSB should be taken into account below the AT line (3.22); a mixed (M)
phase with both ferromagnetic order and RSB exists at low temperatures. The

"Expansions from the large-r limit and from r = 2 are also possible {Gardner 1985).
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F1G. 5.5. Phase diagram of the model with r = 3. The double dotted line
indicates the limit of metastability (spinodal) of the ferromagnetic phase.
Error correction is possible to the right of this boundary. Thermodynamic
phase boundaries are drawn in full lines. The Nishimori line is drawn dashed.

M

0.87

ki T/J

0.85 : ‘
0.4 0.6 0.8

F1G. 5.6. Overlap for r = 3, jo = 0.77

ferromagnetic phase, with RS and/or RSB, continues to exist beyond the limit
of thermodynamic stability as a metastable state (i.e. as a local minimum of the
free energy). Figure 5.5 summarizes the result.

Dependence of the overlap M(3) on T (= 1/0) is depicted in Fig. 5.6 where
jo/J is fixed to 0.77 close to the boundary of the ferromagnetic phase. The
overlap M () is a maximum at the optimal temperature T'/J = J/2j, = 0.649
appearing on the right hand side of (5.24) corresponding to the Nishimori line
(the dot in Fig. 5.6). The ferromagnetic phase disappears above 1'/.J = 0.95 even
as a metastable state and one has M = 0: the paramagnetic phase has (0;)g = 0
at each site 4, and sgn{o;)s cannot be defined. It is impossible to decode the
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message there. For temperatures below T'/J = 0.43, the RSB is observed (the
dashed part). We have thus clarified in this example how much the decoded
message agrees with the original one as the temperature is changed around the
optimal value.

5.6 Codes with finite connectivity

The Sourlas code saturates the Shannon bound asymptotically with vanishing
transmission rate. A mean-field model with finite connectivity has a more desir-
able property that the rate is finite yet the Shannon bound is achieved. We state
some of the important results about this model in the present section. We refer
the reader to the original papers cited in the text for details of the calculations,

5.6.1  Sourlas-type code with finite connectivity

The starting point is analogous to the Sourlas code described by the Hamiltonian
(5.25) but with diluted binary interactions for the BSC,

H=— Z Aiy i iy i Oy 0 — FZ%@ (5.71)
T

iy e <y

where the element of the symmetric tensor A;, _;, (representing dilution) is either
zero or one depending on the set of indices (i1,i2,...,%,). The final term has
been added to be prepared for biased messages in which 1 may appear more
frequently than —1 (or vice versa). The connectivity is ¢; there are ¢ non-zero
elements randomly chosen for any given site index ¢:

Z Aiiy.i, = C. (5.72)
[T .

The code rate is R = r /¢ because an encoded message has ¢ bits per index ¢ and
carries r bits of the original information.

Using the methods developed for diluted spin glasses (Wong and Sherrington
1988}, one can calculate the free energy under the RS ansatz as (Kabashima and
Saad 1998, 1999; Vicente et al. 1999)

e c ) c r r
~Bf®RS) - log cosh 7 + ;/gdxg w(xy) |log| 1+ tanh/’j’JH tanh Gz

J=1 7
—-c f dady w(z)# (y) log(1 + tanh Sz tanh fy) — ¢ ] dy #(y) log cosh Gy
<
+/del #(y) 1log | 2cosh(f Z y; + BFE) . (5.73)
=1 i

3

Here [---]; and [- - -]¢ denote the configurational averages over the distributions of
J and &, respectively. The order functions n(x) and 7 (y) represent distributions
of the multi-replica spin overlap and its conjugate:



96 FRROR-CORRECTING CODES
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Fig. 5.7. Finite-temperature phase diagram of the unbiased diluted Sourlas
code with R = 1/4 in the limit r,¢ — oo (Vicente et al. 1999). The Shannon
bound is achieved at p.. The ferromagnetic phase is stable at least above the
dashed line. (Copyright 1999 by the American Physical Society)

QaB.y = G /dx 7(z)tanh' Bz, o, = &]dy #(y) tanh’ By, (5.74)

where ¢ and @ are normalization constants, and [ is the number of replica indices
on the left hand side. Extremization of the free energy gives paramagnetic and
ferromagnetic solutions for the order functions. The spin glass solution should be
treated with more care under the IRSB scheme. The result becomes relatively
simple in the limit where r and ¢ tend to infinity with the ratio R = r/e(= 1/a)
kept finite and F = 0:

fr = —T(alogcosh § + log 2)
fF — H(X(l - 2}9) (5.75)
firsp—sa = —Ty(alog cosh 3, + log 2),

where p is the noise probability of the BSC, and T, is determined by the condition
of vanishing paramagnetic entropy, a(logcosh 3y — 3, tanh 34) -+ log2 = 0. The
ferromagnetic and 1RSB-SG phases are completely frozen (vanishing entropy).
The finite-temperature phase diagram for a given R is depicted in Fig. 5.7. Perfect
decoding (m = M = 1) is possible in the ferromagnetic phase that extends to
the limit pe. It can be verified by equating fr and firsp-sq that the Shannon
bound is achieved at pe,

R=1+plogyp+ (1 —p)logs(l —p) (p=pe)- (5.76)
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FiG. 5.8. Ground-state magnetization as a function of the noise probability for
various r (written as K in the figure) (Vicente et al. 1999). The rate R is
1/2 and F = 0. Also shown by open circles are the numerical results from
the TAP-like decoding algorithm. (Copyright 1999 by the American Physical
Saciety)

The ferromagnetic solution appears as a metastable state at a very high tem-
perature of O(r/logr), but the thermodynamic transition takes place at T of
O(1). This suggests that there exists a high energy barrier between the ferromag-
netic and paramagnetic solutions. Consequently, it might be difficult to reach the
correctly decoded (i.e. ferromagnetic) state starting from an arbitrary initial con-
dition (which is almost surely a paramagnetic state) by some decoding algorithm.
We are therefore lead to consider moderate r, in which case the ferromagnetic
phase would have a larger basin of attraction although we have to sacrifice the
final quality of the decoded result (magnetization smaller than unity). In Fig.
5.8 the ground-state magnetization (overlap) is shown as a function of the noise
probability for various finite values of r (written as K in the figure) in the case
of R = 1/2. The transition is of first order except for r = 2. It can be seen that
the decoded result is very good (m close to one) for moderate values of r and p.

It is useful to devise a practical algorithm of decoding, given the channel
output {.J,}, where p denotes an appropriate combination of site indices. The
following method based on an iterative solution of TAP-like equations is a pow-
erful tool for this purpose (Kabashima and Saad 2001; Saad et al. 2001) since its
computational requirement is only of O(N). For a given site ¢ and an interaction
u that includes i, one considers a set of conditional probabilities

14 my0; .
Ploil{Jvzu}) = —2&, P(Juloi, {Juzu}) = const - (1 + 1hy00),  (5.77)

where v also includes i.® Under an approximate mean-field-like decoupling of the

8We did not write out the normalization constant in the second expression of (5.77) because
the left hand side is to be normalized with respect to J, in contrast to the first expression to
be normalized for o;.
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conditional probabilities, one obtains the following set of equations for m; and

(Lo

my; = tanh Z tanh ™! 7, -+ GF
vEM(i)\u (5.78)
i = tanh 87, - [ mu,
leL(u\i

where M(i) is a set of interactions that include i, and L(p) is a set of sites
connected by J,,. After iteratively solving these equations for my; and #i,;, one
determines the final decoded result of the ith bit as sgn(m;), where

m; = tanh Z tanh ™' i, + BF | . (5.79)
vEM(i)

This method is equivalent to the technique of belief propagation used in infor-
mation theory. It is also called a TAP approach in the statistical mechanics
literature owing to its similarity to the TAP equations in the sense that m,; and
mhy,; reflect the effects of removal of a bond p from the system.

The resulting numerical data are shown in Fig. 5.8. One can see satisfactory
agreement with the replica solution. It also turns out that the basin of attraction
of the ferromagnetic solution is very large for r = 2 but not for r > 3.

5.6.2 Low-density parity-check code

Statistical-mechanical analysis is applicable also to other codes that are ac-
tively investigated from the viewpoint of information theory. We explain the
low-density parity-check code (LDPC) here because of its formal similarity to
the diluted Sourlas code treated in the previous subsection (Kabashima et al
2000a; Murayama et al. 2000). In statistical mechanics terms, the LDPC is a
diluted many-body Mattis model in an external field.?

Let us start the argument with the definition of the code in terms of a Boolean
representation (0 and 1, instead of +1). The original message of length N is
denoted by an N-dimensional Boolean vector € and the encoded message of
length M by zg. The latter is generated from the former using two sparse matrices
C, and C, according to the following modulo-2 operation of Boolean numbers:

20 = C;1CLE. (5.80)

The matrix C has the size M x N and the number of ones per row is r and that
per column is ¢, located at random. Similarly, C), is M x M and has [ ones per

9There are several variations of the LIDDPC. We treat in this section the one discussed by
MacKay and Neal (1997) and MacKay (1999). See also Vicente et al. (2000) for a slightly
different code.
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row and column randomly. The channel noise ¢ is added to zg, and the output
is

z=2z9+C(. (5.81)

Decoding is carried out by multiplying z by Cy:
Cpz = Chzp + Cr{ = C& + Cp(. (5.82)

One finds the most probable solution of this equation for the decoded message
o and the inferred noise 7

Coo + Cpr = C,€+ C(. (5.83)

The Ising spin representation corresponding to the above prescription of the
LDPC, in particular (5.83), is

e Il »n=11 ¢« II ¢ &, (5.84)

i€la(p)  JELn(n) i€ela(p)  Jeln(p)

where Lg(p) is a set of indices of non-zero elements in the pth row of Cy and
similarly for £,(u). Note that o, 7,&, and ¢ are all Ising variables (+1) from
now on. The Hamiltonian reflects the constraint (5.84) as well as the bias in the
original message and the channel noise:

H= ZAil.,.z’T;j;.”jl(S{Wl»Jz’p..z’r;jl.njlgii O Ty T
~TF,Y oi=TF, Y 7. (5.85)
i J

Here A is a sparse tensor for choosing the appropriate combination of indices
corresponding to Cys and C,, (or L4(u) and L4(p)), Fs is the bias of the original
message, and £, = % log(1 — p)/p comes from the channel noise of rate p. The
interaction J;, _;,.j,..j, is specified by the expressions involving £ and ¢ in (5.84).
The problem is to find the ground state of this Hamiltonian to satisfy (5.84),
given the output of the channel {J,} defined in (5.84).

The replica analysis of the present system works similarly to the diluted
Sourlas code. The resulting RS free energy at 7" =0 is

. . o . L[ . o .
f= glogQ -+ c]dxdx w(x)®(2) log(1l + z&) + C? / dydg p(y)p(5) log(1 + yi)

N r [
_ ; ] H d-’f»'kﬁ‘(xk) H dymp(ym) log (1 + H;Ek Hym)
k=1 . "

=1

“"f H dap i (i) [10g (eré Ha+ a0 +e ] - rk))}
k k

k=1 13
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Fic. 5.9. Magnetization as a function of the channel-error probability in the
LDPC (Murayama et al. 2000). Bold lines represent stable states. (a) r > 3
orl>3,r>1 (b)r=10=2 (c) r=1 (Copyright 2000 by the American
Physical Society)

. !
- 2 / T ddmp(Gm) {Iog (ef’né [T+ gm) +e T~ gm)ﬂ - (5.86)
m ¢

me=1 m

The order functions 7(z) and #(%) denote the distributions of the multi-replica
overlaps and their conjugates for the o-spins, and p(y) and p(g) are for the
T-spins:

sy =g [er@al dup = aq [ dii(@)2,

(5.87)
rags = or [Aypt Fap = [ 4 5@
Extremization of the free energy (5.86) with respect to these order functions
yields ferromagnetic and paramagnetic solutions. Since the interactions in the
Hamiltonian (5.85) are of Mattis type without frustration, there is no spin glass
phase. When r > 3 or [ > 3,7 > 1, the free energy for an unbiased message
(Fs=0)is

x

, 1 1
fr=—=F,tanh F,, fp= ElogQ —log2 — 7

7 log 2 cosh F,. (5.88)

The spin alignment is perfect (rm = 1) in the ferromagnetic phase. The magne-
tization as a function of the channel-error probability p is shown in Fig. 5.9(a).
The ferromagnetic state has a lower free energy below p. that coincides with
the Shannon bound as can be verified by equating fr and fp. The paramagnetic
solution loses its significance below p. because its entropy is negative in this
region. A serious drawback is that the basin of attraction of the ferromagnetic
state is quite small in the present case.

If r = [ = 2, the magnetization behaves as in Fig. 5.9%(b). The perfect fer-
romagnetic state and its reversal are the only solutions below a threshold ps.
Any initial state converges to this perfect state under an appropriate decoding
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algorithm. Thus the code with r = [ = 2 is quite useful practically although the
threshold p, lies below the Shannon bound.

The system with single-body interactions r = 1 has the magnetization as
shown in Fig. 5.9(c). Again, the Shannon bound is not saturated, but the perfect
ferromagnetic state is the only solution below ps;. An advantage of the present
case is that there is no mirror image (m = —1).

Iterative solutions using TAP-like equations work also in the LDPC as a
rapidly converging tool for decoding (Kabashima and Saad 2001; Saad et al.
2001). These equations have similar forms to (5.78) but with two types of pa-
rameters, one for the o-spins and the other for 7. Iterative numerical solutions
of these equations for given dilute matrices Cs and C,, show excellent agreement
with the replica predictions.

5.6.3 Cryptography

The LDPC is also useful in public-key cryptography (Kabashima et al. 20000). The
N-dimensional Boolean plaintert € is encrypted to an M-dimensional ciphertext
z by the public key G = C;'C,D (where D is an arbitrary invertible dense
matrix of size N x N) and the noise ¢ with probability p according to (5.81)

z=GE+ (. (5.89)

Only the authorized user has the knowledge of C,,, Cs, and D separately, not just
the product G. The authorized user then carries out the process of decryption
equivalent to the decoding of the LDPC to infer D€ and consequently the original
plaintext €. This user succeeds if r = [ = 2 and p < p; as was discussed in the
previous subsection.

The task of decomposing G into C,,, Cy, and D is NP complete!® and is very
difficult for an unauthorized user, who is therefore forced to find the ground state
of the Hamiltonian, which is the Ising spin representation of (5.89):

H=— Z Giy.iyy Jiy iy Oty - 03, — TFs Zoi, (5.90)

where G is a dense tensor with elements 1 or 0 corresponding to G, and J is
either 1 or —1 according to the noise added as ¢ in the Boolean representation
(5.89). Thus the system is frustrated. For large N, the number r’ in the above
Hamiltonian and ¢ (the connectivity of the system described by (5.90)) tend
to infinity (but are smaller than N itself) with the ratio ¢/ /v kept finite. The
problem is thus equivalent to the Sourlas-type code in the same limit. We know,
as mentioned in §5.6.1, that the basin of attraction of the correctly decrypted
state in such a system is very narrow. Therefore the unauthorized user almost
surely fails to decrypt.

This system of cryptography has the advantage that it allows for relatively
high values of p, and thus an increased tolerance against noise in comparison

10See Chapter 9 for elucidation of the term ‘NP completeness’.
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with existing systems. The computational requirement for decryption is of O(N),
which is much better than some of the commonly used methods.

5.7 Convolutional code

The convolutional code corresponds to a one-dimensional spin glass and plays
important roles in practical applications. It also has direct relevance to the turbo
code, to be elucidated in the next section, which is rapidly becoming the standard
in practical scenes owing to its high capability of error correction. We explain
the convolutional code and its decoding from a statistical-mechanical point of
view following Montanari and Sourlas (2000).

5.7.1 Definition and ezamples

In a convolutional code, one first transforms the original message sequence £ =
{&€1,..., &N} (& = £1, Vi) into a register sequence T = {1i(§),...,7™v(€)}
(ri = £1, Vi). In the non-recursive convolutional code, the register sequence
coincides with the message sequence (7; = §;, Vi), but this is not the case in
the recursive convolutional code to be explained later in §5.7.3. To encode the
message, one prepares r registers, the state of which at time ¢ is described by
$1(t), Ea2(t), ..., Lp(t).1) The number r is called the memory order of the code.
The register sequence 7 is fed into the register sequentially (shift register):

Ti(t+1) =Xo(t) =7
Yot + 1) = N (t) = T4
. (5.91)

St +1) = Sroq(t) = T

The encoder thus carries the information of (r + 1) bits 74, 7¢—1,..., Tt—rr at any
moment £.

We restrict ourselves to the convolutional code with rate R = 1/2 for sim-
plicity. Code words J = {Jlmv..,. l(k;);J}(?),‘..,J}\?)} are generated from the
register bits by the rule

T =T (rig)roe). (5.92)
j=0

Here, a = 1 or 2, and we define 7; = 1 for j < 0. The superscript £(j;a) is
either 0 or 1 and characterizes a specific code. We define x(0;1) = £(0;2) = 1
to remove ambiguities in code construction. Two simple examples will be used
frequently to illustrate the idea:

' The original source message is assumed to be generated sequentially from i =1 to i = N.
Consequently the time step denoted by t(= 1,2,...,N) is identified with the bit number
i(=1,2,...,N).
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0 2 4 6
-1 1 3 5 7

FiG. 5.10. A convolutional code with code rate 1/2 (example 2 in the text)
expressed as a spin system. Interactions exist among three spins around each
triangle and between two horizontally neighbouring spins. Two up spins are
located at i = —~1 and i = 0 to fix the initial condition.

1. k(0;1) = £(1;1) = 1, and the other x(j; 1) = 0; x(0; 2) = 1, and the other
%(7;2) = 0. The memory order is r = 1. The code words are Jim = TiTi-1
and Jfg} = 7;. The corresponding spin Hamiltonian is

N

N
H = iji(I)O',;Gi-} ""zjgw)gi; (5.93)
=1 =1

where J;-{(’) is the noisy version of Ji(“} and o; is the dynamical variable
used for decoding. This is a one-dimensional spin system with random
interactions and random fields.

2. k(0;1) = k(1;1) = &(2;1) = 1, and the other s(j;1) = 0; 5(0;2) =
#(2;2) = 1, and the other £(j;2) = 0. The memory order is r = 2 and
the code words are Jz-m = TiTi—1Ti—g and Ji(z) = 71Ti—2. There are three-
body and two-body interactions in the corresponding spin system

N N
H = -Zj;i)aiaimldi_g - Zj;z)m;lfing (5.94)

[EN1 [EN1
which can be regarded as a system of ladder-like structures shown in Fig.
5.10. A diagrammatic representation of the encoder is depicted in Fig. 5.11.

5.7.2  Generating polynomials

Exposition of the encoding procedure in terms of the Boolean (0 or 1) repre-
sentation instead of the binary (+1) representation is useful to introduce the
recursive convolutional code in the next subsection. For this purpose, we express
the original message sequence & = {&;,...,En} by its generating polynomial
defined as

N
H(z) =Y Hj, (5.95)
F=1

where Hj (= 0 or 1) is the Boolean form of &;: & = (—1)%7. Similarly the
generating polynomial for the register sequence 7 is
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(0 T Yoty >

T

FiG. 5.11. Encoder corresponding to the code of Fig. 5.10. JZ(1> is formed from
the three consecutive register bits and Jt(?‘) from two bits.

N
G(z) =Y G, 7= (-1)%. (5.96)

j=1

The non-recursive convolutional code has G(x) = H(xz), but this is not the case
for the recursive code to be explained in the next subsection. The code word
Jt@) (o = 1,2) is written as

N
L@@) =3 L (5.97)

=1

with J ;a) = (—l)Lﬁ(”. The relation between L(®)(z) and G(x) is determined by
(5.92) and is described by another polynomial

r

gal2) =) K(j; )2’ (5.98)
J=0
as
L (z) = ga(2)G(x) (5.99)
or equivalently
L =3 " k(j;0)Giej  (mod 2). (5.100)
j=0

The right hand side is the convolution of x and G, from which the name of
convolutional code comes.

The examples 1 and 2 of §5.7.1 have the generating polynomials as (1) gy (z) =
1+ and go(z) = 1, and (2) g1(z) = 1 +x + 2% and go(x) = 1 + z°.

5.7.3  Recursive convolutional code

The relation between the source and register sequences § and 7 (or H(z) and
G(z)) is not simple in the recursive convolutional code. The register sequence of
recursive convolutional code is defined by the generating polynomial as
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fl/—

A Zi(t) A

‘[ (2)
¢

F1¢. 5.12. Encoder of the recursive convolutional code to be compared with the
non-recursive case of Fig. 5.11.

(1)
Ji

1
G(il;) == W

Code words satisfy L) (z) = g, (2)G(z) and therefore we have

H(z). (5.101)

L“}(Z‘) = H(z), L(Z)(.’K) — %H(x) (5.102)
1

The first relation means J) = £ in the binary representation.

The relation between the source and register sequences (5.101) can be written
in terms of the binary representation as follows. Equation (5.101) is seen to
be equivalent to G(z) = H(xz) + {(¢1(x) — 1)G(z) because G(x) = ~G(x) and
H(z) = —H(z) (mod 2). The coefficient of ' in this relation is, if we recall
#(0;1) =1, G = H; + Z;ml %(j; 1)Gi—;, which has the binary representation

T T

=& () e &= [[ropo |- (5.103)

This equation allows us to determine 7; recursively; that is, 7; is determined if
we know 7y,..., 7. From the definition L(®)(z) = g, (2)G(x), code words are
expressed in terms of the register sequence in the same form as in the case of
the non-recursive convolutional code:

T = T reey e, (5.104)
j=0

The encoder for the code of example 2 of §5.7.1 is shown in Fig. 5.12. Decoding
is carried out under the Hamiltonian

N r r
H=-> TV (0w ) ) + I [[(0i-5)"02 ¢, (5.105)
qezl Fu=0 B
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where J(*) is the noisy version of the code word J{*. According to (5.103), the
ith bit is inferred at the inverse temperature 3 as

& = sgn <H(Uz‘m3‘)m;})> ’ (5.106)
8

=0
which is to be contrasted with the non-recursive case
& = sgn{o)p. (5.107)

5.8 Turbo code

The turbo code is a powerful coding/decoding technique frequently used recently.
In has near-optimal performance (i.e. the transmission rate can be made close
to the Shannon bound under the error-free condition), which is exceptional in a
practicable code. We explain its statistical-mechanical formulation and some of
the results (Montanari and Sourlas 2000; Montanari 2000).

The turbo code is a variant of the recursive convolutional code with the
source message sequence & = {&,..., &y} and the permuted sequence ef =
{§P(1 IRERRRI ~)} as the input to the encoder. The permutation P operates on
the set {1,2,..., N} and is fixed arbitrarily for the moment. Correspondingly,
two register sequences are generated according to the prescription of the recursive
convolutional code (5.103):

) =7(&) = & [ (ris (&))" (5.108)
F=1
=€) = tpw [[ (ris (€))7 (5.109)
F=1
or, equivalently,
¢ = H( (1) )N() D = ¢, (TU)) (5.110)
j=0
& =TIE2) 0N = e(x®). (5.111)
F=0

The code words are comprised of three sequences and the rate is R = 1/3:
[ T
0 1) k(s 1 (1 i 2) _ 2
Jz{ ) H(Ti(mé)ﬁ(J 1)’ J( ) H(T ) n(g 2)? Jz‘i ) H (2 ))K(J 2) (5. 112)
J=0 J=0
The posterior to be used at the receiving end of the channel has the following
expression:

Pe™,o®17” " Sepy (@), ei(a®))

Iimz
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-exp{—BH (e, o)}, (5.113)

where the Hamiltonian is, corresponding to (5.112),

N T
Hoe®,o®) = =3 ¢ I ] @20
L1

FE
r 9 r 9
=(1 1 i F(: : H
+ IO Ty 4 IO T (0202 b (5.114)
=0 Jj=0

The interactions j,éw}, jim, and J;.(z) are the noisy versions of the code words
Ji(o), Ji(l), and Jéz), respectively. The system (5.114) is a one-dimensional spin
glass composed of two chains (o(!) and o)) interacting via the constraint
ep(0)) = €;(0?) (V). In decoding, one calculates the thermal expectation
value of the variable representing the original bit, (5.110), using the posterior
(5.113):

& = sgn(e(a))p. (5.115)
The finite-temperature (MPM) decoding with the appropriate /3 is used in prac-
tice because an efficient TAP-like finite-temperature iterative algorithm exists as
explained later briefly.

To understand the effectiveness of turbo code intuitively, it is instructive
to express the spin variable ag‘]’) in terms of the other set o?. In example
1 of §5.7.1, we have £(0;1) = s{1;1) = 1 and therefore, from the constraint
epi(oW) = ei(a®), 0ol = o) oLl see (5.110) and (5.111). We thus

have 0" = [T- aﬁl)aj(!fl = [T, nglmagz;(ﬂ_l with o{® = 1 for j < 0.
If i is of O(N) and the permutation P is random, it is very plausible that this
final product of the o is composed of O(N) different ¢(*). This means that
the Hamiltonian (5.114) has long-range interactions if expressed only in terms
of &®), and the ferromagnetic phase (in the ferromagnetic gauge) is likely to
have an enhanced stability compared to simple one-dimensional systems. We
may therefore expect that good performance is achieved in a turbo code with
random permutation P, which is indeed confirmed to be the case in numerical
experiments.

The decoding algorithm of the turbo code is described as follows. One pre-
pares two chains labelled by a = 1,2 with the Hamiltonian

r T
HO (o) = =377 + 1) [] o) 00 = 377 [ o120,
i j=0 i =0

(5.116)
Then one iteratively solves a set of TAP-like equations for the effective fields
I‘Ea) that represent the effects of the other chain:

PV (k+1) = 87" tanh ™ (epr(y (@)@ =T, (k) (5.117)
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FiZ)(k + 1) — /6—'1 t&I}hAI (Ep(;‘,) (U(l)»“} . F(I'i()z) (k)? (5118)

where (---)(@) is the thermal average with the Hamiltonian H(*)(a(®)) and k
denotes the iteration step. The process (5.116)~(5.118) is an approximation to
the full system (5.114) and yet yields excellent performance numerically.

Detailed statistical-mechanical analysis of the system H) (1)) + H® (a(?))
with €p(;y (V) = €;(6®) has been carried out (Montanari 2000). We describe
some of its important results. Let us suppose that the channel is Gaussian and 3
is adjusted to the optimal value (MPM). The S/N ratio is denoted as 1/w?. There
exists a phase of error-free decoding (overlap M = 1) that is locally unstable in
the high-noise region w? > w?. The numerical values w? are 1/log4 = 0.721
for the code 1 of §5.7.1 and 1.675 for the code 2. The latter is very close to the
Shannon limit w2 = 1/(2%% —1) = 1.702 derived by equating the capacity of the
Gaussian channel with the rate R = 1/3:

1 1 1

The limit of the first example (w. = 0.721) is found to be close to numerical
results whereas the second (w. = 1.675) shows some deviation from numerical
results. The stability analysis leading to these values may not give the correct
answer if a first-order phase transition takes place in the second example.

5.9 CDMA multiuser demodulator

In this section we present a statistical-mechanical analysis of signal transmission
by modulation (T. Tanaka 2001). This topic deviates somewhat from the other
parts of this chapter. The signal is not encoded and decoded but is modulated
and demodulated as described below. Nevertheless, the goal is very similar to
error-correcting codes: to extract the best possible information from a noisy
output using the idea of Bayesian inference.

5.9.1 Basic idea of CDMA

Code-division multiple access (CDMA) is an important standard of modern mo-
bile communications (Simon et al. 1994; Viterbi 1995). The digital signal of a
user is modulated and transmitted to a base station through a channel that is
shared by multiple users. At the base station, the original digital signal is re-
trieved by demodulation of the received signal composed of the superposition of
multiple original signals and noise. An important problem is therefore to design
an efficient method to modulate and demodulate signals.

In CDMA, one modulates a signal in the following way. Let us focus our
attention to a signal interval, which is the time interval carrying a single digital
signal, with a signal & (= £1) for the ith user. The signal interval is divided into
p chip intervals (p = 4 in Fig. 5.13). User ¢ is assigned a spreading code sequence
nt (= +1)(t = 1,...,p). The signal & is modulated in each chip interval ¢ by the
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Fic. 5.13. Modulation of the signal of a single user in CDMA. A signal interval
is composed of four chip intervals in this example. The full line represents
the original signal and the dashed line denotes the spreading code sequence.

spreading code sequence according to the multiplication nf&;. Modulated signals
of N users are superimposed in a channel and are further disturbed by noise. At
the base station, one receives the signal

N
vi=D i+ (5.120)

i=1

at the chip interval ¢ and is asked to retrieve the original signals & (i = 1,..., N)
from y; (t = 1,...,p) with the knowledge of the spreading code sequence 7!
(t=1,...,pi=1,...,N).

Before proceeding to the problem of demodulation, we list a few points of
idealization that lead to the simple formula (5.120): modulated signals of N
users are assumed to be transmitted under perfect synchronization at each chip
interval ¢ throughout an information signal interval. This allows us simply to
sum up ni&; over all i (= 1,..., N) at any given chip interval ¢. Furthermore, all
signals are supposed to have the same amplitude (normalized to unity in (5.120)),
a perfect power control. Other complications (such as the effects of reflections)
are ignored in the present formulation. These aspects would have to be taken
into account when one applies the theory to realistic situations.

The measure of performance is the overlap of the original (&) and demodu-
lated (&;) signals

N
1 ~ =4
M= ;&&, (5.121)

averaged over the distributions of &, nf, and v'. Equivalently, one may try to
minimize the bit-error rate (the average probability of error per bit) (1 — M)/2.
We show in the following that the CDMA multiuser demodulator, which uses
Bayesian inference, gives a larger overlap than the conventional demodulator.
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5.9.2  Conventional and Bayesian demodulators

Let us first explain the simple method of the conventional demodulator. To
extract the information of & from ¥, we multiply the received signal at the £th
chip interval y* by the spreading code 7! and sum it up over the whole signal
interval:

1 - tt__ P 1 it 1 it
h; = ¥ ;Uiy = 7\752 + N tZ; k%;} 0 MeEk + ~ ;mu . (5.122)
— =1 k() -

The first term on the right hand side is the original signal, the second represents
multiuser interference, and the third is the channel noise (which is assumed to
be Gaussian). We then demodulate the signal by taking the sign of this quantity

& = sgn(hy). (5.123)

It is easy to analyse the performance of this conventional demodulator in the
limit of large N and p with a = p/N fixed. We also assume that the noise power
o2, the variance of 1!, scales with NV such that 3; = N/o?2 is of O(1), and that n!
and &, are all independent. Then the second and third terms on the right hand
side of (5.122) are Gaussian variables, resulting in the overlap

2 / o .
M = W Erf ( ‘2(1 T ,8;1)) f (O~124)

where Erf(z) is the error function jgx e~t’dt. This represents the performance of
the conventional demodulator as a function of the number of chip intervals per
signal interval o and the noise power ;.

To improve the performance, it is useful to construct the posterior of the
original signal, given the noisy signal, following the method of Bayesian infer-
ence. Let us denote the set of original signals by € = *(&1,...,&v) and the
corresponding dynamical variables for demodulation by § = ¢(Sy,...,Sx). The
sequence of received signals within p chip intervals is also written as a vector in
a p-dimensional space y = t(y’,...,y”). Once the posterior P(S|y) is given, one
demodulates the signal by the MAP or MPM:

MAP: £ =arg max P(Sly). (5.125)
MPM: & = arg max Trss, P(S|y). (5.126)

To construct the posterior, we first write the distribution of Gaussian noise
vt = yt . ZL ?'}ffi, (5120), as

2
P

P N =
[T Pw'1€) < exp —% (y‘ -3 nﬁéi) x exp{—3.H(£)}, (5.127)
t=1

t=1 te
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where the effective Hamiltonian has been defined as
N

N »
1 : 1 . .
H(E) =5 > Tkl =Y ki, Jig = N > . (5.128)

i,j=1 i=1 f==1

The field h; has already been defined in (5.122). If we assume that the prior is
uniform, P(&) = const, the posterior is seen to be directly proportional to the
prior according to the Bayes formula:

P(Sly) x exp{~3:H(S)}. (5.129)

The Hamiltonian (5.128) looks very similar to the Hopfield model to be discussed
in Chapter 7, (7.7) with (7.4), the only difference being that the sign of the
interaction is the opposite (Miyajima ef al. 1993).

5.9.3 Replice analysis of the Bayesian demodulator
The replica method is useful to analyse the performance of the Bayesian demodu-
lator represented by the posterior (5.129).

Since we usually do not know the noise power of the channel f;, it is appro-
priate to write the normalized posterior with an arbitrary noise parameter 3 in
place of s, the latter being the true value. From (5.127)-(5.129), we then find

-N

2
2 B & .
P(S|r) = 70 P -5 > (rt ~ N 1/227%5@) . (5.130)
[

fu=l

where the vector » denotes *(r!, ... r?) with r* = y’/v/N, and the normalization
factor (or the partition function) is given as

2

r N =
Z(T‘) = QMNTI‘S exp ~“§- z ('r’t — ]\jfml/z Zr]zsi) . (5.131)

t==1 (e

The factor 27V is the uniform prior for £ The macroscopic behaviour of the
system is determined by the free energy averaged over the distributions of the
spreading code sequence, which is assumed to be completely random, and the
channel noise. The latter distribution of noise is nothing more than the partition
function (5.131) with the true hyperparameter 3 = §;, which we denote by Zy (7).
The replica average is therefore expressed as

27 = [1[ar 1Zatr) 2"y (5.132)

t=el

where the configurational average on the right hand side is over the spreading
code sequence. It is convenient to separate the above quantity into the spin-
dependent part g1 and the rest go for further calculations:
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[Z"] = / I dQageNetos), (5.133)

O<a<fB<n

where a = p/N in the exponent should not be confused with the replica index.
The zeroth replica (@ = 0) corresponds to the probability weight Zy. The two
functions g1 and go are defined by

N =Trs  [] 6(Sa-Ss— NQap) (5.134)

O<a<fg<n

e9? = [ dr |exp B {r—wo me(r Vg )? ; (5.135)
2

where the following notations have been used:

Vo =

N

1 .

\/"\”f E 750, Vo = W E 75 (a=1,...,n). (5.136)
i A p—

dmml

In the thermodynamic limit p, N — oo with their ratio « fixed, these vy and
vy become Gaussian variables with vanishing mean and covariance given by the
overlap of spin variables, under the assumption of a random distribution of the
spreading code sequence:

SQ‘S
Qap = [vavsly = = 2 (a,8=0,...,n). (5.137)

To proceed further, we assume symmetry between replicas (o = 1,...,n):
Qoo = m, Qop = q{a, 3 > 1). Then vg and v, are more conveniently written in
terms of independent Gaussian variables u, ¢, and z, with vanishing mean and
unit variance,

2 ¢
vo = u 1-%«—%, Vo = za/1—q—tyq (a>1). (5.138)

We are now ready to evaluate the factor e?? explicitly as

{ [ oz e (500 \/ﬁmtf_r)z)}
= {1+ 81 —m?/q)} {1+ 81—}

M o d Bs(tm/\/q +1)? B nB(ty/q+r)?
Jor [oree sy 5 S At sy

= V2r{l + B(1 — q)} (=12
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81+ B~ @)} +nB{1 + Bs(1 - 2m + @)} /2. (5.139)

The other factor eV (5.134) can be evaluated using the Fourier representation
of the delta function

dM,
Ngy - af
¢ ] H 27i

< <

cexp N {Iog G(M)— MMQQ;;} , (5.140)

0<a<fF<n
G(M)=Trsexp | > MasSaSs
O<a<f<n

= Z/Dz (2 cosh(V'F z 4 E))e /2, (5.141)

where we have used the RS form of the matrix My, = E and Myp = F (o #
> 1). In the thermodynamic limit, the leading contribution is

g1 = log /Dz (2 cosh(VF z + E)" — gF —nkm — én(n —1)Fq. (5.142)

From (5.139) and (5.142), the total free energy g1 + ags is given in the limit
n— 0 as
—~Bf = /Dz log 2 cosh(V'F z + Ey—Em — %F(I -~ q)
B{1+ By(1 - 2m + q)} }
. 5.143
aeaa gy J O

Extremization of the free energy vields the equations of state for the order pa-
rameters as

m=/Dz tanh(VF z + E), qz/Dz tanh?(VF z + E)  (5.144)

-3 {lost1+ 50 -0 +

/ a2( -1 .
E=17 ;Zf 9 = E{%-%— g(i - j;l}zj 9 (5.145)
The overlap is determined from these quantities by
M= /Dz sen(VF z + E). (5.146)
The stability limit of the RS solution, the AT line, is expressed as
o= EZ/Dzsech4(\/?z+E). (5.147)

The optimum demodulation by MPM is achieved at the parameter § = [
whereas the MAP corresponds to 3 — oc.
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Fia. 5.14. Bit-error rate of the CDMA demodulators. The left one (a) is for
the noise power 5 = 1 and the right (b) is for §; = 20. The symbols are:
Opt. for the MPM, MFA for the mean-field demodulator with F = J;, and
CD for the conventional demodulator (T. Tanaka 2001; Copyright 2001 by
the Massachusetts Institute of Technology).

5.9.4  Performance comparison

The results of the previous analysis in terms of the bit-error rate (1 — M )/2
are plotted in Fig. 5.14 for (a) Bs = 1 and (b) 8; = 20 for the conventional
demodulator (CD), MPM (‘Opt."), and MAP demodulators. Also shown is the
mean-field demodulator in which one uses the mean-field equation of state for
local magnetization

m; = tanh{3(— Y _ Jijm; + hi)} (5.148)
7

in combination with & = sgn(m;). This method has the advantage that it serves
as a demodulating algorithm of direct practical usefulness.

It is observed that the MAP and MPM show much better performance than
the conventional demodulator. The curve for the MAP almost overlaps with the
MPM curve when the noise power is high, f, = 1, but a clear deviation is found
in the low-noise case J; = 20. The MPM result has been confirmed to be stable
for RSB. By contrast, one should take RSB into account for the MAP except in
a region with small o and large ;.

Bibliographical note

General expositions of information theory and error-correcting codes are found
in textbooks on these subjects (McEliece 1977; Clark and Cain 1981; Lin and
Costello 1983; Arazi 1988; Rhee 1989; Ash 1990; Wicker 1995). The present
form of statistical-mechanical analysis of error-correcting codes was proposed by
Sourlas (1989) and has been expanding rapidly as described in the text. Some
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of the recent papers along this line of development (but not cited in the text)
include Kanter and Saad (2000), Nakamura et al. (2000), and Kabashima et al.
(2000¢). See also Heegard and Wicker (1999) for the turbo code.



6
IMAGE RESTORATION

The problem of statistical inference of the original image given a noisy image can
be formulated in a similar way to error-correcting codes. By the Bayes formula
the problem reduces to a form of random spin systems, and methods of statis-
tical mechanics apply. It will be shown that image restoration using statistical
fluctuations (finite-temperature restoration or MPM) gives better performance
than the MAP if we are to maximize the pixel-wise similarity of the restored
image to the original image. This is the same situation as in error-correcting
codes. Mean-field treatments and the problem of parameter estimation will also
be discussed.

6.1 Stochastic approach to image restoration

Let us consider the problem of inference of the original image from a given digital
image corrupted by noise. This problem would seem to be very difficult without
any hints about which part has been corrupted by the noise. In the stochastic
approach to image restoration, therefore, one usually makes use of empirical
knowledge on images in general (a priori knowledge) to facilitate reasonable
restoration. The Bayes formula plays an important role in the argument.

6.1.1 Binary image and Bayesian inference

We formulate the stochastic method of image restoration for the simple case of
a binary (‘black and white’) image represented by a set of Ising spins & = {;}.
The index i denotes a lattice site in the spin system and corresponds to the pixel
index of an image. The set of pixel states £ is called the Markov random field in
the literature of image restoration.

Suppose that the image is corrupted by noise, and one receives a degraded
(corrupted) image with the state of the pixel 7; inverted from the original value
&; with probability p. This conditional probability is written as
ey exp{fp7i&i)

P(ril&) = 2coshf3,
where (3, is the same function of p as in (5.7). Under the assumption of indepen-
dent noise at each pixel, the conditional probability for the whole image is the
product of (6.1):

(6.1)

P(r|§) = m exp(fBp Z i), (6.2)

where N is the total number of pixels.

116
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The problem is to infer the original image &, given a degraded image 7. For
this purpose, it is useful to use the Bayes formula (5.10) to exchange the entries
7 and £ in the conditional probability (6.2). We use the notation o = {o;} for
dynamical variables to restore the image which are to be distinguished from the
true original image €. Then the desired conditional probability (posterior) is

_exp(Bp ) ;mioi)Plo)
P(O’IT) - Tro expz,{jp Zz Tigi)P<a) .

Here the original image is assumed to have been generated with the probability
(prior) P(o).

One usually does not know the correct prior P{o). Nevertheless (6.3) shows
that it is necessary to use P{o) in addition to the given degraded image 7 to
restore the original image. In error-correcting codes, it was reasonable to assume
a uniform prior. This is not the case in image restoration where non-trivial
structures (such as local smoothness) are essential. We therefore rely on our
knowledge on images in general to construct a model prior to be used in place
of the true prior.

Let us consider a degraded image in which a black pixel is surrounded by
white pixels. It then seems natural to infer that the black pixel is likely to have
been caused by noise than to have existed in the original image because real
images often have extended areas of smooth parts. This leads us to the following
model prior that gives a larger probability to neighbouring pixels in the same
state than in different states:

(6.3)

o) = exp(fm E(z’j) 0i05)
Z(Bm) ’

where the sum (ij} runs over neighbouring pixels. The normalization factor
Z (B is the partition function of the ferromagnetic Ising model at temperature
T = 1/Bm. Equation (6.4) represents our general knowledge that meaning-
ful images usually tend to have large areas of smooth parts rather than rapidly
changing parts. The [, is the parameter to control smoothness. Larger 3, means
a larger probability of the same state for neighbouring pixels.

(6.4)

6.1.2 MAP and MPM

With the model prior (6.4) inserted in the Bayes formula (6.3), we have the
explicit form of the posterior,

exp(ﬁp Zi 70 + Bm Z(ij} O'iCTj)

P = .
(lr) Tro exp(B8y Y, Ti0i + Bm }:w} 0:0;)

(6.5)

The numerator is the Boltzmann factor of an Ising ferromagnet in random fields
represented by 7. We have thus reduced the problem of image restoration to the
statistical mechanics of a random-field Ising model.
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If one follows the idea of MAP, one should look for the ground state of the
random-field Ising model because the ground state maximizes the Boltzmann
factor (6.5). Note that the set 7, the degraded image, is given and fixed, which
in other words represents quenched randomness. Another strategy (MPM) is to
minimize the pixel-wise error probability as described in §5.2.3 and accept sgn{o;)
as the restored value of the ith pixel calculated through the finite-temperature
expectation value. It should also be noted here that, in practical situations of
restoration of grey-scale natural images, one often uses multivalued spin systems,
which will be discussed in §§6.4 and 6.5.

6.1.3 Owerlap

The parameter 3, in (6.5) represents the noise rate in the degraded image. One
does not know this noise rate beforehand, so that it makes sense to replace it
with a general variable h to be estimated by some method. We therefore use the
posterior (6.5) with 3, replaced by h. Our theoretical analysis will be developed
for a while for the case where the original image has been generated according
to the Boltzmann factor of the ferromagnetic Ising model:

exp(ﬁs Z(ij} gzé})

P(e) = ——5 8=,

(6.6)

where 3, is the inverse of the temperature T of the prior.
We next define the average overlap of the original and restored images as in
(5.19)

A/I(ﬁmw h) = TfﬁTl’TP(g)P(Tié) {& Sgn("”é)}
1
(2 cosh B,)N Z(53s)

TreTrpexp | s > && + B, Y & | {&sen(on)}. (6.7)

(i) i

Here (o) is the average by the Boltzmann factor with 3, replaced by h in (6.5).
The dependence of M on &, and h is in the quantity sgn{o;). The overlap
M (B, h) assumes the largest value when /3, and h are equal to the true values,
s and 8y, respectively:

A'I(;Bma h) ﬁ A’I(ﬁsa ﬂp) (68)

This inequality can be proved in the same way as in §5.3.2.

The inequality (6.8) has been derived for the artificial image generated by
the Ising model prior (6.6). It is not possible to prove comparable results for
general natural images because the prior is different from one image to another.
Nevertheless it may well happen in many images that the maximization of pixel-
wise overlap is achieved at finite values of the parameters 3, and h.
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We have been discussing noise of type (6.2), a simple reversal of the binary
value. Similar arguments can be developed for the Gaussian noise

Ti — ToSi 2
P(r|€) = mexp {— Z (—27;)—§)_} . (6.9)

The inequality for the maximum overlap between pixels, corresponding to (6.8),
is then

M(Bash) < M (Bs55) (6.10)

6.2 Infinite-range model

The true values of the parameters 8, and h (5, and fp, respectively) are not
known beforehand. One should estimate them to bring the overlap M close to
the largest possible value. It is therefore useful to have information on how the
overlap M (0, h) depends upon the parameters near the best values 3, = G, and
h = 3,. The infinite-range model serves as a prototype to clarify this point. In the
present section we calculate the overlap for the infinite-range model (Nishimori
and Wong 1999).

6.2.1 Replica calculations

Let us consider the infinite-range model with the following priors (the real and
model priors):

P(&)mep( 5 55)

_exp ((.ﬁm/ 2N) 3 iz 0i0; )
Z(Bs) e # )

This model is very artificial in the sense that all pixels are neighbours to each
other, and it cannot be used to restore the original image of a realistic two-
dimensional degraded image. However, our aim here is not to establish a model
of practical usefulness but to understand the generic features of macroscopic
variables such as the overlap M. It is well established in statistical mechanics
that the infinite-range model is suited for such a purpose.

For the Gaussian noise (6.9), we can calculate the overlap M (5, h) by the
replica method. The first step is the evaluation of the configurational average of
the nth power of the partition function:

2= [Tt (g o (“é% 2t >)

1 o2 ((B/2M) Doy 665 + (/7))
¢ Z(5)

Try exp g;‘, Z z ool +h z Z 0
o

i« i

. (6.11)
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S . R VR
T Z(3) (V2R )N / HdT‘ P ( 272 2 (i ”*’70))
N,ﬁa 1z jvﬁm n/2 )
( 5 ) ( 5 ) / dmg / I;IdmaTreTro
Nﬁm 2 3 . @ T0 f’L o
5 %:T)’La-m‘-,[mglna;O‘i +; TW2€i+ .;gi 7

1 Bsmi  Bm 5
JR— : e N { ot Ll m*
x Z(5) f dmg / U dmg exp ! { 5 5 my,

[£4

+logTr / Duexp (&mgg + B Z Meao®
(23

+Tohe Y 0%+ hmZa"‘) }, (6.12)

where Tr denotes the sums over 0% and . We write [Z"] = exp(~Fn.nNf),
and evaluate —0,,nf to first order in n by steepest descent assuming replica
symmetry,

1 1
—Bmnf = mﬁﬁsm% + log 2 cosh Bsmo — §n‘{3mm2

Tre [ Due® ™08 log 2 cosh(By,m + Tohé + Thu)
+ 1
2 cosh Bsmg

. (6.13)

where Tr¢ is the sum over § = 1.
By extremization of the free energy at each order of n, we obtain the equations
of state for order parameters. From the n-independent terms, we find

mg = tanh Bgmg. (6.14)

This represents the ferromagnetic order parameter mg = [{;] in the original
image. It is natural to have a closed equation for mg because the original image
should not be affected by degraded or restored images.

The terms of O(n) give

Tre [ Due® ™8 tanh(By,m + Tohé -+ Thu)
m = .
2 cosh Bsmg

(6.15)

This is the equation for the ferromagnetic order parameter m = [(oy)] of the
restored image. The overlap M can be calculated by replacing tanh(-) in (6.15)
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FiG. 6.1. The overlap as a function of the restoration temperature

by Esgn(-) as in §5.4.4. Here, we should remember that we cannot use the ferro-
magnetic gauge in image restoration (because the prior is not a constant) and
the value & remains explicitly in the formulae.

_ Trg [ DueP ™ Sgsgn(Bpm + 1oh€ + Thu)

Jit
! 2 cosh Bymg

(6.16)

The information on the original image (6.14) determines the order parameter of
the restored image (6.15) and then we have the overlap (6.16).

6.2.2  Temperature dependence of the overlap

It is straightforward to investigate the temperature dependence of M by numer-
ically solving the equations for mg,m, and M in (6.14), (6.15), and (6.16). In
Fig. 6.1 we have drawn M as a function of T, = 1/3,, by fixing the ratio of
Bm and h to the optimum value S34/(7p /7'2) determined in (6.10). We have set
Ty = 0.9,70 = 7 = 1. The overlap is seen to be a maximum at the optimal
parameter T, = 0.9 (= 1§). The MAP corresponds to 13, — 0 and the overlap
there is smaller than the maximum value. It is clear that the annealing process
(in which one tries to reach equilibrium by decreasing the temperature from a
high value) gives a smaller overlap if one lowers the temperature beyond the
optimal value.

6.3 Simulation

It is in general difficult to discuss quantitatively the behaviour of the overlap M
for two-dimensional images by the infinite-range model. We instead use Monte
Carlo simulations and compare the results with those for the infinite-range model
(Nishimori and Wong 1999).

In Fig. 6.2 is shown the overlap M of the original and restored images by
finite-temperature restoration. The original image has 400 x 400 pixels and was
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FiG. 6.2. The overlap as a function of the restoration temperature for a
two-dimensional image.

generated by the prior (6.11) (T, = 2.15). Degradation was caused by the binary
noise with p = 0.1. The overlap M assumes a maximum when the restoration
temperature 1, is equal to the original T = 2.15 according to the inequality
(6.8}, which is seen to be true within statistical uncertainties. In this example,
the parameter h has been changed with 3, so that the ratio of 3,, and h is kept
to the optimum value 3,/53,.

Comparison with the case of the infinite-range model in Fig. 6.1 indicates
that M depends relatively mildly on the temperature in the two-dimensional
case below the optimum value. One should, however, be aware that this result
is for the present specific values of T, and p, and it still has to be clarified how
general this conclusion is.

An explicit illustration is given in Fig. 6.3 that corresponds to the situation
of Fig. 6.2. Figure 6.3(a) is the original image (Iy = 2.15), (b) is the degraded
image (p = 0.1), (¢) is the result of restoration at a low temperature (T}, = 0.5},
and (d) has been obtained at the optimum temperature (T, = 2.15). It is clear
that (d) is closer to the original image than (¢). The MAP has 1, = 0 and is
expected to give an even less faithful restored image than (c), in particular in
fine structures. It has thus become clear that the MPM, the finite-temperature
restoration with correct parameter values, gives better results than the MAP for
two-dimensional images generated by the ferromagnetic Ising prior (6.11).

6.4 Mean-field annealing

In practical implementations of image restoration by the MAP as well as by
the MPM, the required amount of computation is usually very large because
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() (b) (© @

FiG. 6.3. Restoration of an image generated by the two-dimensional Ising model:
(a) original image, (b) degraded image, (c¢) restored image at a very low tem-
perature (close to MAP), and (d) restored image at the optimum temperature
(MPM).

there are 2V degrees of freedom for a binary image. Therefore one often makes
use of approximations, and a typical example is mean-field annealing in which
one looks for the optimum solution numerically using the idea of the mean-field
approximation (Geiger and Girosi 1991; Zhang 1992; Bilbro et al. 1992).

6.4.1 Mean-field approximation

We now generalize the argument from binary to grey-scale images to be repre-
sented by the Potts model. Generalization of (6.5) to the Potts model is

_ exp(=fpH(o|T))

P(o|7) > (6.17)

H(olr) ==Y 6(oi,m)—J Y d(0i,05) (6.18)
i (i7)

Z = Trg exp(—BpH(a|T)), (6.19)

where 7 and o are Q-state Potts spins (7;,0; = 0,1,...,Q — 1) to denote grey
scales of degraded and restored images, respectively. In the ferromagnetic Potts
model, (6.18) with J > 0, the interaction energy is —J if the neighbouring spins
(pixels) are in the same state o; = o and zero otherwise. Thus the neighbouring
spins tend to be in the same state. The Ising model corresponds to ¢ = 2. The
MAP evaluates the ground state of (6.18), and the MPM calculates the thermal
average of each spin o; at an appropriate temperature.

Since it is difficult to evaluate (6.17) explicitly, we approximate it by the
product of marginal distributions

pi(n) = Trga P(o|T)d(n, 0;) (6.20)

as

mﬂﬂmnm@y (6.21)
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The closed set of equations for p; can be derived by inserting the mean-field
approximation (6.21) into the free energy

F =Tr,{H(o|r)+1,log P(o|T)}Plo|T) (6.22)
and minimizing it with respect to p; under the normalization condition

Tro [ piloi) = 1. (6.23)

Simple manipulations then show that p; satisfies the following equation:
(5" o)

Zn =0 exP(“'ﬁpH'MF('"))

HMF(n) = —§(n, 7)) — J Z p;i(n), (6.25)

n.n.€¢

(6.24)

where the sum in the second term on the right hand side of (6.25) runs over
nearest neighbours of 1.

6.4.2  Annealing

A numerical solution of (6.24) can be obtained relatively straightforwardly by
iteration if the parameters 8, and .J are given. In practice, one iterates not for

the function p; itself but for the coefficients {mgl} }

Q1
pi(0) = Y~ m @ (o) (6.26)

of the expansion of the function in terms of the complete orthonormal system of

polynomials
Q-1

> ®y(0) Py (o) = 5(1,1). (6.27)
()
The following discrete Tchebycheff polynomials are useful for this purpose (Tanaka
and Morita 1996):

Wo(o) = 1, Uy(o) = 1 — Q—Q_-}:

(+1)(Q - 1-D¥(0)

— (20— QD+ Do)~ UQ + DT (0)  (6.25)
¥ (o)

VoS Wi(o)?

Multiplying both sides of {6.24) by ®;(¢) and summing the result over o, we find
from (6.27) and (6.26)

T,

Qo) =
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Tr, ®;(0) exp {/jpé(a, i)+ Bpd D nnci 2o mgll)él/(a)}

VAN

0

. (6.29)

where Zyyp is the denominator of (6.24). The set of coefficients {mél} } can thus be
calculated by iteration. In practice, one usually does not know the correct values
of 8, and J, and therefore it is necessary to estimate them by the methods
explained below.

Equation (6.29) is a generalization of the usual mean-field approximation to
the Potts model. To confirm this explicitly, we apply (6.24) and (6.25) to the
Ising model (@ = 2):

pilo) = mim + mt(-”(l —20) (6.30)
HME(0) = ~§(0,73) — T Z {mgo) + mgl)(l - 20}, (6.31)
nn. €1

where o = 0 or 1. Using the first two Tchebycheff polynomials ¥4 and ¥4, we
find from (6.29) that miO} = 1 and the mean-field equation in a familiar form

RN CON W, B .
m;’ = tanh (ﬂpJ Z m; "i""é”ﬂ)’ (6.32)

n.n.€4

where we have used the conventional Ising variables (21 instead of 0 and 1).

In the MAP (3, — o0) as well as in the MPM, one has to lower the temper-
ature gradually starting from a sufficiently high temperature (5, ~ 0) to obtain
a reliable solution of (6.29). This is the process of mean-field annealing.

6.5 Edges

For non-binary images, it is useful to introduce variables representing discontin-
uous changes of pixel values between neighbouring positions to restore the edges
of surfaces as faithfully as possible (Geman and Geman 1984; Marroquin et ol.
1987). Such an edge variable u;; takes the value 0 (no edge between pixels ¢ and
j) or 1 (existence of an edge). In the present section, we solve a Gaussian model
of image restoration with edges using the mean-field approximation (Geiger and
Girosi 1991; Zerubia and Chellappa 1993; Zhang 1996; K. Tanaka 2001b).

Let us consider a (J-state grey-scale image. The model prior is assumed to
have a Gaussian form

1 : -
P(o,u) = — exp § ~Bn > (1 —uy){(oi— 03> =7} ¢ s (6.33)
)
where 0; = 0,1,...,Q — 1 and u;; = 0,1. Note that we are considering a @-
state Ising model here, which is different from the Potts model. The difference

between neighbouring pixel values |o; — 0| is constrained to be small (less than
) if ui; = 0 (no edge) to reflect the smoothness of the grey scale, whereas the



126 IMAGE RESTORATION

same difference |0y — 0| can take arbitrary values if u;; = 1 (edge). Thus this
prior favours the existence of an edge if the neighbouring pixel values differ by
a large amount.'? Noise is also supposed to be Gaussian

AV
P(rie) = [ o= e {mﬁf-@ﬁ-l—} ? (6.34)

where the true original image & and degraded image T both have ) values at
each pixel. The posterior is therefore of the form

exp(—H{o,ult))

Pl = & Ty cxp(—Hiouir))

(6.35)

where

H(o,ulr —mﬂmZ(l ui){(o; — 0)* — 7} — (2w?) Z(n a:)?. (6.36)
{ig)

In the finite-temperature (MPM) estimation, we accept the value n; that maxi-
mizes the marginalized posterior

P(ngr ZTr P(o,u|T)d(oi,n;) (6.37)

as the restored pixel state at i.

It is usually quite difficult to carry out the above procedure explicitly. A
convenient. yet powerful approximation is the mean-field method discussed in
the previous section. The central quantities in the mean-field approximation are
the marginal probabilities

piln) = Z’I‘r,,P(a ulT)é(o;,n)

(6.38)
pis(u Z Tr, Por, u|7)d(uij, u).
The full probability distribution is approximated as
P(o, ult Hm oi) [T pis (usy). (6.39)

{if)

The marginal probabilities are determined by minimization of the free energy

F = Z Tro{H (o, u|T) + log P(o,u|T)} P(o, u|T) (6.40)

k73

2Interactions between edges represented by the products of the u;j are often included to take
into account various types of straight and crossing edges of extended lengths in real images.
The set {u;;} is called the line field in such cases.
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with respect to p;(0;) and p;;(ui;) under the normalization condition

Q-1
Y opiln) =1 > piy(w) =1L (6.41)
n=0

u==0,1

The result is

e~ Filn)
pi(n) = w
() e Fill)
£ (}:kmﬁgl)g Eij(k)
n—"T
Q-1
. Z Z Z B (1 = k){(n —m)* = v*}p;(m)pi; (k)
Fj€G; k=0,1 m=0
Q-1
Ei) =B 3 (1= D{(m—m)* =}pi(m)os(m)
m,m'mo

where (&; is the set of neighbours of i. By solving these equations iteratively, we
obtain p;(n), from which it is possible to determine the restored value of the ith
pixel as the n that gives the largest value of p;(n).

For practical implementation of the iterative solution of the set of equations
(6.42) for large @, it is convenient to approximate the sum over @ pixel values
Zf’}nw;é by the integral ffcm dm because the integrals are analytically calculated
to give

1 (n—pi)? .
: = d . s 4
pi(n) T exp ( Qw? (6.43)

(202)_17%' + Bm Ejﬁ(}i (1—- /\z"j )ﬂj

i = — 6.44
oD T B>y (L= A) (6.44)
1 1
57 = 53+ Om > (1-xy) (6.45)
i ‘ jed;
! (6.46)

Nij = .
Y L exp[—Bm{w] + w? + (i — py)? — 2}

It is straightforward to solve (6.44), (6.45), and (6.46) by iteration. Using the
result in (6.43), the final estimation of the restored pixel value is obtained.

An example is shown in Fig. 6.5 for = 256. The original image (a) has
been degraded by Gaussian noise of vanishing mean and variance 900 into (b).
The image restored by the set of equations (6.43) to (6.46) is shown in (c)
together with a restored image (d) obtained by a more sophisticated cluster
variation method in which the correlation effects of neighbouring sites are taken
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(a) (b)

() (d)

F1G. 6.4. Restoration of 256 grey-scale image by the Gaussian prior and edges
(line process). Degradation was by Gaussian noise of vanishing mean and
variance 900: (a) original image, (b) degraded images, (¢) restored image by
mean-field annealing, and (d) restored image by cluster variation method.
Courtesy of Kazuyuki Tanaka (copyright 2001).

into account in the Bethe-like approximation (K. Tanaka 2001b). Even in the
mean-field level (c), discontinuous changes of pixel values (edges) around the
eyes are well reproduced. The edges would have been blurred without the w;;-
term in (6.33).

6.6 Parameter estimation

It is necessary to use appropriate values of the parameters 3, and J to restore
the image using the posterior (6.17). However, one usually has only the degraded
image and no explicit knowledge of the degradation process characterized by
O, or the parameter J of the original image. We therefore have to estimate
these parameters (hyperparameters) from the degraded image only (Besag 1986;
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Lakshmanan and Derin 1989; Pryce and Bruce 1995; Zhou et al. 1997; Molina
et al. 1999).

The following procedure is often used for this purpose. We first marginalize
the probability of the given degraded image 7, erasing the original image

P(718p, J) = Teg P(T(&, 5p) P&, J)- (6.47)

The above notation denotes the probability of degraded image 7 given the pa~
rameters 3, and J. Since we know T, it is possible to estimate the parameters
By and J as the ones that maximize the marginalized likelihood function (6.47)
or the evidence. However, the computational requirement for the sum in (6.47)
is exponentially large, and one should resort to simulations or the mean-field
approximation to implement this idea.

A different strategy is to estimate o that maximizes P(7|o, [(,)P(o,J) as
a function of 3, and J without marginalization of £ in (6.47). One denotes the
result as {6(5,,J)} and estimates 3, and J that maximize the product

P(r{6(Bp, J)} Bp) PG (B T) ) J)-

This method is called the mazimum likelihood estimation.

Another idea is useful when one knows the number of neighbouring pixel pairs
L having different grey scales (Tanaka and Morita 1995; Morita and Tanaka 1996,
1997; Tanaka and Morita 1997; K. Tanaka 2001a)

L=Y {1-6(& )} (6.48)
(i7)

One then accepts the image nearest to the degraded image under this constraint
(6.48). By taking account of the constraint using the Lagrange multiplier, we see
that the problem is to find the ground state of

H:—WZ(S(O'Z',T@)*’J L”Z{l””‘s(gi?aj)}

(i)

The Potts model in random fields (6.18) has thus been derived naturally. The
parameter .J is chosen such that the solution satisfies the constraint (6.48). Figure
6.5 is an example of restoration of a 256-level grey-scale image by this method
of constrained optimization.'

13Precisely speaking, the restored image (c) has been obtained by reducing the 256-level
degraded image to an eight-level image and then applying the constrained optimization method
and mean-field annealing. The result has further been refined by a method called conditional
maximization with respect to the grey scale of 256 levels.
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(¢)

F1G. 6.5. Restoration of 256-level image by the Potts model: (a) original image,
(b) degraded image, and (c¢) restored image. Courtesy of Kazuyuki Tanaka
(1999). (Copyright 1999 by the Physical Society of Japan)

Bibliographical note

The papers by Geman and Geman (1984), Derin et al. (1984), Marroquin et
al. (1987), and Pryce and Bruce (1995) are important original contributions on
stochastic approaches to image restoration and, at the same time, are useful to
obtain an overview of the field. For reviews mainly from an engineering point
of view, see Chellappa and Jain (1993). Some recent topics using statistical-
mechanical ideas include dynamics of restoration (Inoue and Carlucci 2000), state
search by quantum Huctuations (Tanaka and Horiguchi 2000; Inoue 2001), hyper-
parameter estimation in a solvable model (Tanaka and Inoue 2000), segmentation
by the XY model (Okada et al. 1999), and the cluster variation method to im-
prove the naive mean-field approach (Tanaka and Morita 1995, 1996; K. Tanaka
2001b).



7
ASSOCIATIVE MEMORY

The scope of the theory of neural networks has been expanding rapidly, and
statistical-mechanical techniques stemming from the theory of spin glasses have
been playing important roles in the analysis of model systems. We summarize
basic concepts in the present chapter and study the characteristics of networks
with interneuron connections given by a specific prescription. The next chap-
ter deals with the problem of learning where the connections gradually change
according to some rules to achieve specified goals.

7.1 Associative memory

The states of processing units (neuwrons) in an associative memory change with
time autonomously and, under certain circumstances, reach an equilibrium state
that reflects the initial condition. We start our argument by elucidating the
basic concepts of an associative memory, a typical neural network. Note that
the emphasis is, in the present book, on mathematical analyses of information
processing systems with engineering applications in mind (however remote they
might be), rather than on understanding the functioning of the real brain. We
nevertheless use words borrowed from neurobiology (neuron, synapse, etc.) be-
cause of their convenience to express various basic building blocks of the theory.

7.1.1  Model neuron

The structure of a neuron in the real brain is schematically drawn in Fig. 7.1. A
neuron receives inputs from other neurons through synapses, and if the weighted
sum of the input signals exceeds a threshold, the neuron starts to emit its own
signal. This signal is transmitted through an aron to many other neurons.

axon
"

synapse
FiG. 7.1. Schematic structure of a neuron

131
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To construct a system of information processing, it is convenient to model
the functioning of a neuron in a very simple way. We label the state of a neuron
by the variable S; = 1 if the neuron is ezcited (transmitting a signal) and by
S; = —1 when it is at rest. The synaptic efficacy from neuron j to neuron ¢ will
be denoted by 2J;;. Then the sum of signals to the ith neuron, h;, is written as

h; = Z«]gj(Sj +1). (7‘1)
J

Equation (7.1) means that the input signal from j to ¢ is 2J;; when S; = 1
and zero if S; = —1. The synaptic efficacy J;; (which will often be called the
connection or interaction) can be both positive and negative. In the former case,
the signal from S; increases the value of the right hand side of (7.1) and tends to
excite neuron ; a positive connection is thus called an excitatory synapse. The
negative case is the inhibitory synapse.

Let us assume that the neuron i becomes excited if the input signal (7.1)
exceeds a threshold 6; at time ¢ and is not excited otherwise:

Sit+ At) =sgn | Y Ji;(S;(t)+1)—6; | . (7.2)

J

We focus our argument on the simple case where the threshold 4; is equal to
> jij so that there is no constant term in the argument on the right hand side
of the above equation:

Silt+ At) =sgn | > Ji; 8;(t) | - (7.3)
J

7.1.2  Memory and stable fired point

The capability of highly non-trivial information processing emerges in a neural
network when very many neurons are connected with each other by synapses,
and consequently the properties of connections determine the characteristics of
the network. The first half of the present chapter (up to §7.5) discusses how
memory and its retrieval (recall) become possible under a certain rule for synaptic
connections.

A pattern of excitation of a neural network will be denoted by {¢}. Here
i(=1,...,N) is the neuron index, (= 1,...,p) denotes the excitation pattern
index, and £ is an Ising variable (+1). For example, if the puth pattern has the
ith neuron in the excited state, we write &' = 1. The pth excitation pattern
can be written as {&/,&5,..., &L}, and p such patterns are assumed to exist
(p=1,2,...,p).

Let us suppose that a specific excitation pattern of a neural network corre-
sponds to a memory and investigate the problem of memorization of p patterns
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in a network of N neurons. We identify memorization of a pattern {¢/'},—1, .~
with the fact that the pattern is a stable fixed point of the time evolution rule
(7.3) that S;(t) = & — Si(t + At) = £ holds at all i. We investigate the
condition for this stability.

To facilitate our theoretical analysis as well as to develop arguments inde-
pendent of a specific pattern, we restrict ourselves to random patterns in which
each ¢! takes +1 at random. For random patterns, each pattern is a stable fixed
point as long as p is not too large if we choose J;; as follows:

1 14
Jij =+ ;&;“5;‘ : (7.4)

The diagonal term .J;; is assumed to be vanishing (J;; = 0). This is called the
Hebb rule. In fact, if the state of the system is in perfect coincidence with the
pattern g at time ¢ (ie. S;(t) = £/, Vi), the time evolution (7.3) gives the state
of the ith neuron at the next time step as

Lo Y
sgn | Y Jugl | =sen | D D €€ | =sen (Z@ 6) = sgn (&),
i i v

(7.5)

where we have used the approximate orthogonality between random patterns
iZgi&g:é +0 A (7.6)

N 7 i v VN ' '

Consequently we have S;(t+ At) = ¢/ at all ¢ for sufficiently large N. Drawbacks
of this argument are, first, that we have not checked the contribution of the
O(1/4/N) term in the orthogonality relation (7.6), and, second, that the stability
of the pattern is not clear when one starts from a state slightly different from
the embedded (memorized) pattern (i.e. S;(t) = £ at most, but not all, 7). These
points will be investigated in the following sections.

7.1.3  Statistical mechanics of the random Ising model

The time evolution described by (7.3) is equivalent to the zero-temperature dy-
namics of the Ising model with the Hamiltonian

1 1 ‘
H= -5 ; Ji 8185 = 3 gsi Z;Jijsf (7.7)

The reason is that Zj Ji;S; is the local field h; to the spin S;,** and (7.3) aligns
the spin (neuron state) S; to the direction of the local field at the next time step

HMNote that the present local field is different from (7.1) by a constant ZJ, Jij.



134 ASSOCIATIVE MEMORY

energy

/\ /\/\ state
NV N/

Fic. 7.2. Energy landscape and time evolution

t + At, leading to a monotonic decrease of the energy (7.7). Figure 7.2 depicts
this situation intuitively where the network reaches a minimum of the energy
closest to the initial condition and stops its time evolution there. Consequently,
if the system has the property that there is a one-to-one correspondence between
memorized patterns and energy minima, the system starting from the initial con-
dition with a small amount of noise (i.e. an initial pattern slightly different from
an embedded pattern) will evolve towards the closest memorized pattern, and the
noise in the initial state will thereby be erased. The system therefore works as an
information processor to remove noise by autonomous and distributed dynamics.
Thus the problem is to find the conditions for this behaviour to be realized under
the Hebb rule (7.4).

We note here that the dynamics (7.3) definitely determines the state of
the neuron, given the input h;(t) = >, Ji;S;(t). However, the functioning of
real neurons may not be so deterministic, which suggests the introduction of a
stochastic process in the time evolution. For this purpose, it is convenient to
assume that S;(t + At) becomes 1 with probability 1/(1 + e~ 267} and is —1
with probability e=2%m(t) /(1 4 ¢=2%m:(1)) Here § is a parameter introduced to
control uncertainty in the functioning of the neuron. This stochastic dynamics
reduces to (7.3) in the limit 5 — oo because S;(t + At) = 1 if h;(t) > 0 and is
Si(t+ At) = —1 otherwise. The network becomes perfectly random if 5 = 0 (see
Fig. 7.3).

This stochastic dynamics is equivalent to the kinetic Ising model (4.93) and
(4.94). To confirm this, we consider, for example, the process of the second term
on the right hand side of (4.94). Since §” is a spin configuration with S; inverted
to —S; in § = {S;}, we find A(S”,8) = H(S")— H(S) = 25;h;. The transition
probability of this spin inversion process is, according to (4.94),

v= : - (7.8)
1+ exp(BA(S”, S)) T 1 J 285k .
If S; = 1 currently, the possible new state is S; = —1 and the transition prob-

ability for such a process is w = (1 + *)~1 = 2%k /(1 4 =20P4) which
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i
1+exp(-2Bh,) /’_
_—_/ h;

0

FiG. 7.3. The probability that the neuron i becomes excited.

coincides with the above-mentioned transition probability of neuron update to
S; = ~1.

of (4.93), the right hand side vanishes, and the equilibrium distribution does
not change with time as expected. It is also known that, under the kinetic Ising
model, the state of a system approaches the equilibrium Gibbs-Boltzmann distri-
bution at an appropriate temperature 57! = T even when the initial condition is
away from equilibrium. Thus the problem of memory retrieval after a sufficiently
long time starting from an initial condition in a neural network can be analysed
by equilibrium statistical mechanics of the Ising model (7.7) with random in-
teractions specified by the Hebb rule (7.4). The model Hamiltonian (7.7) with
random patterns embedded by the Hebb rule (7.4) is usually called the Hopfield
model (Hopfield 1982).

7.2 Embedding a finite number of patterns

It is relatively straightforward to analyse statistical-mechanical properties of the
Hopfield model when the number of embedded patterns p is finite (Amit et al.
1985).

7.2.1  Free energy and equations of state

The partition function of the system described by the Hamiltonian (7.7) with
the Hebb rule (7.4) is

Z = Trexp (5’% > Sie:;‘)z) : (7.9)

where Tr is the sum over 8. The effect of the vanishing diagonal (J;; = 0) has
been ignored here since it is of lower order in N. By introducing a new integration
variable m* to linearize the square in the exponent, we have

Z:Trfﬁdm“‘exp{—%NﬁZmi—%—ﬂZmuzszﬁf}
p=1 Iz e i



136 ASSOCIATIVE MEMORY

= / I;[ dm* exp {M%Nﬁmz + 2_: log(2 cosh fm - 5»} , (7.10)

where m = (m!',....m?), & = “(¢&,.... &), and the overall multiplicative
constant has been omitted as it does not affect the physical properties.

In consideration of the large number of neurons in the brain (about 10'!) and
also from the viewpoint of designing computational equipment with highly non-
trivial information processing capabilities, it makes sense to consider the limit
of large-size systems. It is also interesting from a statistical-mechanical point of
view to discuss phase transitions that appear only in the thermodynamic limit
N — oo. Hence we take the limit N — oo in (7.10), so that the integral is
evaluated by steepest descent. The free energy is

L o

T
f= M- }; log(2 cosh fm - §;). (7.11)

The extremization condition of the free energy (7.11) gives the equation of state
as

m = % zi:&i tanh (Fm - &) . (7.12)

In the limit of large N, the sum over i in (7.12) becomes equivalent to the average
over the random components of the vector & = ¢(¢1,... €P) (¢! = +1,...,£7 =
+1) according to the self-averaging property. This averaging corresponds to the
configurational average in the theory of spin glasses, which we denote by [---],
and we write the free energy and the equation of state as

f= %mg — T'[log(2 cosh fm - £)] (7.13)
m = [ tanh Sm - £]. (7.14)

The physical significance of the order parameter m is revealed by the saddle-
point condition of the first expression of (7.10) for large N:

m = ;:] z Sigk. (7.15)

This equation shows that m* is the overlap between the pth embedded pattern
and the state of the system. If the state of the system is in perfect coincidence
with the pth pattern (S; = &/,Vi), we have m# = 1. In the total absence of
correlation, on the other hand, S; assumes +1 independently of £, and conse-
quently m# = 0. It should then be clear that the success of retrieval of the uth
pattern is measured by the order parameter m#.

7.2.2  Solution of the equation of state

Let us proceed to the solution of the equation of state (7.14) and discuss the
macroscopic properties of the system. We first restrict ourselves to the case of a
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A

h %

FiG. 7.4. Free energy of the Hopfield model when a single pattern is retrieved.

single-pattern retrieval. There is no loss of generality by assuming that the first
pattern is to be retrieved: my = m,my = -+ = m, = 0. Then the equation of
state (7.14) is

m = [¢! tanh(BmeE!)] = tanh Bm. (7.16)

This is precisely the mean-field equation of the usual ferromagnetic Ising model,
(1.19) with h = 0, which has a stable non-trivial solution m # 0 for T' = g~ < 1.
The free energy, accordingly, has minima at m # 0if T < 1 as shown in Fig. 7.4. It
is seen in this figure that an initial condition away from a stable state will evolve
towards the nearest stable state with gradually decreasing free energy under
the dynamics of §7.1.3 if the uncertainty parameter of the neuron functioning T’
(temperature in the physics terms) is smaller than 1. In particular, if 7' = 0, then
the stable state is m = =£1 from (7.16), and a perfect retrieval of the embedded
pattern (or its complete reversal) is achieved. It has thus been shown that the
Hopfield model, if the number of embedded patterns is finite and the temperature
is not very large, works as an associative memory that retrieves the appropriate
embedded pattern when a noisy version of the pattern is given as the initial
condition.

The equation of state (7.14) has many other solutions. A simple example is
the solution to retrieve [ patterns simultaneously with the same amplitude

m = (my,my,my,...,omy,0,...,0). (7.17)

It can be shown that the ground state (1" = 0) energy E; of this solution satisfies
the following inequality:
Ey < Es <Es<.... (7.18)

The single-retrieval solution is the most stable one, and other odd-pattern re-
trieval cases follow. All even-pattern retrievals are unstable. At finite tempera-
tures, the retrieval solution with [ = 1 exists stably below the critical tempera-
ture T, == 1 as has been shown already. This is the unique solution in the range
0.461 < T < 1. The | = 3 solution appears at T = 0.461. Other solutions with
l = 5,7,... show up one after another as the temperature is further decreased.
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Solutions with non-uniform components in contrast to (7.17) also exist at low
temperatures.

7.3 Many patterns embedded

We next investigate the case where the number of patterns p is proportional to
N (Amit et al. 1987). As was mentioned at the end of the previous section, the
equation of state has various solutions for finite p. For larger p, more and more
complicated solutions appear, and when p reaches O(N), a spin glass solution
emerges, in which the state of the system is randomly frozen in the sense that the
state has no correlation with embedded patterns. If the ratio a = p/N exceeds a
threshold, the spin glass state becomes the only stable state at low temperatures.
This section is devoted to a detailed account of this scenario.

7.3.1  Replicated partition function

It is necessary to calculate the configurational average of the nth power of the
partition function to derive the free energy F' = —T'log Z] averaged over the
pattern randomness {£/'}. It will be assumed for simplicity that only the first
pattern (g = 1) is to be retrieved. The configurational average of the replicated
partition function is, by (7.4) and (7.7),

27 = | Tresp | e SN0 3 erersrs)
n.j  n p=l
= Tr / H dmk |exp BN ~% Z Z(‘m‘;)?‘ + % Z mej Z&fS’f
me u22 p uz2 P i

1 a1 .
—5 2 (mpP D my Y g;sf) H : (7.19)
P P i
It is convenient to separate the contribution of the first pattern from the rest.

7.3.2  Non-retrieved patterns

The overlap between the state of the system and a pattern other than the first
one (i > 2) is due only to coincidental contributions from the randomness of
{€/'}, and is

7 1 7 —~ 1

The reason is that, if &' and S/ assume 1 or —1 randomly and independently, the
stochastic variable Y, €S! has average 0 and variance N, since (3, £/S7)? =
N+ 1€ SPSY = N. In the case of finite p treated in the previous section,
the number of terms with ¢ > 2 in (7.19) is finite, and we could ignore these con-
tributions in the limit of large N. Since the number of such terms is proportional
to N in the present section, a more careful treatment is needed.
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The first step is the rescaling of the variable mf — m£ /VBN to reduce mf to
O(1). We then perform configurational averaging [---] for the terms with p > 2
in (7.19) to find

exp ——;— Z(mg)i? -+ Z log cosh (\,’ % Z mgSf) . (7.21)
wp i 4

The sum over y is for the range p > 2. In the limit of large N, we may expand
log cosh(-) and keep only the leading term:

1
exp (—5 Z Z frn,"prafrz,ﬁ) , (7.22)

w  po

where

Kpo = 0p5 — :% Z srSse. (7.23)

The term (7.22) is quadratic in mf;, and the integral over m{ can be carried
out by the multivariable Gaussian integral. The result is, up to a trivial overall

constant,

—(=1)/2 _ p—1, o) — 1 v
(detK)™ = exp (——«~2w[‘rloglx) m/qupa5 (QPG-NE;SES,;)

(po)
-exp{-?—gim log{(1 — B)I -ﬁ@}}. (7.24)

Here (po) is the set of n{n — 1) replica pairs. We have also used the fact that
the diagonal element K ,, of the matrix K is equal to 1 — 3 and the off-diagonal
part is

Kpo = 537 5057 = 0. (7.25)

The expression @ is a matrix with the off-diagonal elements ¢,, and 0 along the
diagonal. The operation Tr, in the exponent is the trace of the n x n matrix.
Fourier representation of the delta function in (7.24) with integral variable r,,
and insertion of the result into (7.19) yield

" " N
[Z7] = Tr / Hdm; / H dg,edrye exp ~§af,82 Z Tpopo
Yop (po) (po)
ap?

T

5 roostst | exw {2 ton1 - 911 - 5}
i,{po)

- |exp BN (W% > (mp)?+ 1% > m) Zg}sg’)} . (7.26)
g 4 i
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7.3.3  Free energy and order parameter
The S;-dependent parts in (7.26) are written as

1
Trexp ﬂme,{ﬁSf + 5&[32 Z oo SESYT

i,p i.(po)

1
= |exp E log Trexp | 3 E mf}ﬁ,}S”+ §(xﬁ2 E TpeSP ST
i p (po)

; 1 .
_ . 1el 2
= exp N |log Trexp ,BZmpﬁ SP+ éaﬂ Z T SPS7 | | . (7.27)
p (po)
In going from the second expression to the last one, we have used the fact that
the sum over ¢ is equivalent to the configurational average |- - -] by self-averaging
in the limit of large N. Using this result in (7.26), we obtain

[Z"] = Y/Hdmp /Hdrwndq,m

B «, 1 .
expN ¢ —5 > (m))? -~ 5 Trnlog{(1 - )1 - 5Q} ~ »2-@/32 > Tootos
P (po)

! 1 . L
+ |log Trexp 5&;5’22%03”5”%«52?7@;{{13” , (7.28)

(po) p

where we have set (p — 1)/N = a assuming N,p > 1. In the thermodynamic
limit N — o0, the free energy is derived from the term proportional to ng in the
exponent:

LNz .
F=35; Eﬂ:(’”p) +2nﬁl’rnlog{(1 /I — BQ}

af L BH,
e Z"’mqm — [IogTre <], (7.29)

where §H is the quantity in the exponent after the operator logTr in (7.28).
The order parameters have the following significance. The parameter m/ is
the overlap between the state of the system and the uth pattern. This can be

confirmed by extremizing the exponent of (7.19) with respect to m/ to find
1
b — #ap .
mb = N Z&i S7. (7.30)
T

Next, gqp is the spin glass order parameter from comparison of (7.24) and (2.20).
As for 7,4, extremization of the exponent of (7.26) with respect to ¢.p5 gives
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1 .
Tpo =~ Z mhml. (7.31)
n22

To calculate the variation with respect to the components of @) in the Tr, log
term, we have used the facts that the Tr, log term is written by the integral over
mb of (7.22) with K, replaced by (1 — 3)I — 5Q and that we have performed
scaling of m# by /ON just before (7.22). From (7.31), 7, is understood as the
sum of effects of non-retrieved patterns.

7.3.4  Replica-symmetric solution

The assumption of replica symmetry leads to an explicit form of the free energy
(7.29). From m}) =M, Qpo = ¢, and 1y, =1 for p # o, the first term of (7.29) is
m?/2 and the third term in the limit n — 0 is —afrq/2. To calculate the second
term, it should be noted that the eigenvectors of the matrix (1 — 8)I — Q) are,
first, the uniform one *(1,1,...,1) and, second, the sequence of the nth roots of
unity (e?mik/n edmik/n - e2n=Umik/ny (k — 192 ... n—1). The eigenvalue of
the first eigenvector is 1 — 3 + g — nfBq without degeneracy, and for the second
eigenvector, it is 1 — 3 + f¢ (degeneracy n — 1), Thus in the limit n — 0,

1

%Trn log{(1 — 8)I — R} = ék}g(l — B+ Bq —njq) +

Bq
1-8+8q

;zhdlmﬁ+ﬁ®

— log(l — 3+ Bq) — (7.32)

The final term of (7.29) is, as n — 0,
1 log Trexp laﬁzr(z 502 —1—a;32rn — Z méSP
n 2 . 2 p
1, 1 ) )
= -garﬁ + - [log fr/Dz exp (~,d oz’rzzp: 5P — ,dzp:mw’)}

— m%(xrﬂz + {/ Dz log 2 cosh B(v/arz + mf)} . (7.33)

The integral over z has been introduced to reduce the quadratic form (3, SPy?
to a linear expression. Collecting everything together, we find the RS free energy

. 3 .
f= %mz + % (iog(l ~ B+ Bq) ~ w@.‘%‘_%) + %’(zr(l - q)
—T/Dz [log 2 cosh B(v/arz + mé)] . (7.34)

The equations of state are derived by extremization of (7.34). The equation
for m is
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m = /Dz [¢ tanh B(Varz + m&)| = sz tanh B(y/arz +m). (7.35)

Next, a slight manipulation of the extremization condition with respect to r gives
g = /Dz [tanhQ B(Varz +mé)| = sz tanh® B(varz +m), (7.36)

and from extremization by ¢,

- q
"TU=B+ R

It is necessary to solve these three equations simultaneously.

It is easy to check that there is a paramagnetic solution m = ¢ = r = 0.
At low temperatures, the spin glass solution m = 0,¢ > 0,r > 0 exists. The
critical temperature for the spin glass solution to appear is T = 1 + /&, as can
be verified by combining (7.37) and the leading term in the expansion of the
right hand side of (7.36) with m = 0.

The retrieval solution m > 0,¢ > 0,r > 0 appears discontinuously by a first-
order transition. Numerical solution of the equations of state (7.35), (7.36), and
(7.37) should be employed to draw phase boundaries.!?

The final phase diagram is shown in Fig. 7.5, For « smaller than 0.138,
three phases (paramagnetic, spin glass, and metastable retrieval phases) appear
in this order as the temperature is decreased. If o < 0.05, the retrieval phase
is stable (i.e. it is the global, not local, minimum of the free energy) at low
temperatures. The RS solution of the retrieval phase is unstable for RSB at very
low temperatures. However, the RSB region is very small and the qualitative
behaviour of the order parameter m and related quantities is expected to be
relatively well described by the RS solution.

(7.37)

7.4 Self-consistent signal-to-noise analysis

The replica method is powerful but is not easily applicable to some problems. For
instance, when the input—-output relation of a neuron, which is often called the
activation function, is not represented by a simple monotonic function like (7.3},
it is difficult (and often impossible) to use the replica method. Self-consistent
signal-to-noise analysis (SCSNA) is a convenient approximation applicable to
many of such cases (Shiino and Fukai 1993).

7.4.1 Stationary state of an analogue neuron

The idea of SCSNA is most easily formulated for analogue neurons. The mem-
brane potential of a real neuron is an analogue quantity and its change with time
is modelled by the following equation:

= kit EJ: Jii F(hy). (7.38)

15 Analytical analysis is possible in the limits o — 0 and T — 0.
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FiG. 7.5. Phase diagram of the Hopfield model. The dashed line near the o axis
is the AT line and marks the instability of the RS solution.

The first term on the right hand side is for a natural decay of h;, and the second

term is the input signal from other neurons. F(h) is the activation function of

an analogue neuron, S; = F(h;) in the notation of (7.3). The variable S; has

continuous values, and the connection J;; is assumed to be given by the Hebb

rule (7.4) with random patterns £ = +1. The self-interaction J;; is vanishing.
In the stationary state, we have from (7.38)

hi = Z Ji3S;j. (7.39)
J
Let us look for a solution which has the overlap

i — j\/{ Sens, (7.40)
7

of order m! = m = O(1) and m* = O(1/VN) (1 > 2) as in §§7.2 and 7.3.

7.4.2  Separation of signal and noise

To evaluate the overlap (7.40), we first insert the Hebb rule (7.4) into the defini-
tion of h;, (7.39), to find the following expression in which the first and the uth
patterns (p > 2) are treated separately:

hi =Elm+&mt + > &/m” —aS;. (7.41)
vl p
The last term —a.S; is the correction due to Jy; = 0. The possibility that a term

proportional to S; may be included in the third term of (7.41) is taken into
account by separating this into a term proportional to S; and the rest,
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> Em” =8+ zip (7.42)
v#El

From (7.41) and (7.42),
S; = F(h;) = F(&m + &'mF + 2, +T'S;), (7.43)

where we have written I' = v — a. Now, suppose that the following solution has
been obtained for S; from (7.43):

S; = F(Elm + 'm* + 2;,,). (7.44)

Then the overlap for p > 2 is

s ugrm mt Sl ‘
mt = N zj:gg F(&im + zju) + N %:F’(fj m -+ Zju), (7.45)

where we have expanded the expression to first order in m* = O(1/v/N). The
solution of (7.45) for m# is

1 oy 1 - X
mh = "N Zgﬁf (Em+z), K=1- N Zk’(g;m + Zju)- (7.46)
i i

Here we have dropped the p-dependence of K in the second relation defining K,
since 75, will later be assumed to be a Gaussian random variable with vanishing
mean and p-independent variance. Replacement of this equation in the left hand
side of (7.42) and separation of the result into the (j = é)-term and the rest give

S et = e S E(Emt )t e S S GG EEmet ). (747)

v#Lp vl JF#i v#ELp

Comparison of this equation with the right hand side of (7.42) reveals that the
first term on the right hand side of (7.47) is v5; and the second z;,. Indeed,
the first term is (p/KN)S; = oS;/K according to (7.44). Small corrections of
o(1/ VN ) can be ignored in this correspondence. From «S;/K = +5;, we find
v=qa/K.

The basic assumption of the SCSNA is that the second term on the right hand
side of (7.47) is a Gaussian random variable z;, with vanishing mean. Under the
assumption that various terms in the second term on the right hand side of (7.47)
are independent of each other, the variance is written as

. . 1 ~ . o -
o* = (e) = s 2 O FEm+2,)%) = 5 (FE'm+ 2. (7.48)
JF#Fv#ELR

Here (---}¢ , is the average by the Gaussian variable z and the random variable
& (= +£1). The above equation holds because in the large-N limit the sum over j
(and division by N) is considered to be equivalent to the average over & and z.
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A similar manipulation to rewrite (7.46) yields
K=1—(F'(m+2))e... (7.49)
Finally, m is seen to satisfy
m = (EF(Em + 2))e .. (7.50)
Solution of (7.48), (7.49), and (7.50) determines the properties of the system.

7.4.3 Equation of state

Let us rewrite (7.48), (7.49), and (7.50} in a more compact form. Equation (7.41)
is expressed as a relation between random variables according to (7.42):

a |4
h=¢&mn+z+TY(£z2) (P =% a) , (7.51)
where Y (€, 2) = F(ém + z + TY (£, 2)). Introducing new symbols
2.2
QZI{U,'\/Q‘?"ZGQUW—”IMI‘:, To =z, (7.52)

we have the following equations in place of (7.50),(7.48), and (7.49)

m— < / Da:fY(.ﬁ,,x)>§ (7.53)

g= < / DzY (€, a:)2> (7.54)
. 13
Uyar = <f Dz zY (€, :c)> (7.55)
§
and auxiliary relations
Y€, 2)=Fém+Varz +TY (), ['= %%, q=(1-U)r. (7.56)

7.4.4 Binary neuron

Let us exemplify the idea of the SCSNA using the case of a binary neuron
F(z) = sgn(z). For an odd function F(z), it is seen from (7.56) that Y (~1,z) =
=Y (1, —z). Accordingly, we may drop the average over & in (7.53)—(7.55) for
m, g, U/ar and replace the integrands by their values at € = 1.

The equation for Y, (7.56), reads

Y(z) = sgn(m + varz + 'Y (2)). (7.57)

The stable solution of this equation is, according to Fig. 7.6, Y(z) = 1 when
Vvoarz4+m >0 andis Y(x) = -1 for y/arz +m < 0. When two solutions exist
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F1G. 7.6. Solutions of the equation for YV

simultaneously as in Fig. 7.6, one accepts the one with a larger area between
varz+m and the Y axis, corresponding to the Maxwell rule of phase selection.
From this and (7.54), we have ¢ = 1, and from (7.53) and (7.55),

m/Var 2 o
m = 2/ Dz, ar = a+ ;e"m /2ar, (7.58)
0

The solution obtained this way agrees with the limit T — 0 of the RS solution
(7.35)—(7.37). This is trivial for m and ¢. As for =, (7.56) coincides with (7.37)
using the correspondence U = §(1 — ¢).

The SCSNA generally gives the same answer as the RS solution when the
latter is known. The SCSNA is applicable also to many problems for which the
replica method is not easily implemented. A future problem is to clarify the
limit of applicability of the SCSNA, corresponding to the AT line in the replica
method.

7.5 Dynamics

It is an interesting problem how the overlap m changes with time in neural
networks. An initial condition close to an embedded pattern p would develop
towards a large value of my, at 1" = 0. It is necessary to introduce a theoret-
ical framework beyond equilibrium theory to clarify the details of these time-
dependent phenomena.

It is not difficult to construct a dynamical theory when the number of em-
bedded patterns p is finite (Coolen and Ruijgrok 1988; Riedel et al. 1988; Shiino
et al. 1989). However, for p proportional to N, the problem is very complicated
and there is no closed exact theory to describe the dynamics of the macroscopic
behaviour of a network. This aspect is closely related to the existence of a compli-
cated structure of the phase space of the spin glass state as mentioned in §7.3; it
is highly non-trivial to describe the system properties rigorously when the state
of the system evolves in a phase space with infinitely many free energy minima.
The present section gives a flavour of approximation theory using the example
of the dynamical theory due to Amari and Maginu (1988).
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7.5.1  Synchronous dynamics

Let us denote the state of neuron ¢ at time ¢ by S! (= %1). We assume in the
present section that ¢ is an integer and consider synchronous dynamics in which
all neurons update their states according to

S+ = ggn Z Ji; S} (7.59)
J

simultaneously at each discrete time step t(= 0,1,2,...). In other words, we
apply (7.59) to all i simultaneously and the new states thus obtained {Sf “} are
inserted in the right hand side in place of {S!} for the next update.'® Synchronous
dynamics is usually easier to treat than its asynchronous counterpart. Also it is
often the case that systems with these two types of dynamics share very similar
equilibrium properties (Amit et al. 1985; Fontanari and Kéberle 1987).

7.5.2  Time evolution of the overlap

Let us investigate how the overlap m,, changes with time under the synchronous
dynamics (7.59) when the synaptic couplings J;; are given by the Hebb rule (7.4)
with J;; = 0. The goal is to express the time evolution of the system in terms of a
few macroscopic variables (order parameters). It is in general impossible to carry
out this programme with only a finite number of order parameters including the
overlap (Gardner et al. 1987). Some approximations should be introduced. In the
Amari-Maginu dynamics, one derives dynamical equations in an approximate
but closed form for the overlap and the variance of noise in the input signal.

Let us consider the case where the initial condition is close to the first pattern
only, m; = m > 0 and m, = 0 for p # 1. The input signal to .S; is separated
into the true signal part (contributing to retrieval of the first pattern) and the
rest (noise):

P
M= T s = Y Saes)

i#i u=1 j#i
1 1eigr , b Bt ot
= NZfiéij + "ﬁzzfn §55;
J#i u#EL ji

The term with p = 1 gives the true signal £]m,, and the rest is the noise NJ.
Self-feedback J;;S! vanishes and is omitted here as are also terms of O(N~1).
The time evolution of the overlap is, from (7.59) and (7.60),

16We implicitly had asynchronous dynamics in mind so far in which (7.59) is applied to a
single 7 and the new state of this ith neuron, Sf’”, is inserted in the right hand side with all
other neuron states (S; (j # 1)) unchanged. See Amit (1989) for detailed discussions on this
point.
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‘ — 1 1o ty . 1 . 1art
My = Zf sen(hi) = & ;sgn(mt +END). (7.61)

If the noise term ¢! N/! is negligibly small compared to mq, then the time de-
velopment of m; is described by myy1 = sgn(m,), which immediately leads to
my = 1 or my = —1 at the next time step ¢t = 1 depending on the sign of the
initial condition my.q. Noise cannot be ignored actually, and we have to consider
its effects as follows.

Since N} is composed of the sum of many terms involving stochastic variables
&, this Nt would follow a Gaussian distribution according to the central limit
theorem zf the terms in the sum were independent of each other. This indepen-
dence actually does not hold because S% in N/ has been affected by all other {£/'}
during the past update of states, In the Amari-Maginu dynamics, one neverthe-
less accepts the approximate treatment that N} follows a Gaussian distribution
with vanishing mean and variance ¢, denoted by N(0,07). The appropriateness
of this approximation is judged by the results it leads to.

If we assume that N! obeys the distribution N (0, ¢7), the same should hold
for ¢} Nf. Then the time development of m; can be derived in the large-N limit
from (7.61) as

Mgy = /Du sgn(my + opu) = (mt) , (7.62)

Tt
where F(z) = 2 [, Du.

7.5.3 Time evolution of the variance

Our description of dynamics in terms of macroscopic variables m; and o, becomes
a closed one if we know the time evolution of the variance of noise o} since we
have already derived the equation for m, in (7.62). We may assume that the
first pattern to be retrieved has &! = 1 (Vi) without loss of generality as can be
checked by the gauge transformation S; — S;£!, the ferromagnetic gauge.

With the notation E[---] for the average (expectation value), the variance of
NT is written as

o? = E[(N})? = Z SN EBlelerelensis). (7.63)

nFEl vl jEL A

The expectation value in this sum is classified into four types according to the
combination of indices:
1. For g =vand j = j/, E[---] = 1. The number of such terms is (p—1)(N~1).
2. For p# v and j =3/, E[--+] =0, which can be neglected.
3. Let us write vy = E[¢/¢), 8154 ] for the contribution of the case y = v and
j # 7. The number of terms is (p — 1}(N — 1}(N — 2).

4. When g # v and j # j', we have to evaluate vy = E[£]'¢1¢l'¢r 5180
explicitly. The number of terms is (p — 1)(p — 2)(N — 1}(N — 2)
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For evaluation of vs, it is convenient to write the ¢/, £//-dependence of SiSt,
explicitly. According to (7.60),

Si =sgn(me_1 +Q + R+ Nﬁlﬁ}“fﬁ/ 5;71)

(7.64)
St = sgn(me_1 + Q' + LR+ N"Ié“ “S’ b,
where (2, ()', and R are defined by
¥ L Yeasa -5 ¥ Yaas R 3 st
Vﬂ e k] vi#EL e h# ] k:a»ém
(7.65)

We assume these are independent Gaussian variables with vanishing mean and
variance 02_;,07_1, and o2_; /p, respectively. By writing Y;; for the contribution
to v3 when {f = ‘f;, =1 and similarly for ¥7_1,Y_11.Y_1_1, we have

1
v3 = g(th + Yo+ Yo+ Yo ). (7.66)
The sum of the first two terms is

Yi + Y, = f P(Q)P(Q')P(R)dQdQ’ dR

t—1

S si-t
Ssgn | my1 +Q+ R+ f’\f sgn [ me1 +Q + R+ ]7\/

St 1 St 1
~sgn<mt 1+ Q+R~— ::V )sgn(mt 1+ Q@ -~ R— ]’\/' )}.(7.67)

The Gaussian integral over ¢ and @' gives the function F' used in (7.62). The
integral over R can be performed by expanding F to first order assuming that
R+ S’ 1/N is much smaller than m;._y in the argument of F. The remaining
Y_ 11 + Y 1-1 gives the same answer, and the final result is

. 2 m?_ 1) Ay ( m?_1> ] <mnm1)
Nug = —ex 4 exp | —— F . 7.68
? T ma p( V2o b 207 4 O¢-1 (7.68)

A similar calculation yields for vy

, 2m? m?
72 t-1 i1 5
Ny = —— exp (w 5 ) . (7.69)
i

b1 Ji1

We have thus obtained o7. To be more accurate in discussing the variance, it is
better to subtract the square of the average from the average of the square. The
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FiG. 7.7. Memory retrieval by synchronous dynamics: (a) o = 0.08, and (b)
a = 0.20

relation (E[Nf])? = p*vs coming from the definition of v4 can be conveniently
used in this calculation:

2 m? domem ( m2 )

2 i1 tMeg1 i1

o =+ —exp| — +- exp | — . 7.70
t+1 s b ( o7, ) V2o b 2074 ( )

The two equations (7.62) and (7.70) determine the dynamical evolution of the
macroscopic parameters m; and oy.

7.5.4  Limit of applicability

We show some explicit solutions of the time evolution equations (7.62) and (7.70).
Figure 7.7 depicts m, for various initial conditions with o = 0.08 (a) and 0.20 (b).
When a = 0.20, the state tends to m; — 0 as £ — oo for any initial conditions, a
retrieval failure. For a = 0.08, m; approaches 1, a successful retrieval, when the
initial condition is larger than a threshold mg > mg.. These analytical results
have been confirmed to agree with simulations, at least qualitatively.

Detailed simulations, however, show that the assumption of Gaussian noise
is close to reality when retrieval succeeds, but noise does not obey a Gaussian
distribution when retrieval fails (Nishimori and Ozeki 1993). The system moves
towards a spin glass state when retrieval fails, in which case the phase space has
a very complicated structure and the dynamics cannot be described in terms of
only two variables m; and oy.

For a larger than a critical value a., the system moves away from the embed-
ded pattern even if the initial condition is exactly at the pattern mq = 1. Numer-
ical evaluation of (7.62) and (7.70) reveals that this critical value is o, = 0.16.
This quantity should in principle be identical to the critical value o, = 0.138 for
the existence of the retrieval phase at T' = 0 in the Hopfield model (see Fig. 7.5).
Note that equilibrium replica analysis has been performed also for the system
with synchronous dynamics under the Hebb rule (Fontanari and Kéberle 1987).
The RS result a. = 0.138 is shared by this synchronous case. It is also known
that the RSB changes a. only by a very small amount (Steffan and Kithn 1994).

Considering several previous steps in deriving the time evolution equation is
known to improve results (Okada 1995), but this method is still inexact as it uses
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Fia. 7.8. Simple perceptron

a Gaussian assumption of noise distribution. It is in general impossible to solve
exactly and explicitly the dynamics of associative memory with an extensive
number of patterns embedded (p proportional to N). Closed-form approxima-
tion based on a dynamical version of equiparitioning gives a reasonably good
description of the dynamical evolution of macrovariables (Coolen and Sherring-
ton 1994). Another approach is to use a dynamical generating functional to derive
various relations involving correlation and response functions (Rieger et al. 1989;
Horner et al. 1989), which gives some insight into the dynamics, in particular in

7.6 Perceptron and volume of connections

It is important to investigate the limit of performance of a single neuron. In
the present section, we discuss the properties of a simple perceptron with the
simplest possible activation function. The point of view employed here is a lit-
tle different from the previous arguments on associative memory because the
synaptic couplings are dynamical variables here.

7.6.1  Simple perceptron

A simple perceptron is an element that gives an output o* according to the follow-
ing rule: given N inputs &', &5, ..., & and synaptic connections Ji, Ja, ..., JJx
(Fig. 7.8) then

ot = sgn ZJ,»&;»“ -0 . (7.71)
J

Here 6 is a threshold and p(= 1,2,...,p) is the index of the input-output
pattern to be realized by the perceptron. The perceptron is required to adjust
the weights J = {J;} so that the input {£/'},=1, .~ leads to the desired output
o#. We assume 59-‘3 o# = +1; then the task of the perceptron is to classify p input
patterns into two classes, those with o# = 1 and those o# = —1.

Let us examine an example of the case N = 2. By choosing Jq,.Js, and 6
appropriately as shown in Fig. 7.9, we have ) 3 ijf‘ — 8 = 0 on the dashed line
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Fic. 7.9. Linearly separable task. The arrow is the vector J = (.J;, Jo).

perpendicular to the vector J = ?(J;, J2). This means that the output is ¢! = 1
for the input & = & = 1 denoted by the full circle and o# = —1 for the open
circles, thus separating the full and open circles by the dashed line. However,
if there were two full circles at (1,1) and (—1,—1) and the rest were open,
no straight line would separate the circles. It should then be clear that a simple
perceptron is capable of realizing classification tasks corresponding to a bisection
of the {€/'} space by a hypersurface (a line in the case of two dimensions). This
condition is called linear separability.

7.6.2 Perceptron learning

Although it has the constraint of linear separability, a simple perceptron plays
very important roles in the theory of learning to be discussed in the next chapter.
Learning means to change the couplings J gradually, reflecting given examples of
input and output. The goal is to adjust the properties of the elements (neurons)
or the network so that the correct input—output pairs are realized appropriately.
We shall assume 6 = 0 in (7.71) for simplicity.

If the initial couplings of a perceptron are given randomly, the correct input—
output pairs are not realized. However, under the following learning rule (the rule
to change the couplings), it is known that the perceptron eventually reproduces
correct input-output pairs as long as the examples are all linearly separable and
the number of couplings N is finite (the convergence theorem):

0 {correct output for the puth pattern)

not&l (otherwise). (7.72)

4@+A@m@m+{

This is called the perceptron learning rule. Here 1 is a small positive constant. We
do not present a formal proof of the theorem here. It is nevertheless to be noted
that, by the rule (7.72), the sum of input signals ) i Jj(;”j‘ increases by not* N
when the previous output was incorrect, whereby the output sgn(}:j Jjég‘) is
pushed towards the correct value o#.
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7.6.3 Capacity of a perceptron

An interesting question is how many input-output pairs can be realized by a
simple perceptron. The number of input—-output pairs (patterns) will be denoted
by p. Since we are interested in the limit of large N, the following normalization
of the input signal will turn out to be appropriate:

1
F=s —= Y Ji&¥]. 7.73
T sgn \/N ; .75] ( )

The couplings are assumed to be normalized, 2;; i JJ? = N.

As we present examples (patterns or tasks to be realized) p = 1,2,3, ... to the
simple perceptron, the region in the J-space where these examples are correctly
reproduced by (7.73) shrinks gradually. Beyond a certain limit of the number of
examples, the volume of this region vanishes and no J will reproduce some of
the tasks. Such a limit is termed the capacity of the perceptron and is known to
be 2N. We derive a generalization of this result using techniques imported from
spin glass theory (Gardner 1987, 1988).

The condition that the uth example is correctly reproduced is, as is seen by
multiplying both sides of (7.73) by o#,

14
A¥ = 5—7\? ST el >o. (7.74)
J

We generalize this inequality by replacing the right hand side by a positive
constant &

A >k (7.75)

and calculate the volume of the subspace in the J-space satisfying this relation.
If we use (7.74), the left hand side can be very close to zero, and, when the input
deviates slightly from the correct {fg‘}, A* might become negative, producing
an incorrect output. In (7.75) on the other hand, a small amount of error (or
noise) in the input would not affect the sign of A* so that the output remains
intact, implying a larger capability of error correction (or noise removal).

Let us consider the following volume (Gardner volume) in the J-space satis-
fying (7.75) with the normalization condition taken into account:

V= % /'Hdeé(ZJ?—N)HQ(m_ﬁ), v = /'Hdeé(ZJ;f_N),
v J Iz ST ;

(7.76)

where O(z) is a step function: ©(z) = 1 for z > 0 and 0 for z < 0.
Since we are interested in the typical behaviour of the system for random
examples of input—output pairs, it is necessary to take the configurational average
of the extensive quantity log V over the randomness of &' and ¢, similar to the
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spin glass theory.!” For this purpose we take the average of V™ and let n tend
to zero, following the prescription of the replica method,

ny 1 (e 7oN2 A7 ot (T
o W/Ij}a[d,;ja % (JF)? ~ N a[ﬂ]@ T }j:Jj &
(7.77)

7.6.4 Replica representation

To proceed further with the calculation of (7.77), we use the integral represen-
tation of the step function

o0 O
Oy — x) = / ;% / dz eltO-1) (7.78)
113 X0

and carry out the average [- -] over {&/'}:

e L JEE —k
IEES e

PN
o0 o0 o
:/ def}/ Hd)\fjexp iZ:ﬁﬁAﬁ-{-Zlogcos WZ:@JJ‘-}
O Ao o, Fupt \/N o
~ {/m [Tz /de»’
= UKD I < o
P
-exp iZma)\“ 1 2:(:1:‘”‘)2 — Z Gapr®a’ . (7.79)
o 2 o (af)

Here we have dropped the trivial factor (a power of 27), set o5 = Z; J;‘Jf /N,
and used the approximation log cos(z) & —2%/2 valid for small . The notation
(af3) is for the n(n — 1)/2 different replica pairs. Apparently, go3 is interpreted
as the spin glass order parameter in the space of couplings.

Using the normalization condition ) g J]‘Z = N and the Fourier representation
of the delta function to express the definition of g,z, we find

[V = Vg™ / 1 dgepdFus | dEa ] dT5{(7.79)} exp {—u\f > Es
Jhex a

(o) «
<IN D Foptap +13_ Ead (T 13 Fas 3 T3]
(a5) o (@)

7In the present problem of capacity, Ef and o* are independent random numbers. In the
theory of learning to be discussed in the next chapter, o is a function of {£/'}.
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- / 11 deas dFas H dE, V¢, (7.80)
(o)
Here
G = aGy (qaﬁ) -+ Gz(Faa, e IZE - i Z Fosqan (7.81)
(a3)
with

G1(gap) = Eog/w []d== /de)\“
-exp ( Zz:a)\a 3 Z (x%)* — angm 3‘3) (7.82)

(afB)
Ga(Fap, Ba) = log / [Tar

~exp{ (ZE (JOP? + ) Fagd® I‘j) } (7.83)

(a3}

The reader should not confuse the factor a (= p/N) in front of G (¢ag) in (7.81)
with the replica index.

7.6.5 Replica-symmetric solution

The assumption of replica symmetry ¢os = q, Foup = F, E, = E makes it possible
to go further with the evaluation of (7.82) and (7.83). We write the integral in
(7.82) as Iy, which is simplified under replica symmetry as

Oo - ; l—gq 2 4 2
L =/ de"‘f Hd)«"‘ exp (12:}:"‘)«“ - Z(;{'“) - 5(23:") )
0 B @ o &
b o . 1—q 9
:/ deo‘f Hd)«"‘/Dyexp (lzx‘*,\a - TZ(J(‘O‘)“
0w L o @
+ iyﬂZa:o‘)

= /Dy {/:1 dz /:Q dAexp <WW@'Q +iz(A + y\/(})) }n (7.84)

The quantity in the final braces {-- -}, to be denoted as L(q), is, after integration
over x,

Y 1 D\ L [ FYuVa _
L(Q)m./& d)\—mexp< g >m25rfc(————m>, (7.85)
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where Erfc(z) is the complementary error function ];Q e~ dt. Thus Gy (gap) in
(7.82) is, in the limit n — 0,

G1(a) = n [ Dy logL(a) (7.86)

The integral over J in G2(F, E), on the other hand, can be evaluated by
a multidimensional Gaussian integral using the fact that the exponent is a
quadratic form in J.'® The eigenvalues of the quadratic form of J, E ST+
F Z{ ap @ J? are E+(n—1)F/2 (without degeneracy) and E~— F/2 (degeneracy
(n— 1)), from which Gj is, apart from a trivial constant,

Go(F,E) = m%;()g (E+"“1F> _noly, (Emg)

2 2

n F nk

Substitution of (7.86) and (7.87) into (7.81) gives

1 : 1 F F N
EG_Q_/ Dy ngL(Q)-glOg(b—§>-m—lE+ ii’q. (788)

According to the method of steepest descent, E and F can be eliminated in the

limit N — oo by extremization of G with respect to £ and F:

i(l-2q) g

Then, (7.88) can be written only in terms of ¢, and the following expression
results:

1 1 1
;;G = Oz/Dy log L{q) + 5 log(1 — q) + =g (7.90)
Various J are allowed for small p, but as p approaches the capacity limit,
the freedom of choice is narrowed in the J-space, and eventually onigr a single
one survives. Then ¢ becomes unity by the definition N=15" . J3J;, so that
the capacity of the perceptron, ., is obtained by extremization of (7.90) with
respect to ¢ and setting ¢ — 1. Using the limiting form of the complementary
error function Erfe(z) ~ e’ [2x as x — o0,

1 2% R 9
21—¢q2 2(1-¢)? /;,@ Dy (k +y)” (7.91)

The final result for the capacity is

18 Another idea is to reduce the quadratic form in the exponent involving I*(z:a J*)? to a
linear form by Gaussian integration.
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a(K)

0 K

F1G. 7.10. Capacity of a simple perceptron

aelk) = { f Dy (s + y)Z}WI . (7.92)

&

In the limit & — 0, a.(0) = 2, which is the capacity 2V referred to in the first
part of §7.6.3. The function a.(k) is monotonically decreasing as shown in Fig.
7.10. We mention without proof here that the RS solution is known to be stable
as long as o < 2 (Gardner 1987, 1988), which means that the J-space does not
have a complicated structure below the capacity.

Bibliographical note

Most of the developments in neural network theory from statistical-mechanical
points of view are covered in Amit (1989), Hertz et al. (1991}, and Domany
et al. (1991) as far as references until around 1990 are concerned. More up-to-
date expositions are found in Coolen (2001) and Coolen and Sherrington (2001).
Activities in recent years are centred mainly around the dynamical aspects of
memory retrieval and the problem of learning. The latter will be treated in the
next chapter. Reviews concerning the former topic are given in Coolen (2001),
Coolen and Sherrington (2001), and Domany et al. (1995).



8
LEARNING IN PERCEPTRON

In the previous chapter we calculated the capacity of a simple perceptron under
random combinations of input and output. The problem of learning is different
from the capacity problem in that the perceptron is required to simulate the
functioning of another perceptron even for new inputs, not to reproduce random
signals as in the previous chapter. For this purpose, the couplings are gradually
adjusted so that the probability of correct output increases. An important objec-
tive of the theory of learning is to estimate the functional relation between the
number of examples and the expected error under a given algorithm to change
couplings. The argument in this book will be restricted to learning in simple
perceptrons.

8.1 Learning and generalization error

We first explain a few basic notions of learning. In particular, we introduce the
generalization error, which is the expected error rate for a new input not included
in the given examples used to train the perceptron.

8.1.1 Learning in perceptron

Let us prepare two perceptrons, one of which is called a teacher and the other a
student. The two perceptrons share a common input § = {{;} but the outputs
are different because of differences in the couplings. The set of couplings of the
teacher will be denoted by B = {B,} and that of the student by J = {J;} (Fig.
8.1). All these vectors are of dimensionality N. The student compares its output
with that of the teacher and, if necessary, modifies its own couplings so that
the output tends to coincide with the teacher output. The teacher couplings do
not. change. This procedure is termed supervised learning. The student couplings
J change according to the output of the teacher; the student tries to simulate
the teacher, given only the teacher output without explicit knowledge of the
teacher couplings. In the case of unsupervised learning, by contrast, a perceptron
changes its couplings only according to the input signals. There is no teacher
which gives an ideal output. The perceptron adjusts itself so that the structure
of the input signal (e.g. the distribution function of inputs) is well represented
in the couplings. We focus our attention on supervised learning.

Supervised learning is classified into two types. In batch learning (or off-line
learning) the student learns a given set of input—output pairs repeatedly until
these examples by the teacher are reproduced sufficiently well. Then the same
process is repeated for additional examples. The student learns to reproduce the

158
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teacher student

Fia. 8.1. Teacher and student perceptrons with N = 3

examples faithfully. A disadvantage is that the time and memory required are
large.

The protocol of on-line learning is to change the student couplings immedi-
ately for a given example that is not necessarily used repeatedly. The student
may not be able to answer correctly to previously given examples in contrast
to batch learning. One can instead save time and memory in on-line learning.
Another advantage is that the student can follow changes of the environment
(such as the change of the teacher structure, if any) relatively quickly.

In general, the teacher and student may have more complex structures than a
simple perceptron. For example, multilayer networks (where a number of simple
elements are connected to form successive layers) are frequently used in prac-
tical applications because of their higher capabilities of information processing
than simple perceptrons. Nevertheless, we mainly discuss the case of a simple
perceptron to elucidate the basic concepts of learning, from which analyses of
more complex systems start. References for further study are listed at the end
of the chapter.

8.1.2 Generalization error

One of the most important quantities in the theory of learning is the generaliza-
tion error, which is, roughly speaking, the expectation value of the error in the
student output for a new input. An important goal of the theory of learning is
to clarify the behaviour of generalization error as a function of the number of
examples.

To define the generalization error more precisely, we denote the input signals
to the student and teacher by u and v, respectively,

N N
u=> Ji&, v=> B (8.1)
=1 =1
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Suppose that both student and teacher are simple perceptrons. Then the outputs
are sgn(u) and sgn(v), respectively. It is also assumed that the components of
student and teacher couplings take arbitrary values under normalization > ; ]f =
Ej Bf» = N. We discuss the case where the components of the input vector are
independent stochastic variables satisfying [&] = 0 and [£§;] = 6;;/N. Other
detailed properties of &€ (such as whether & is discrete or continuous) will be
irrelevant to the following argument in the limit of large N. The overlap between
the student and teacher couplings is written as R:

1 N
R= go B;J;. (8.2)

As the process of learning proceeds, the structure of the student usually ap-
proaches that of the teacher (J ~ B) and consequently R becomes closer to
unity.

We consider the limit of large N since the description of the system then often
simplifies significantly. For example, the stochastic variables u and v follow the
Gaussian distribution of vanishing mean, variance unity, and covariance (average
of uwv) R when N — oo according to the central limit theorem,

1 u? + v? — 2Ruv
)

The average with respect to this probability distribution function corresponds
to the average over the input distribution.

To define the generalization error, we introduce the training energy or training
cost for p examples:

P(u,v) = (8.3)

P
E=3 V(J,0u8,), (84)
pee=1
where o, = sgn(v,) is the teacher output to the uth input vector £,. Note
that the training energy depends on the teacher coupling B only through the
teacher output o, ; the student does not know the detailed structure of the teacher
(B) but is given only the output o,. The generalization function E(J, o) is
the average of V(J,0,£) over the distribution of input £&. A common choice of
training energy for the simple perceptron is the number of incorrect outputs

E= Z O(~opuuy) (: z @(““u%)) ’ (8.5)
=1 p=1

g

where O(z) is the step function.
the energy (8.5) is the probability that sgn(u) is different from sgn(v), which is
evaluated by integrating P(u, v) over the region of wv < O:

E(R) = /du dv P{u, v)0(—uv) = %cos“l R. (8.6)
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Fia. 8.2. Coupling vectors of the teacher and student, and the input vectors to
give incorrect student output (shaded).

The generalization error €; of a simple perceptron is the average of the gener-
alization function over the distributions of teacher and student structures. The
generalization function E(R) depends on the teacher and student structures only
through the overlap R. Since the overlap R is a self-averaging quantity for a large
system, the generalization function is effectively equal to the generalization error
in a simple perceptron. The overlap R will be calculated later as a function of the
number of examples divided by the svstem size oo = p/N. Thus the generalization
error is represented as a function of « through the generalization function:

es() = E(R(a)). (8.7)

The generalization error as a function of the number of examples e, () is called
the learning curve.

It is possible to understand (8.6) intuitively as follows. The teacher gives
output 1 for input vectors lying above the plane perpendicular to the coupling
vector B, Sp : 3, Bj§; = 0 (Le. the output is 1 for 37, B;&; > 0); the teacher
output is —1 if the input is below the plane > ; Bj&; < 0. Analogously, the stu-
dent determines its output according to the position of the input vector relative
to the surface S; perpendicular to the coupling vector J. Hence the probability
of an incorrect output from the student (generalization error) is the ratio of the
subspace bounded by Sp and S; to the whole space (Fig. 8.2). The generaliza-
tion error is therefore equal to 26/2r, where 8 is the angle between B and J. In
terms of the inner product R between B and J, §/7 is expressed as (8.6).

8.2 Batch learning

Statistical-mechanical formulation is a very powerful tool to analyse batch learn-
ing. A complementary approach, PAC (probably almost correct) learning, gives
very general bounds on learning curves (Abu-Mostafa 1989; Hertz et al. 1991)
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while statistical mechanics makes it possible to calculate the learning curve ex-
plicitly for a specified learning algorithm.

8.2.1 Bayesian formulation

It is instructive to formulate the theory learning as a problem of statistical in-
ference using the Bayes formula because a statistical-mechanical point of view is
then naturally introduced (Opper and Haussler 1991; Opper and Kinzel 1995).
We would like to infer the correct couplings of the teacher B, given p exam-
ples of teacher output o, (= sgn(v,)) for input &, (1 = 1,...,p). The result of
inference is the student couplings J, which can be derived using the posterior
P(J|oy,...,0p). For this purpose, we introduce a prior P(J), and the conditional
probability to produce the outputs oy, ..., 0, will be written as P(oy,...,0p|J).
Then the Bayes formula gives

Ploy,...,op0JYP(J)

P(J‘O'l,...,ﬂ'p): 7 B

(8.8)

where Z is the normalization. Although it is possible to proceed without ex-
plicitly specifying the form of the conditional probability P(oy,...,0,/J), it is
instructive to illustrate the idea for the case of output noise defined as

_ J sen(v) prob. (1 +e“ﬁ)~1
. { —sgn(v) prob. (14 ¢%)71 (8.9)

The zero-temperature limit (5 = 1/T° — oo) has no noise in the output (o =
sgn(v)) whereas the high-temperature extreme (J — 0) yields perfectly random
output. The conditional probability of output o, given the teacher connections
B for a fixed single input £, is thus

S (- oxp {— 0O (—o

The full conditional probability for p independent examples is therefore

P P
P(oy,....00B) = || Plou|B) = (1 +e %) Pexp {—mﬁ > @<-~'%UM)} .

p=1 ==l
(8.11)
The explicit expression of the posterior is, from (8.8),

exp {850, O(-0,m,) } P(J)
- ,

P(J|oy,...,0p) = (8.12)
which has been derived for a fixed set of inputs §;,...,§,. Note that v, (=
B -§,) in the argument of the step function © in (8.11) has been replaced by
u, (= J-§,) in (8.12) because in the latter we consider P(oy,...,0,[J) instead
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of P(oy,...,0p|B) in the former. We shall assume a uniform prior on the sphere,
P(J) x §(J*~N)and P(B) x §(B?—N) as mentioned in §8.1.2. The expression
(8.12) has the form of a Boltzmann factor with the energy

»
E =Y 0(-0,u). (8.13)
prz=l

This is the same energy as we introduced before, in (8.5). For large 5 the system
favours students with smaller training errors. Equation (8.12) motivates us to
apply statistical mechanies to the theory of learning.

A few comments are in order. First, input noise, in contrast with output
noise, stands for random deviations of £ to the student from those to the teacher
as well as deviations of the teacher couplings from the true value. Input noise
causes various non-trivial complications, which we do not discuss here (Gyorgyi
and Tishby 1990). Second, training error is defined as the average of the training
energy per example E/p. The average is taken first over the posterior (8.12)
and then over the configuration of input £. Training error measures the average
error for examples already given to the student whereas generalization error is
the expected error for a new example. We focus our attention on generalization
error.

8.2.2  Learning algorithms

It is instructive to list here several popular learning algorithms and their prop-
erties. The Bayesian algorithm (Opper and Haussler 1991) to predict the output
o for a new input &€ compares the probability of o = 1 with that of ¢ = —1 and
chooses the larger one, in analogy with (5.15) for error-correcting codes,

o=sgn(VF —V7), (8.14)

where V* is the probability (or the volume of the relevant phase space) of the
output 1 or —1, respectively,

VE = /dJ@(iJ-£)P(J{01,...,0p). (8.15)

This is the best possible (Bayes-optimal) strategy to minimize the generalization
error, analogously to the case of error-correcting codes. In fact the generalization
error in the limit of large p and N with a = p/N fixed has been evaluated for
the Bayesian algorithm as (Opper and Haussler 1991)
0.44

o R e 8.16

€g o ( )
for sufficiently large «, which is the smallest among all learning algorithms (some
of which will be explained below). A drawback is that a single student is unable
to follow the Bayesian algorithm because one has to explore the whole coupling
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space to evaluate V*, which is impossible for a single student with a single set of
couplings J. Several methods to circumvent this difficulty have been proposed,
one of which is to form a layered network with a number of simple perceptrons
in the intermediate layer. All of these perceptrons have couplings generated by
the posterior (8.12) and receive a common input. The number of perceptrons in
the layer with o = 1 is proportional to V' and that with ¢ = —1 to V™. The
final output is decided by the majority rule of the outputs of these perceptrons
(committee machine).

An alternative learning strategy is the Gibbs algorithm in which one chooses
a single coupling vector J following the posterior (8.12). This gives a typical
realization of J and can be implemented by a single student perceptron. The
performance is slightly worse than the Bayes result. The asymptotic form of the
generalization error is, for T'— 0,

0.625
€g N

. (8.17)
in the regime a = p/N — oo (Gyorgyi and Tishby 1990). We shall present the
derivation of this result (8.17) later since the calculations are similar to those in
the previous chapter and include typical techniques used in many other cases.
The noise-free (1" = 0) Gibbs learning is sometimes called the minimum error
algorithm.

In the posterior (8.12) we may consider more general forms of energy than the
simple error-counting function (8.13). Let us assume that the energy is additive
in the number of examples and write

P
E=> V(o.u). (8.18)

pee=1
The Hebb algorithm has V(z) = —2; the minimum of this energy with respect to

J has J o ) 0,€,, reminiscent of the Hebb rule (7.4) for associative memory,
as can be verified by minimization of E under the constraint J? = N using a

Lagrange multiplier. This Hebb algorithm is simple but not necessarily efficient
in the sense that the generalization error falls rather slowly (Vallet 1989):

040
Gg =~ ﬁ

The parameter x = oJ - € = ou may be interpreted as the level of confidence
of the student about its output: positive x means a correct answer, and as x
increases, small fluctuations in J or € become less likely to lead to a wrong
answer. In the space of couplings, the subspace with z > 0 for all examples is
called the version space. It seems reasonable to choose a coupling vector J that
gives the largest possible x in the version space. More precisely, we first choose
those J that have the stability parameter x larger than a given threshold x.

(8.19)
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Then we increase the value of x until such J cease to exist. The vector .J chosen
at this border of existence (vanishing version space) is the one with the largest
stability. This method is called the maximum stability algorithm. The maximum
stability algorithm can be formulated in terms of the energy

V(z) = {OO ’ ; " (8.20)

One increases & until the volume of subspace under the energy (8.20) vanishes in
the J-space. The asymptotic form of the generalization error for the maximum
stability algorithm has been evaluated as (Opper et al. 1990)
0.50
o

€g A , (8.21)
which lies between the Bayes result (8.19) and the minimum error (Gibbs) algo-
rithm (8.17). The inverse-a law of the generalization error has also been derived
from arguments based on mathematical statistics (Haussler ef al. 1991).

8.2.3 High-temperature and annealed approximations
The problem simplifies significantly in the high-temperature limit and yet non-
trivial behaviour results. In particular, we show that the generalization error can
be calculated relatively easily using the example of the Gibbs algorithm (Seung
et al. 1992).

The partition function in the high-temperature limit (5 — 0} is

Z- /dJP (1-520( a”uM))»ro ﬁz)“/dRZ (R)+O(3) (8.22)

according to (8.12). The partition function with R specified is rewritten as

Z(8) = Va (1wﬁfngP(Jil§2u@(—a#up)), VR=/dJP(J). (629
R

R

The integral with suffix R runs over the subspace with a fixed value of the overlap
R. The integral over R in (8.22) is dominated by the value of R that maximizes
Z(R) or minimizes the corresponding free energy. The configurational average of
the free energy for fixed R is

BF(R) = —[log Z(R)] = —log Vg -+ BpE(R), (8.24)

where the relation (8.6) has been used. The volume Vy is evaluated using the
angle # between B and J as

Vi xsinV 720 = (1 — R%H)(N-2/2, (8.25)

The reason is that the student couplings J with a fixed angle 6 to B lie on a
hypersphere of radius N sinf and dimensionality N — 2 in the coupling space.
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Suppose that Fig. 8.2 is for N = 3; that is, J and B both lie on a sphere of radius
N (= 3). Then the J with a fixed angle 8 to B all lie on a circle (dimensionality
N — 2 = 1) with radius N sinf on the surface of the sphere.

We have to minimize the free energy F(R) in the large-N limit. From the
explicit expression of the free energy per degree of freedom

Bf(R) = % cos™ ' R — %iog(l — R%), (8.26)
where & = fJa, we find )
% - % (8.27)
The generalization error e¢; = E(R) is thus
€g = 1 cos™! a = }, (8.28)

T JrPr a2 @

where the last expression is valid in the large-& limit, The combination & = fa
is the natural parameter in the high-temperature limit (small 5) because one
should present more and more examples (large a) to overwhelm the effects of
noise. The result (8.28) shows that the inverse-« law holds for the learning curve
in the high-temperature limit.

Annealed approzimation is another useful technique to simplify calculations
{(Seung et al. 1992). One performs the configurational average of Z, instead of
log Z, in the annealed approximation. This approximation can be implemented
relatively easily in many problems for which the full quenched analysis is difficult.
One should, however, appreciate that this is an uncontrolled approximation and
the result is sometimes qualitatively unreliable.

8.2.4 Gibbs algorithm

We now give an example of derivation of the learning curve for the case of the
noise-free Gibbs algorithm (minimum error algorithm) in the limit of large N
and p with the ratio a = p/N fixed (Gy6rgyi and Tishby 1990). The techniques
used here are analogous to those in the previous chapter and are useful in many
other cases of batch learning.

According to (8.6), the generalization error e,(«) is determined by the relation
between R and «. It is useful for this purpose to calculate the volume of the space
of student couplings J under the posterior (8.12):

- % / 47 6(3 2 — NyeOE (8.29)
J

with £ =3 ©(~0,uy). In the noise-free Gibbs algorithm the student chooses
J with a uniform probability in the version space satisfving £ = 0. Correspond-
ingly, the limit 3 — oo will be taken afterwards.
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We investigate the typical macroscopic behaviour of the system by taking the
configurational average over the input vectors, which are regarded as quenched
random variables. It is particularly instructive to derive the average of logV,
corresponding to the entropy (logarithm of the volume of the relevant space).
We use the replica method and express the average of V™ in terms of the order
parameter ¢,z. The normalization Z is omitted since it does not play a positive
role. The following equation results if we note that © is either 0 or 1:

v W/dez /qu(“g/ﬂdﬂ

{af3)
H&(Z(ﬂ)ﬁ N) Hé(z B;J¢ —~ NR*) [[ 60> J2J) — Ngag)
(ex3) J
- {H{e”ﬁ +(1- e”"’ﬁ)@(uﬁ‘vu)}} . (8.30)
o,

8.2.5  Replica calculations

Evaluation of (8.30) proceeds by separating it into two parts: the first half inde-
pendent of the input (the part including the delta functions), and the second half
including the effects of input signals (in the brackets [- - -]). The former is denoted
by I}, and we write the three delta functions in terms of Fourier transforms to
obtain, under the RS ansatz,

m/HdJ]‘?‘exp i 1:,2 P +F > ]“J’3+GZJ“

] (ee).4

- N (nE' + n—(%wlqﬁ‘ + nRG) H , (8.31)

where the integrals over the parameters R, ¢, £, F, and G have been omitted in
anticipation of the use of the method of steepest descent.

It is possible to carry out the above integral for each j independently. The
difference between this and (7.83) is only in G, and the basic idea of calculation is
the same. One diagonalizes the quadratic form and performs Gaussian integration
independently for each eigenmode.!? It is to be noted that, for a given j, the term
involving G has the form GB; Y J7 (uniform sum over a) and correspondingly
the uniform mode in the dlagonailzeci form (with the eigenvalue E + (n -~ 1)F/2)
has a linear term. In other words, for a given j, the contribution of the uniform
mode u (=}, J&) to the quadratic form is

: ( n;l ) u? +iGBju. (8.32)

90ne may instead decompose the term involving the double sum (af) to a linear form by
Gaussian integration.
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By integrating over u and summing the result over j, we obtain —~iG*N/[4{E +
(n—1)F/2}] in the exponent. Thus in the limit n — 0

R N1 F
qi(E F.G)y = Y log I = 5 log (E' 2)
F iG? . ! qF .

The extremization condition of ¢;(E, F, G) with respect to E, F, and G yields

i F+iG? q . R .
W F =y S p = pen 6= (8.34)

We can now eliminate E, F', and G from (8.33) to obtain

1- R?
2(1—q)°

Next, the second half I3V of (8.30) is decomposed into a product over u, and
its single factor is

1
n=3 log(1 —q) + (835)

()7 = |20(0) [J{e ™ + (1 — e ?)Ou*)} | . (8.36)

Here, since the contribution from the region u > 0,v > 0 is the same as that
from u < 0,v < 0, we have written only the former and have multiplied the
whole expression by 2. It is convenient to note here that v and v are Gaussian
variables with the following correlations:

[wu?] = (1 — Q)0ap +q [u®]=R, [ =1 (8.37)

These quantities can be expressed in terms of n + 2 uncorrelated Gaussian vari-
ables ¢ and z*(a = 0,...,n), both of which have vanishing mean and variance
unity:

[ R? R
U= 1—?20%—%@ u¥ =1 —qz%+ /gt (a=1,...,n). (8.38)

Equation (8.36) is rewritten using these variables as

. R2? R
I szthszO@ 1——2%+ —¢
(13") . 7

L Pt + (- e )e/T == + van)
=1
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=2/Dt/j;!ml)z0
. {/Dz{e"5 +(1—e?)O(/I-qz+ \/(}t)}}n ) (8.39)

We collect the two factors (8.35) and (8.39) and take the limit n — 0 to find

f= hm —log Vol = chth] D2’ log {e"ﬁ
nN { Rt/~\/q—R?

o0 1 1—R?
+1me“ﬂ/ Dz}+—1<> 1—gq)+ . 8.40
( ) R 5 log(1 —q) 20=q) (8.40)

The extremization condition of (8.40) determines R and g.

8.2.6 Generalization error at T = 0

It is possible to carry out the calculations for finite temperatures (Gyorgyi and
Tishby 1990). However, formulae simplify significantly for the noise-free case of
T = 0, which also serves as a prototype of the statistical-mechanical evaluation of
the learning curve. We therefore continue the argument by restricting ourselves
to T' = 0. Let us then take the limit 3 — oo in (8.40) and change the variables

as
R o [q—R?
Y = g t, v o4 —wt 8.41
7a 7 (8.41)

o0 ] 20 1 1-— R2?
:2@] Dv/ Dulo / Dz + =log(l —q) + ——— (8.42
f A . e/ 5 log(1 —q) 0= (8.42)

Vq—R?*u— Ry .
e 8.43)
V=4 (
The extremization condition of (8.42) with respect to R and ¢ leads to the

following equations:

2 /e
9 [ o0 uew /2 q_zRZ q_R2
\/-- D Du e 8.44
“ / U/ ! [ Dz 1-2¢ \| 1-¢ (8.44)

e—w/2 1—3q+2R? _
[/ If)v/ Duf O (1”?4)\/'1*:71“ (8.45)

The solution of these equations satisfies the relation ¢ = K. Indeed, by setting
g = R and rewriting the above two equations, we obtain the same formula

P emqw2/2 q
—_ Dx = . (8.46)
w / fi’%x Dz V1I—gq

We have changed the variables u = = + \/¢/(1 ~¢)y,v = y in deriving this
equation. The relation ¢ = R implies that the student and teacher are in a

to obtain

w =




170 LEARNING IN PERCEPTRON

certain sense equivalent because of the definitions gos = N71 Y ];“Jf and R =
N1 Z B j J ;? .
The behaviour of the learning curve in the limit of a large number of examples
(cx — oq) can be derived by setting ¢ = 1 — € (Je] < 1) since J is expected to be
close to B in this limit. Then (8.46) reduces to
72 oo emmz /2
€X 53 c:/ Dme—DZ (8.47)

oo .
Substitution of this into (8.6) gives the asymptotic form of the learning curve as

V2 0625
Y e e .48
™ a (8.48)
as already mentioned in (8.17). This formula shows that the generalization error
of a simple perceptron decreases in inverse proportion to the number of examples
in batch learning. It is also known that the present RS solution is stable (Gyorgyi
and Tishby 1990).

8.2.7 Noise and unlearnable rules

We have discussed the case where the teacher and student are both simple per-
ceptrons with continuous weights and their binary outputs coincide if the student
coupling agrees with the teacher coupling. There are many other possible scenar-
ios of learning. For example, the output of the teacher may follow a stochastic
process (output noise) as mentioned before, or the input signal may include noise
(input noise). In both of these cases, the student cannot reproduce the teacher
output perfectly even when the couplings agree. In the simple case we have been
treating, output noise deteriorates the generalization error just by a factor mildly
dependent on the noise strength (temperature) (Opper and Haussler 1991; Op-
per and Kinzel 1995). Input noise causes more complications like RSB (Gyérgyi
and Tishby 1990). More complex structures of the unit processing elements than
a simple perceptron lead to such effects even for output noise (Watkin and Rau
1993).

Another important possibility we have not discussed so far is that the struc-
ture of the student is different from that of the teacher, so that the student cannot
reproduce the teacher output in principle (unlearnable or unrealizable rules). If
the teacher is composed of layers of perceptrons for instance, the teacher may be
able to perform linearly non-separable rules. A simple perceptron as the student
cannot follow such teacher outputs faithfully. Or, if the threshold 8 appearing in
the output sgn(u — ) is different between the teacher and student, the student
cannot follow the teacher output even if J coincides with B. A more naive in-
stance is the weight mismatch where the components of the student vector J may
take only discrete values whereas the teacher vector B is continuous. These and
more examples of unlearnable rules have been investigated extensively (Seung et
al. 1992; Watkin and Rau 1992, 1993; Domany et al. 1995; Wong et al. 1997).
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A general observation is that RSB and spin glass states emerge in certain re-
gions of the phase diagram in these unlearnable cases. Non-monotonic behaviour
of the generalization error as a function of temperature is also an interesting
phenomenon in some of these instances.

8.3 On-line learning

The next topic is on-line learning in which the student changes its couplings im-
mediately after the teacher output is given for an input. In practical applications,
on-line learning is often more important than batch learning because the former
requires less memory and time to implement and, furthermore, adjustment to
changing environments is easier. Similar to the batch case, we mainly investigate
the learning curve for simple perceptrons under various learning algorithms. The
formula for the generalization error (8.6) remains valid for on-line learning as
well.

8.3.1 Learning algorithms

Suppose that both student and teacher are simple perceptrons, and the student
couplings change according to the perceptron learning algorithm (7.72) as soon
as an input is given. Expressing the student coupling vector after m steps of
learning by J™, we can write the on-line perceptron learning algorithm as

JTH = g™ 4 ©(—sgn(u)sgn(v)) sgn(v)e = J™ + O(—uv) sgn(v)x,  (8.49)

where u = VNJ™ - 2/|J™| and v = VNB - x/|B| are input signals to the
student and teacher, respectively, and @ is the normalized input vector, || = 1.
The o# in (7.72) corresponds to sgn(v) and n€ to x. We normalize x to unity
since, in contrast to §7.6.2, the dynamics of learning is investigated here in the
limit of large N and we should take care that various quantities do not diverge.
The components of the input vector @ are assumed to have no correlations with
each other, and independent @ is drawn at each learning step; in other words,
infinitely many independent examples are available. This assumption may not
be practically acceptable, especially when the number of examples is limited.
The effects of removing this condition have been discussed as the problem of the
restricted training set (Sollich and Barber 1997; Barber and Sollich 1998; Heskes
and Wiegerinck 1998; Coolen and Saad 2000).
Other typical learning algorithms include the Hebb algorithm

JT = J™ 4 sgn(v)z (8.50)
and the Adatron algorithm
JTH = g™ O (—uw)e. (8.51)

The Hebb algorithm changes the student couplings by sgn(v)a irrespective of
the student output (correct or not) so that the inner product .J - tends to yield
the correct output sgn(v) for the next input. The Adatron algorithm is a little
similar to the perceptron algorithm (8.49), the difference being that the amount
of correction for incorrect output is proportional to u.
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8.3.2  Dynamics of learning

To develop a general argument, we write the learning algorithm in the form
JTH = JT L fsgn(v), u)e. (8.52)

The choice of arguments of the function f, sgn(v) and u, shows that the student
knows only the teacher output sgn(v), not the input signal v to the teacher, the
latter involving the information on the teacher couplings.

Some algorithms may be interpreted as the dynamics along the gradient of
an energy (or cost function) with respect to J. For example, the Hebb algorithm
(8.50) can be expressed as

V(ox - Jm)

Jm-i—l = J™ T aJm

(8.53)
with o = sgn(v), nm, = 1, and V(y) = —y. If we identify V with the cost function
analogously to batch learning (§8.2.1), (8.53) represents a process to reduce V
by gradient descent with constant learning rate 1, = 1.?° Such a viewpoint will
be useful later in §8.3.5 where adaptive change of 1, is discussed. We use the
expression {8.52) here, which does not assume the existence of energy, to develop
a general argument for the simple perceptron.

The learning dynamics (8.52) determines each component J; of the coupling
vector J precisely. However, we are mainly interested in the macroscopic proper-
ties of the system in the limit N >> 1, such as the coupling length [™ = |J™|/v/N
and the overlap R™ = (J™ - B)/|J™|IB] to represent the teacher-student prox-
imity. We shall assume that |B]| is normalized to v/N. Our goal in the present
section is to derive the equations to describe the time development of these
macroscopic quantities R and { from the microscopic relation (8.52).

To this end, we first square both sides of (8.52) and write u, = (J™ -a)/I™
to obtain

N{I™)? = (™2} = 2{ fun )™ + [£2], (8.54)

where fu and f? have been replaced with their averages by the distribution
function (8.3) of u and v assuming the self-averaging property. By writing ™! —
[™ = dl and 1/N = dt, we can reduce (8.54) to a differential equation

2
4+ L (8.55)

Here t is the number of examples in units of N and can be regarded as the time
of learning.

2The error back propagation algorithm for multilayer networks, used quite frequently in
practical applications, is formulated as a gradient descent process with the training error as
the energy or cost function. Note that this algorithm is essentially of batch type, not on-line
(Hertz et al. 1991). A more sophisticated approach employs natural gradient in information
geometry (Amari 1997).
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The equation for R is derived by taking the inner product of both sides of
(8.52) and B and using the relations B - J™ = NI™R™ and v = B - x. The
result is dR [fol-[fuUR R

v U L ) =
at ! TR (8:56)
The learning curve e, = E(R(t)) is obtained by solving (8.55) and (8.56) and
substituting the solution R(f) into (8.6).

8.3.3 Generalization errors for specific algorithms

We next present explicit solutions for various learning algorithms. The first one
is the perceptron algorithm

[ = O(~uv)sgn(v). (8.57)

The averages in the equations of learning (8.55) and (8.56) reduce to the following
expressions after the integrals are evaluated:

[fu] = —~[fv] = /du dv P{u, v)0(~uv)usgn(v) = %ﬁ (8.58)
(3] = / dudv P(u, v)0(—uv) = E(R) = %cos"l R. (8.59)

Insertion of these equations into (8.55) and (8.56) will give the time dependence
of the macroscopic parameters R(t) and {(¢), from which we obtain the learning
curve eg(t).

It is interesting to check the explicit asymptotic form of the learning curve
as [ grows and R approaches unity. Setting R =1 —¢e¢ and [ = 1/§ with €,6 < 1,
we have from (8.55) and (8.56)

2
A5 _ Ve e de Ve, 26, (8.60)
dt 2 Vor dt 2 T '

where use has been made of (8.58) and (8.59). The solution is

1 2/3 ) 2\/__ o
= =2/3 5= T -1/, .

The final asymptotic form of the generalization error is therefore derived as
(Barkai et al. 1995)

V2
7,(3\/'2')1 /3
Comparison of this result with the learning curve of batch learning (8.48) for the

Gibbs algorithm, ez a~1, reveals that the latter converges much more rapidly
to the ideal state €, = 0 if the numbers of examples in both cases are assumed to

es = E(R) ~ t~1/3 = 0.28¢71/3, (8.62)
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be equal (o = ). It should, however, be noted that the cost (time and memory)
to learn the given number of examples is much larger in the batch case than in
on-line learning.

A similar analysis applies to the Hebb algorithm

fsgn(v),u) = sgn(v). (8.63)
The averages in (8.55) and (8.56) are then

2R ’ ,
[fu] = Nira (=1, [fv]= p (8.64)

The asymptotic solution of the dynamical equations is derived by setting R =
1—ecand l=1/5 with e, d < 1:

dd /2, de & 4 ,
«C-E.-m\/;(s,‘ d—{;»—'?wW‘;EJ. (8-65)

T - 7l X

and the corresponding generalization error is (Biehl et al. 1995)

The solution is

L i —1/2 .
€g ~ Tt = 8.40t . (8»67)
2
It is seen that the learning curve due to the Hebb algorithm, ¢; t=1/2 ap-

proaches zero faster than in the case of the perceptron algorithm, ez 13 1t
is also noticed that the learning curve (8.67) shows a relaxation of comparable
speed to the corresponding batch result (8.19) if we identify ¢ with a.

The Adatron algorithm of on-line learning has

flsgn(v),u) = —uO(—uv), (8.68)

and integrals in the dynamical equations (8.55) and (8.56) are

o0 . Ru (1 - R)*/?
U mw\/i/ Duu’Erfe | ———— | , [fv] = ~——+R[ful. (8.69
(ful =2 [ ( 2(1%2)) (fo) = SRl (369)
With (8.68), [f?] is equal to —[fu]. The asymptotic form for e = 1 — R < 1 is,
writing ¢ = 8/(3v/27),

4(2e)%2
w

[fu] = /w y2dy Erfe(y) = —ce®/?, [fv] = (—c + 2—\~/~—§> /2. (8.70)
0 w

To solve the dynamical equations, we note that (8.55) has the explicit form
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di 1 3/2
T (...,1 + ~2—l) ce?l 4, (8.71)
which implies that | does not change if [ = 1/2. It is thus convenient to restrict
ourselves to [ = 1/2, and then we find that (8.56) is

de (a - ?3@) €2, (8.72)

This equation is solved as € = 4/(kt)?, where k = 4v/2 /7 — 2c. The generalization
error is therefore (Biehl and Riegler 1994)
2v2 1 3
€ A 22 13 (8.73)
wk t 2t
It is remarkable that on-line Adatron learning leads to a very fast convergence
comparable to the batch case discussed in §8.2.2 after identification of « and ¢.

8.3.4  Optimization of learning rate

Let us go back to the dynamical equation of learning (8.52) with the learning
rate 1 written explicitly:

JT = I oy, f(sen(v), u)e. (8.74)

The constant learning rate n, = 1 as in (8.52) keeps each component of J
fluctuating even after sufficient convergence to the desired result. Apparently, it
seems desirable to change the coupling vector J rapidly (large %) at the initial
state of learning and, in the later stage, adjust J carefully with small n. Such
an adjustment of learning rate would lead to an acceleration of convergence.
We discuss this topic in the present and next subsections. We first formulate the
problem as an optimization of the learning rate, taking the case of the perceptron
algorithm as an example (Inoue ef al. 1997). Then a more general framework is
developed in the next subsection without explicitly specifying the algorithm.

The discrete learning dynamics (8.74) is rewritten in terms of differential
equations in the limit of large N as in (8.55) and (8.56) with f multiplied by n.
For the perceptron algorithm with simple perceptrons as the teacher and student,
the resulting equations are

dil. n(R-1) N n?cos™' R

i v 5] (8.75)
n(R2 — 2D el
dR _ - n(R*—1)  n°Rcos R’ (8.76)

dt V2l 212

where we have used (8.58) and (8.59).
Since g = E(R) = 0 for R = 1, the best strategy to adjust 7 is to accelerate
the increase of R towards R = 1 by maximizing the right hand side of (8.76)
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with respect to n at each value of R. We thus differentiate the right hand side of
(8.76) by n and set the result to zero to obtain

__Veml(R?—1)

~ 2Rcos 'R (8:77)
Then the dynamical equations (8.75) and (8.76) simplify to
di H(R—=1*R+1) V
dt ~  4R%cos 'R (878)
2 132
dr_ (& -1) (8.79)

dt ~ 4Rcos~ 'R’

Taking the ratio of both sides of these equations, we can derive the exact relation
between R and [ as R
c
et 8.80
(R+1)? (8:80)

The constant ¢ is determined by the initial condition. This solution indicates
that [ approaches a constant as R — 1.

The asymptotic solution of R(t) for R =1 — ¢ (Je] < 1) can easily be derived
from (8.79) as € ~ 8/t%. Therefore the generalization error is asymptotically
cosT'R 4

—~ (8.81)

€g =

which is much faster than the solution with constant learning rate (8.62). The
learning rate decreases asymptotically as n « 1/t as we expected before.

A weakness of this method is that the learning rate depends explicitly on
R, as seen in (8.77), which is unavailable to the student. This difficulty can be
avoided by using the asymptotic form 5 o 1/t for the whole period of learning al-
though the optimization at intermediate values of ¢ may not be achieved. Another
problem is that the simple optimization of the learning rate does not necessarily
lead to an improved convergence property in other learning algorithms such as
the Hebb algorithm. Optimization of the learning algorithm itself (to change the
functional form of f adaptively) is a powerful method to overcome this point
(Kinouchi and Caticha 1992).

8.3.5  Adaptive learning rate for smooth cost function

The idea of adaptive learning rate can be developed for a very general class of
learning algorithms including both learnable and unlearnable rules (Miiller et
al. 1998). Let us assume that the cost function for a single input V(z,o;J)
is differentiable by J.>! The output may be vector-valued o. The goal is to
minimize the total energy

E(J) = [V(z, o)), (8.82)

21 Note that this condition excludes the perceptron and Adatron algorithms.
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which is identified with the generalization error ¢;. The energy is assumed to be
differentiable around the optimal state J = B:

E(J) = E(B) + %t(J ~ B)K(B)(J — B). (8.83)

Here K(B) is the value of the second-derivative matrix (Hessian) of the energy
E(J) at J = B. The on-line dynamies to be discussed here is specified by

J7n+l - Jm _ T]m,}‘f_l(]) (}V(igi]‘yi J} (884)

Nm+1 = m + CL{b(V(iE, o;J) — Et) = nm}, (8.85)

where By = 37 V(x,,0,:J)/p is the training error, and a and b are positive
constants. Equation (8.84) is a gradient descent with the direction modified by
K~1(J): the eigendirection of K (J) with the smallest eigenvalue has the fastest
rate of change. According to (8.85), n increases if the current error V exceeds
the cumulative training error Ey. The final term with the negative sign in (8.85)
has been added to suppress uncontrolled increase of the learning rate.

The corresponding differential form of the learning dynamics is

4r ~nK~YJ) [mf}
C%’i aJ (8.86)
i an{b([V] — Ey) — n}.
We now expand V' on the right hand sides of these equations around J = B:
P.‘f} ~ K(B)(J - B)
aJ ) (8.87)
V] - B~ E(B) ~ By + 5'(J — B)K(B)(J — B).
Then the dynamical equations reduce to
dJ
o = ~"J - B)
dn b (8.88)
ikl {—it(J —~ B)K(B)(J — B) — n} .

These equations can be rewritten in terms of the energy as

dE(J)
) = —ay{B() - E(B)} 55

The solution is easily found to be

e = B(J) = B(B) + ; (% - 2—) : (8.90)
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1

[ R Q)
= (8.91)

n
Choosing a > 2, we have thus shown that the learning rate with the 1/t law
(8.91) leads to rapid convergence (8.90) just as in the previous subsection but
under a very general condition. It is possible to generalize the present framework
to the cases without a cost function or without explicit knowledge of the Hessian
K (Miller ef al. 1998).

8.3.6 Learning with query

Inputs satisfying the condition u = 0 lie on the border of the student output
sgn(u) (decision boundary). The student is not sure what output to produce for
such inputs. It thus makes sense to teach the student the correct outputs for
inputs satisfying u = 0 for efficient learning. This idea of restricting examples to
a subspace is called learning with query (Kinzel and Rujdn 1990}). One uses the
distribution function

u? +v? — 2Ruw

P(u, ‘U) = \/M exp ( W) (892)

instead of (8.3). This method works only for the Hebb algorithm among the three
algorithms discussed so far because the perceptron algorithm has f o O(—uv)
which is indefinite at u = 0, and the f for the Adatron algorithm is proportional
to u and vanishes under the present condition 4(u).

The dynamical equations (8.55) and (8.56) have the following forms for the
Hebb algorithm with query:

dl 1 .
Friay (8.93)

dR 1 [2(1-R?)) R

The first equation for I immediately gives [ = /¢, and the second has the asymp-
totic solution for small € (R = 1 —¢) as € & w/16t. The generalization error then
behaves asymptotically as
1
€g N ———r.
2V/2m\/t

Comparison with the previous result (8.67) reveals that asking queries reduces
the prefactor by a half in the generalization error.

It is possible to improve the performance further by combining query and
optimization of the learning rate. Straightforward application of the ideas of the
present section and §8.3.4 leads to the optimized learning rate

(8.95)

— 22
n= % - F) (8.96)

e
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Ta(v)

- 0 a

Fic. 8.3. Output T,(v) of the reversed-wedge-type perceptron

for the Hebb algorithm with query. The overlap is solved as R = V1 — ce~2%/7
and the generalization error decays asymptotically as
€g N —e /™, (8.97)
7
a very fast exponential convergence.

We have so far discussed learning with query based on a heuristic argument
to restrict the training set to the decision boundary, It is possible to formulate
this problem in a more systematic way using an appropriate cost function to be
extremized (such as information gain); one can then construct the best possible
algorithm to ask queries depending upon various factors. See Sollich (1994) and
references cited therein for this and related topics.

8.3.7 On-line learning of unlearnable rule

It is relatively straightforward, compared to the batch case, to analyse on-line
learning for unlearnable rules. Among various types of unlearnable rules (some
of which were mentioned in §8.2.7), we discuss here the case of the reversed-
wedge-type non-monotonic perceptron as the teacher (Inoue et al. 1997; Inoue
and Nishimori 1997). The student is the usual simple perceptron. The input
signal € is shared by the student and teacher. After going through the synaptic
couplings, the input signal becomes u for the student and v for the teacher as
defined in (8.1). The student output is sgn{u) and the teacher output is assumed
to be T, (v) = sgn{v{a — v){a + v)}, see Fig. 8.3.

The generalization error is obtained by integration of the distribution function
of u and v, (8.3), over the region where the student output is different from that
of the teacher:

0
e =E(R) = /duva(u? v)O(—Te{v)sgn(u)) = 2/ DtQ(R,t), (8.98)

O

where

QR 1) = /Dz {6(=2V1— R? — Rt — a) + ©(z\/1 — R? + Rt)
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\
E(R) 0.5

Fi1G. 8.4. Generalization error of the non-monotonic perceptron

—0(zvV1—R?>+ Rt —a)}. (8.99)

We have used in the derivation of (8.98) that (1) [dvP(u,v)0(—T,(v)sgn(u))
is an even function of u (and thus the integral over u < 0 is sufficient if we
multiply the result by 2) and that (2) z and ¢ can be written in terms of two
independent Gaussian variables with vanishing mean and variance unity as v = ¢
and v = zv/1 — R?+ Rt. In Fig. 8.4 we have drawn this generalization error as a
function of R. This non-monotonic perceptron reduces to the simple perceptron
in the limit a — oo; then E(R) is a monotonically decreasing function of R and
has the minimum value E(R) = 0 at R = 1. When ¢ = 0, the student output is
just the opposite of the teacher output for the same input, and we have E(R) = 0
at R = —1.

For intermediate values 0 < a < 0o, the generalization error does not vanish
at any R, and the student cannot simulate the teacher irrespective of the learning
algorithm. As one can see in Fig. 8.4, when 0 < a < a¢; = 2log2 = 1.18,
there is a minimum of E(R) in the range —1 < R < 0. This minimum is the
global minimum when 0 < a < ac =~ 0.08. We have shown in Fig. 8.5 the
minimum value of the generalization error (a) and the R that gives this minimum
as functions of a (b). In the range a > acp the minimum of the generalization
error is achieved when the student has the same couplings as the teacher, R =1,
but the minimum value does not vanish because the structures are different. In
the case of 0 < a < a9, the minimum of the generalization error lies in the range
-1 < R<O0.

The generalization error as a function of R, (8.98), does not depend on the
type of learning. The general forms of the dynamical equations (8.55) and (8.56)
also remain intact, but the function f is different. For instance, the Hebb al-
gorithm in the case of a non-monotonic teacher has f = sgn{v(a — v)(a + v)}.
Then
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Fic. 8.5. Minimum value of the generalization error (a) and overlap R that
gives the minimum of the generalization error (b).

[fu] = @R(I —2e79/2) [fu] = \/ga — 207/ [ =1.  (8.100)

Accordingly, the dynamical equations read

a1 2 :

@t \/;Ril ~2e71?) (8.101)
dR R 1 /2 -

St ﬁﬂ/;(]‘ —2e7%"/2)(1 — R?). (8.102)

Solutions of (8.101) and (8.102) show different behaviour according to the value
of a. To see this, we set R = ( on the right hand side of (8.102):

\f (1—207%"/2), (8.103)

This shows that R increases from zero when a > acy = /2log2 and decreases if
0 < a < agr. Since (8.102) has a fixed point at R =1 and | — oo, R approaches
one as t — oo when a > a1, and the learning curve is determined asymptotically
from (8.101) and (8.102) using R = 1 —e and [ = 1/6. It is not difficult to check
that e ~ (2k%t)~1,6 ~ (kt)~! holds as €,6 < 1 with k = v2(1 — 2e=9"/2)/\/7.
Substituting this into (8.98), we find the final result

€g & g + «%Erfc (%)
1 1
- Tt v (Ga)- (5100

The second term on the right hand side is the asymptotic value as t — oo and
this coincides with the theoretical minimum of generalization error shown in Fig.
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8.5(a). This achievement of the smallest possible error is a remarkable feature
of the Hebb algorithm, and is not shared by other on-line learning algorithms
including the perceptron and Adatron algorithms.

Next, when 0 < a < aey, wefind R — —~l ast — oo. f weset R = —1+¢,1 =
1/4, the asymptotic form is evaluated as

1 1 2 a
=~ — +1— —Erfc{ — |. 8.105
" on(l — 20— /%) Vi VT (\/i ) (8:105)

The asymptotic value after the second term on the right hand side is larger than
the theoretical minimum of the generalization error in the range 0 < a < ag;.
Thus the Hebb algorithm is not the optimal one for small values of a. As one
can see in Fig. 8.4, the value R = —1 does not give the minimum of F(R) in
the case of 0 < @ < a;. This is the reason why the Hebb algorithm, which gives
R~ —1 as t — o0, does not lead to convergence to the optimal state.

Bibliographical note

We have elucidated the basic ideas of learning in very simple cases. There are
many interesting problems not discussed here, including the effects of noise,
perceptron with continuous output, multilayer networks, on-line Bayesian learn-
ing, path-integral formalism, support vector machines, restricted training set,
information-theoretical approaches, and unsupervised learning. These and other
topics are discussed in various review articles (Watkin and Rau 1993; Domany
et al. 1995; Wong et al. 1997; Saad 1998).



9
OPTIMIZATION PROBLEMS

A decision-making problem is often formulated as minimization or maximization
of a multivariable function, an optimization problem. In the present chapter, after
a brief introduction, we show that methods of statistical mechanics are useful to
study some optimization problems. Then we discuss mathematical properties of
simulated annealing, an approximate numerical method for generic optimization
problems. In particular we analyse the method of generalized transition prob-
ability, which is attracting considerable attention recently because of its rapid
convergence properties.

9.1 Combinatorial optimization and statistical mechanics

The goal of an optimization problem is to find the variables to minimize (or
maximize) a multivariable function. When the variables take only discrete values
under some combinatorial constraints, the problem is called a combinatorial opti-
mization problem. The function to be minimized (or maximized) f(zy, xa2,...,Zy)
is termed the cost function or the objective function. It is sufficient to discuss
minimization because maximization of f is equivalent to minimization of —f.

An example of a combinatorial optimization problem familiar to physicists
is to find the ground state of an Ising model. The variables are the set of spins
{51, 5,..., Sy} and the Hamiltonian is the cost function. The ground state is
easily determined if all the interactions are ferromagnetic, but this is not the
case in spin glasses. The possible number of spin configurations is 2V, and we
would find the correct ground state of a spin glass system if we checked all of
these states explicitly. However, the number 2V grows quite rapidly with the
increase of N, and the ground-state search by such a naive method quickly runs
into the practical difficulty of explodingly large computation time. Researchers
have been trying to find an algorithm to identify the ground state of a spin glass
by which one has to check less than an exponential number of states (i.e. power
of N). These efforts have so far been unsuccessful except for a few special cases.

The ground-state determination is an example of an NP (non-deterministic
polynomial) complete problem. Generally, the algorithm to solve an NP complete
problem can be transformed into another NP complete problem by a polynomial-
time algorithm; but no polynomial-time algorithm has been found so far for any
of the NP complete problems. These statements define the class ‘NP complete’.
It is indeed expected that we will need exponentially large computational efforts
to solve any NP complete problem by any algorithm.

183



184 OPTIMIZATION PROBLEMS

An exponential function of N grows quite rapidly as N increases, and it is
virtually impossible to solve an NP complete problem for any reasonable value of
N. There are many examples of NP complete problems including the spin glass
ground state, travelling salesman, number partitioning, graph partitioning, and
knapsack problems. We shall discuss the latter three problems in detail later. A
description of the satisfiability problem will also be given. Here in this section,
a few words are mentioned on the travelling salesman problem.

In the travelling salesman problem, one is given N cities and distances be-
tween all pairs of cities. One is then asked to find the shortest path to return to
the original city after visiting all the cities. The cost function is the length of the
path. There are about N! possible paths; starting from a city, one can choose the
next out of N — 1, and the next out of N — 2, and so on. The precise number of
paths is (N —1)!/2 because, first, the equivalence of all cities as the starting point
gives the dividing factor of N, and, second, any path has an equivalent one with
the reversed direction, accounting for the factor 2 in the denominator. Since the
factorial increases more rapidly than the exponential function, identification of
the shortest path is obviously very difficult. The travelling salesman problem is a
typical NP complete problem and has been studied quite extensively. It also has
some practical importance such as the efficient routing of merchandise delivery.
A statistical-mechanical analysis of the travelling salesman problem is found in
Mézard et al. (1987).

Before elucidating statistical mechanical approaches to combinatorial opti-
mization problems, we comment on a difference in viewpoints between statisti-
cal mechanics and optimization problems. In statistical mechanics, the target of
primary interest is the behaviour of macroscopic quantities, whereas details of
microscopic variables in the optimized state play more important roles in opti-
mization problems. For example, in the travelling salesman problem, the shortest
path itself is usually much more important than the path length. In the situation
of spin glasses, this corresponds to clarification of the state of each spin in the
ground state. Such a point of view is somewhat different from the statistical-
mechanical standpoint in which the properties of macroscopic order parameters
are of paramount importance. These distinctions are not always very clear cut,
however, as is exemplified by the important role of the TAP equation that is
designed to determine local magnetizations.

9.2 Number partitioning problem
9.2.1  Definition

In the number partitioning problem, one is given a set of positive numbers A =
{a1,a2,...,an} and asked to choose a subset B C A such that the partition
difference

E = Zai— Z @ (9-1)

icB i€ A\B
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is minimized. The partition difference is the cost function. The problem is uncon-
strained if one can choose any subset B. In the constrained number partitioning
problem, the size of the set |B] is fixed. In particular, when |B] is half the total
size, |B| = N/2 (N even) or |B| = (N £ 1)/2 (N odd), the problem is called the
balanced number partitioning problem.

plete (Garey and Johunson 1979). Below we develop a detailed analysis of the
unconstrained number partitioning problem as it is simpler than the constrained
problem (Sasamoto et al. 2001; Ferreira and Fontanari 1998). We will be in-
terested mainly in the number of partitions for a given value of the partition
difference.

9.2.2  Subset sum

For simplicity, we assume that N is even and the a; are positive integers, not
exceeding an integer L, with the ged unity. The number partitioning problem is
closely related to the problem of subset sum in which we count the number of
configurations, C'(E), with a given value E of the Hamiltonian

N
5

Here n; is a dynamical variable with the value of 0 or 1. The cost function of
the number partitioning problem (9.1), to be denoted as H, is related to this
Hamiltonian (9.2) using the relation §; = 2n; — 1 as

N N
Z ai;S',- 2H — Z (453
g1 de==l

The spin configuration S; = 1 indicates that a; € B and S; = ~1 otherwise. From
(9.3) we have 2E — 3. a; = +E, and the number of configurations, C(E), for
the subset sum (9.2) is translated into that for the number partitioning problem
(9.3), C(E), by the relation

c (WE?“) e (—-W‘E*”fi““) (B #0)

C(E) = (9-4)

O(Zgﬂ (B = 0).

Hz e

, (9.3)

The following analysis will be developed for a given set {a;}; no configurational
average will be taken.

9.2.3  Number of configurations for subset sum

It is straightforward to write the partition function of the subset sum:
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N

Z=> e =] +e ). (9.5)
{ni}

i=l

By expanding the right hand side in powers of e™? = w, we can express the
above equation as

Emax

Z="> C(EW", (9.6)

E=(

where Enax = a1 + -+ an. Since E is a positive integer, the coefficient C'(E)
of the polynomial (9.6) is written in terms of a contour integral:

C(E) =

a1 Jog Z
1 dw 1 fe duw, (9.7)

ot J wBEHLT T 9pi [ B

where the integral is over a closed contour around the origin of the complex-w
plane. Since log Z is proportional to the system size N (> 1), we can evaluate
(9.7) by steepest descent.

It is useful to note that the value of the energy E has a one-to-one correspon-
dence with the inverse temperature 3 through the expression of the expectation
value

N
o [t
E = ; T o (9.8)

when the fluctuations around this thermal expectation value are negligible, which
is the case in the large-N limit. Let us therefore write the inverse temperature as
By which vields the given value of the energy, Ey. It is then convenient to rewrite
(9.7) by specifying the integration contour as the circle of radius e and using
the phase variable defined by w = e~%+i9;

1 g .
C(E) = — d6 logZ+GoEo-tEoé9' 9.9
(Eo) = 5~ - dfe (9.9)
It is easy to verify that the saddle point of the integrand is at # = 0.22 We
therefore expand log Z in powers of 6 (=i — ify) to second order and find

C(E{)) — ei()gZ};-;xagu-’r;?oE() . i /W dfexp | — giéi log Z . (9.10)
2 - 2 8/32 B=p0

Since the exponent in the integrand is proportional to N, we may extend the
integration range to £oo. The result is

ePoEo Hz(l 4 e—,ﬁna«z)

C(EO) N \/QW Zz af/(l + eﬁoal)(l + 6_500«’) ’

(9.11)

22There exist other saddle points if the ged of {a;} is not unity.



NUMBER PARTITIONING PROBLEM 187

1200, C(E)

800

400

E
0 1000 2000 3000 4000

0

F1c. 9.1. The number of configurations as a function of the energy for the subset
sum with N = 20, L = 256, and {a;} = {218, 13, 227, 193, 70, 134, 89,
198, 205, 147, 227, 190, 64, 168, 4, 209, 27, 239, 192, 131}. The theoretical
prediction (9.11) is indistinguishable from the numerical results plotted in
dots.

This formula gives the number of configurations of the subset sum as a function
of Ey through
N -
Ep=Y —% (9.12)

1 -+ efoai”

i=1
Figure 9.1 depicts the result of numerical verification of (9.11).

9.2.4  Number partitioning problem

The number of partitions for a given value of E of the number partitioning
problem, C'(E), can be derived from (9.11) using (9.4). For example, the optimal
configuration with £ = 0 has 8y = 0 according to the relation 2E — e = +E
and (9.12). Then, (9.11) with §y = 0 gives the result for the number of optimal
partitions as
. oN+1
CE =0) = ——m=. (9.13)
V20

An important restriction on the applicability of the present argument is that
L should not exceed 2 for the following reason. If we choose {a;} from {1,..., L}
using a well-behaved distribution function, then 3, a? = O(L?), and (9.13) gives
C(E = 0) = O(2N/L). Since C is the number of partitions, 2" /L must not be
smaller than one, which leads to the condition 2V > L. This condition may
correspond to the strong crossover in the behaviour of the probability to find a
perfect partition (E = 0) found numerically (Gent and Walsh 1996). The other
case of 2¥ < L is hard to analyse by the present method although it is quite
interesting from the viewpoint of information science (Gent and Walsh 1996). It
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is possible to apply the present technique to the constrained number partitioning
problem (Sasamoto et al. 2001).

Mertens (1998) applied statistical mechanics directly to the system with the
Hamiltonian (9.3) and derived the energy E(T") and entropy S(7T') as functions
of the temperature 7. The resulting S as a function of E differs from ours
under the identification S(E) = log C(E) except at £ = 0. In particular, his
result gives 9S/JE > 0 whereas we have the opposite inequality 8S/9E <
0 as can be verified from (9.11) and (9.12). Figure 9.1 shows that the latter
possibility is realized if we note that £ = 0 corresponds to the peak of the curve
at E = )", a;/2. It is possible to confirm our result also in the solvable case with

ay =+ =ay = 1: we then have H = |3, S;| for which
o N
C(E) = ) 9.14
B = (4 212) (910
This is a monotonically decreasing function of E. Equations (9.11) and (9.12)
with a1 = -+ = an = 1 reproduce (9.14) for sufficiently large N.

The system described by the Hamiltonian (9.3) is anomalous because the
number of configurations (partitions) decreases with increasing energy. We should
be careful in applying statistical mechanics to such a system; the calculated en-
tropy may not necessarily give the logarithm of the number of configurations as
exemplified above.

9.3 Graph partitioning problem

The next example of statistical-mechanical analysis of an optimization problem
is the graph partitioning problem. It will be shown that the graph partitioning
problem is equivalent to the SK model in a certain limit.

9.3.1  Definition

Suppose we are given N nodes V' = {vy,vq,..., vy} and the set of edges between
them E = {(v;,v;)}. Here N is an even integer. A graph is a set of such nodes
and edges. In the graph partitioning problem, we should divide the set V into
two subsets V7 and Va with the same size N/2 and, at the same time, minimize
the number of edges connecting nodes in Vi with those in V5. The cost function is
the number of edges between V; and Va. Let us consider an example of the graph
specified by N = 6, E = {(1,2),(1,3),(2,3),(2,4), (4,5)}. The cost function has
the value f =1 for the partitioning V; = {1,2,3}, V5 = {4,5,6} and f = 3 for
Vi ={1,2,4}, V5 = {3,5,6} (Fig. 9.2).

It is known that the graph partitioning problem is NP complete. The prob-
lem has direct instances in real-life applications such as the configuration of
components on a computer chip to minimize wiring lengths.

The problem of a random graph, in which each pair of nodes (v;,v;) has
an edge between them with probability p, is conveniently treated by statistical
mechanics (Fu and Anderson 1986). We assume in this book that p is of order
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FiG. 9.2. A graph partitioning with N =6

1 and independent of N. Thus the number of edges emanating from each node
is pN on average, which is a very large number for large N. The methods of
mean-field theory are effectively applied in such a case.

9.3.2  Cost function

We start our argument by expressing the cost function f(p) in terms of the Ising
spin Hamiltonian. Let us write S; = 1 when the node v; belongs to the set V; and
S; = —1 otherwise. The existence of an edge between v; and v; is represented by
the coupling J;; = J, and J;; = 0 otherwise. The Hamiltonian is written as

H = —'ZJijS«gSj == *";- Z -+ Z + Z -+ Z Jgj

i<j i€V JEVL  iEVL,jEVe  iEVy eV,  ieVh eV

Y+ ) Jy=—2 2NN opgg (95)

2 2
ieVi,jeVe i€V, jevy

where N(N — 1)p/2 is the total number of edges. The cost function and the
Hamiltonian are therefore related to each other as

0 = 2+ ANy -, (9.16)

This equation shows that the cost function is directly related to the ground state
of the Hamiltonian (9.15) under the condition that the set V' is divided into two
subsets of exactly equal size

N
Y Si=0. (9.17)
[

Equation (9.17) does not change if squared. Expansion of the squared expression
may be interpreted as the Hamiltonian of a system with uniform antiferromag-
netic interactions between all pairs. Thus the partitioning problem of a random
graph has been reduced to the ferromagnetic Ising model with diluted interac-
tions (i.e. some J;; are vanishing) and with the additional constraint of uniform
infinite-range antiferromagnetic interactions.
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As was mentioned above, we apply statistical-mechanical methods that are
suited to investigate the average (typical) behaviour of a macroscopic system
of very large size. In the case of the graph partitioning problem, the principal
objective is then to evaluate the cost function in the limit of large N. The
Hamiltonian (the cost function) is self-averaging, and hence we calculate its
average with respect to the distribution of random interactions, which should
coincide with the typical value (the value realized with probability 1) in the
thermodynamic limit N — oo.

9.3.3  Replica expression

Let us calculate the configurational average by the replica method. The replica
average of the partition function of the system (9.15) is

Z" = (1 ~p)N(N"1)/2TrH {z + po exp (;3] Z S?Sf) } ) (9.18)
i<j or=1

where pg = p/(1 — p), and Tr denotes the sum over spin variables under the
condition (9.17). We shall show below that (9.18) can be transformed into the
expression

N(N — N ,
(27 = (1 —p)NN=D/2exp {fwﬁig—wl)« log(1 + po) — %(ﬁJcm + ﬁzﬁemz)}

2
Trexp %ECQZ(ZS;ISE) +O [ B O _Ssese® | ¢, (9.19)

a8 i<j

where

SRR O ) Lt
¢ = EIZ i phid. (9.20)
ezl

To derive (9.19) we expand the logarithmic and exponential functions as
follows:

> “log{1 + po exp(BJ Z 5787}

i

MZ( 1)5 ! Oi Z ﬁ])k!+ T Z(ZSQSQ k1+ ke
k=0 k=0 t i<j o«

It is convenient to rewrite this formula as a power series in G.J. The constant
term corresponds to ky = --- = k; = 0, for which the sum over [ gives {N(N —
1)/2} log(1 + po). The coefficient of the term linear in 3.J is, according to (9.17),
a constant

o0
>
t=1

Sl IS N =N e
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Next, the coefficient of the quadratic term is, after consideration of all possibili-
ties corresponding to ki + -+ -+ ky = 2 (such as (k; = ko = 1), (k1 = 2, k2 = 0),
and so on),

o0

; p(,;(gsasa)z (( )+ )

gyt 2
) = g DA sesiy - )
[ =31 i
Z(Z 5e5P)? N n (9.22)

Equation (9.19) results from (9.21) and (9.22).

lE

9.3.4  Minimum of the cost function

Recalling (9.16), we write the lowest value of the cost function as

N? 1
f(p) = ~—p+21b

Ey = lim lim (w%,;) Trexp

ey Z(z Sasd)2

B0 n-—0

+O [ B O sese)? | b1, (9.23)

i<j «

where we have used the fact that the contribution of the term linear in 3J to
f(p) is Np/4 from ¢1 = po/(1l + po) = p. Equation (9.23) is similar to the SK
model expression (2.12) with Jy = 0 and h = 0. The additional constraint (9.17)
is satisfied automatically because there is no spontaneous magnetization in the
SK model when the centre of distribution Jy and the external field h are both
vanishing.

Since J has been introduced as an arbitrarily controllable parameter, we
may choose .JJ = .J/v/N and reduce (9.23) to the same form as (2.12). Then, if
N > 1, the term proportional to 3°J% is negligibly smaller than the term of
O(/3%J?), and we can apply the results for the SK model directly. Substituting
¢g = p(1 — p)/2, we finally have

N 2

\/f\/; ¥ NTZ 1 @ /e
10) = —rp+ 7 Uo/eliN = 7+ VNP1 = ). (9.24)

Here Uy is the ground-state energy per spin of the SK model and is approxi-
mately Up = ~0.38 according to numerical studies. The first term on the right
hand side of (9.24) is interpreted as the number of edges between Vi and Vs,
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N?/4, multiplied by the ratio of actually existing edges p. The second term is
the correction to this leading contribution, which is the non-trivial contribution
derived from the present argument.

9.4 Knapsack problem

The third topic is a maximization problem of a cost function under constraints
expressed by inequalities. The replica method is again useful to clarify certain
aspects of this problem (Korutcheva et al. 1994; Fontanari 1995; Inoue 1997).

9.4.1 Knapsack problem and linear programming

Suppose that there are N items, each of which has the weight a; and the value
cj. The knapsack problem is to maximize the total value by choosing appropriate
items when the total weight is constrained not to exceed b. This may be seen as
the maximization of the total value of items to be carried in a knapsack within
a weight limit when one climbs a mountain.

With the notation S; = 1 when the jth item is chosen to be carried and
S; = —1 otherwise, the cost function (the value to be maximized) U and the
constraint are written as follows:

N N
U= X y=Y g Bty (9.25)
J=1 Jj=1

A generalization of (9.25) is to require many (K) constraints:

1 .
Ykm—mizj:akj(Sj+Z) <bg, (k=1,....K). (9.26)

When S; is continuous, the minimization (or maximization) problem of a linear
cost function under linear constraints is called linear programming.

In this section we exemplify a statistical-mechanical approach to such a class
of problems by simplifying the situation so that the ¢; are constant ¢ and so
are the by, (= b). It is also assumed that ay; is a Gaussian random variable with

mean + and variance o2,

1 1 3
;o= i P(&p) = —— -z ) 9.27
(th 2 + ng’? (gkj) \/2—71'0' exp ( 20.2) (') )
The constraint (9.26) is then written as
1 1 N ¢
ykwbz5%:(1+Sj)§kj+2§jjsj+zwbgo. (9.28)

The first and second terms in (9.28), where sums over j appear, are of O(N) at
most, so that (9.28) is satisfied by any § = {5;} if b > N/4. Then one can carry
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virtually all items in the knapsack (S; = 1). In the other extreme case N/4 > b,
one should leave almost all items behind (5; = —1). The system shows the most
interesting behaviour in the intermediate case b = N/4, to which we restrict
ourselves.

9.4.2 Relazation method

It is sometimes convenient to relax the condition of discreteness of variables to
solve a combinatorial optimization problem, the relazation method, because com-
putations are sometimes easier and faster with continuous numbers. If discrete
values are necessary as the final answer, it often suffices to accept the discrete
values nearest to the continuous solution.

It is possible to discuss the large-scale knapsack problem, in which the number
of constraints K is of the same order as IV, with S; kept discrete (Korutcheva
et al. 1994). However, in the present section we follow the idea of the relaxation
method and use continuous variables satisfying ) Sj‘? = NN because the problem
is then formulated in a very similar form as that of the perceptron capacity
discussed in §7.6 (Inoue 1997). Hence the S; are assumed to be continuous real
numbers satisfying > ; sz = N. We are to maximize the cost function

U ) e 5 M (9.29)
under the constraint
o1 VN 1 .
Y, = ég(usj)gkj oM<, M= ﬁ;sj. (9.30)

The normalization in the second half of (9.30) implies that 3, S; is of order

VN when b = N/4, and consequently about half of the items are carried in
the knapsack. Consistency of this assumption is confirmed if M is found to be
of order unity after calculations using this assumption. This will be shown to
be indeed the case. M is the coefficient of the deviation of order /N from the
average number of items N/2 to be carried in the knapsack.

9.4.3 Replica calculations

Let V' be the volume of subspace satisfying the condition (9.30) in the space
of the variables §. The typical behaviour of the system is determined by the
configurational average of the logarithm of V' over the random variables {&;}.
According to the replica method, the configurational average of V™ is, similarly
to (7.77),

V" = v(;n/Hdsg[Ia dosE—VNM || (S92 -N
oy % Vi

J



194 OPTIMIZATION PROBLEMS

1 M
1Ie ;i > 1+ S8); - eIk (9.31)
ok J

where Vj is defined as the quantity with only the part of 3 j(Sy)z = N kept in
the above integrand.

Equation (9.31) has almost the same form as (7.77), so that we can evaluate
the former very similarly to §7.6. We therefore write only the result here. Under
the assumption of replica symmetry, we should extremize the following G:

(V"] = exp{nNG(q, E, F, M)}
G = aGy(q) + Go(E, F, M) — %qF +iE

> dxe [ o
Gi(q miog/ ——/ dx
1la) M/QI;I 2 wao];I

-exp iZ:t:O‘)«O‘ —o? Z(m")2 —*(1+4q) z z%z”
o [£4

(a3}
- OO
Go(E,F,M) = Iog/ HdS”
—oo

cexp | —iM Y S* —iF Y §*S7 —iEY (5*)*],
143

(a3) o

where ¢ is the RS value of go3 = N7'Y, S?S;@ , and o = K/N (not to be
confused with the replica index «). Extremization by M readily shows that
M = 0. We also perform the integration and eliminate £ and F by extremization
with respect to these variables, as in §7.6, to find

G = a/DylogL(q) + % log(1l —q) + m
B e [ M/24yo/THq o
L(q) = 2y/w Exfc ( L ) . (9.33)

As the number of items increases with the ratio a (= K/N) fixed, the system
reaches a limit beyond which one cannot carry items. We write My, for the
value of M at this limit. To evaluate the limit explicitly we note that there is
only one way to choose items to carry at the limit, which implies ¢ = 1. We thus
extremize (9.32) with respect to ¢ and take the limit ¢ — 1 to obtain Mqpe as a
function of o as

o0 A 2y !
a(Mept) = 1 / Dy (——‘l‘i‘- + 2\/—2'3;) ) (9.34)
4 )= Mg/ (2v20) 4

Figure 9.3 shows Myp as a function of o when ¢ = 1/12. Stability analysis of

(9.32)
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the RS solution leads to the AT line:

2 fl; Dz zF

2 is o
a{/Dt(1~Lz+L?)} =1 Ly="=—F~— /mf ’
flz Dz /. (M/20+t/TFq) [VI=q
(9.35)

which is shown dashed in Fig. 9.3. The RS solution is stable in the range o <
0.846 but not beyond. The 1RSB solution for My is also drawn in Fig. 9.3, but
is hard to distinguish from the RS solution at this scale of the figure. We may
thus expect that further RSB solutions would give qualitatively similar results.

9.5 Satisfiability problem

Another interesting instance of the optimization problem is the satisfiability
problem., One forms a logical expression out of many logical variables in a certain
special way. The problem is to determine whether or not an assignment of each
logical variable to ‘true’ or ‘false’ exists so that the whole expression is ‘true’. It
is possible to analyse some aspects of this typical NP complete problem (Garey
and Johnson 1979) by statistical-mechanical methods. Since the manipulations
are rather complicated, we describe only important ideas and some of the steps
of calculations below. The reader is referred to the original papers for more
details (Kirkpatrick and Selman 1994; Monasson and Zecchina 1996, 1997, 1998;
Monasson et al. 1999, 2000).

9.5.1 Random satisfiability problem

Let us define a class of satisfiability problems, a random K -satisfiability problem
(K-SAT). Suppose that there are N logical variables x1,...,zy, each of which is
either ‘true’ or ‘false’. Then we choose K (< N) of the variables z;,,...,2;, and
negate each with probability 3: z;, — T, (= NOT(z;,)). A clause C; is formed
by logical OR (V) of these K variables; for example,

Cr =124y VI, VEis Vi, VooV Ty (9.36)
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This process is repeated M times, and we ask if the logical AND (A) of these M
clauses
F=CANCon-- ANCy (937)

gives ‘true’. If an assignment of each z; to ‘true’ or ‘false’ exists so that F'is
‘true’, then this logical expression is satisfiable. Otherwise, it is unsatisfiable.

For instance, in the case of N = 3, M = 3, and K = 2, we may form the
following clauses:

Cy =2 V To, Cy = 14 V z3, Cy =TV x3, (9.38}

and F = Cy ACy A Cs. This F is satisfied by xy = ‘true’, xo = ‘false’, and 3 =
‘true’.

It is expected that the problem is difficult (likely to be unsatisfiable) if A/
is large since the number of conditions in (9.37) is large. The other limit of
large N should be easy (likely to be satisfiable) because the number of possible
choices of x;,,...,25, out of zy,...,zyx is large and hence C is less likely to
share the same x; with other clauses. It can indeed be shown that the problem
undergoes a phase transition between easy and difficult regions as the ratio
a = M/N crosses a critical value a. in the limit N, M — oo with o and K fixed.
Evidence for this behaviour comes from numerical experiments (Kirkpatrick and
Selman 1994; Hogg et al. 1996}, rigorous arguments (Goerdt 1996), and replica
calculations (below): for o < e (easy region), one finds an exponentially large
number of solutions to satisfy a K-SAT, a finite entropy. The number of solutions
vanishes above a, (difficult region) and the best one can do is to minimize the
number of unsatisfied clauses (MAX K-SAT). The critical values are a, = 1
(exact) for K = 2, 4.17 for K = 3 (numerical), and 2% log 2 (asymptotic) for
sufficiently large K. The order parameter changes continuously at o, for K = 2
but discontinuously for K > 3. The RS solution gives the correct answer for
a < o and one should consider RSB when o > a..

It is also known that the K-SAT is NP complete for K > 3 (Garey and
Johnson 1979) in the sense that there is no generic polynomial-time algorithm
to find a solution when we know that a solution exists. By contrast, a linear-time
algorithm exists to find a solution for K = 1 and 2 (Aspvall et al. 1979). The
qualitatively different behaviour of K = 2 and K > 3 mentioned above may be
related to this fact.

9.5.2  Statistical-mechanical formulation

Let us follow Monasson and Zecchina (1997, 1998) and Monasson et al. (2000)
and formulate the random K-SAT. The energy to be minimized in the K-SAT
is the number of unsatisfied clauses. We introduce an Ising variable S; which
is 1 if the logical variable z; is “true’ and —1 for x; ‘false’. The variable with
quenched randomness Cp; is equal to 1 if the clause €} includes z;, Cy = —1
if T; is included, and Cj; = 0 when x; does not appear in C;. Thus one should
choose K non-vanishing Cj; from {Cp,...,Cin} and assign +1 randomly for
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those non-vanishing components, Z;le C? = K. Satisfiability is judged by the
value of }:lil Cy; S0 if it is larger than — K for all [, the problem is satisfiable
because at least one of the C};5; is 1 (satisfied) in the clause. The energy or the
Hamiltonian is thus formulated using Kronecker's delta as

E(S) = Z § (Z C1iS;, — ) . (9.39)

Fu=l

Vanishing energy means that the problem is satisfiable. Macroscopic properties
of the problem such as the expectation values of the energy and entropy can
be calculated from this Hamiltonian by statistical-mechanical techniques. One
can observe in (9.39) that Kronecker’s delta imposes a relation between K spins
and thus represents an interaction between K spins. The qualitative difference
between K = 2 and K > 3 mentioned in the previous subsection may be related
to this fact; in the infinite-range r-spin interacting model discussed in Chapter
5, the transition is of second order for r = 2 but is of first order for r > 3.

Averaging over quenched randomness in Cy; can be performed by the replica
method. Since M clauses are independent of each other, we find

(Z7] = Tr (g (S)M (9.40)

n N
e (S) = {e}cp {-% 3 (Z 52, ~K) H , (9.41)
[sE=31 i=1

where Tr denotes the sum over S. The configurational average [- - -] is taken over
the random choice of the C;. We have introduced the temperature 7" to control
the average energy. It is useful to note in (9.41) that

N N
§ (Z CiS?,wK) = JI ose.-c), (9.42)
i=1

i== 13050

where the product runs over all the ¢ for which C; is not vanishing. Then (g (5)
of (9.41) is

w3 X Y MRy zexp{ ZH }

=1 Cr=+1 fy==] ip=d
(9.43)

where we have neglected corrections of O(N~1). This formula for (5 (S) is con-
veniently rewritten in terms of {¢{o)}s, the set of the number of sites with a
specified spin pattern in the replica space o = {o',...,0"}:

Ne(o) = ZH(S( o (9.44)

il =1

Equation (9.43) depends on the spin configuration S only through {¢(e)}. In-
deed, if we choose off = —C} S, Kronecker’s delta in the exponent is d(of, 1).
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All such terms (there are Ne(—~Chor) of them) in the sum over ¢ to ix give the
same contribution. Hence (9.43) is written as

(i (8) = Cie({e}) = Z Z SN e(~Cron) .. e(~Crok)

re=d1l oy TK

-exp {—— > H 8o, 1 } . (9.45)

a=1 k=1

We may drop the Cj-dependence of ¢(—C;or;) in (9.45) due to the relation ¢(o) =
c(—o). This last equation is equivalent to the assumption that the overlap of odd
numbers of replica spins vanishes. To see this, we expand the right hand side of
(9.44) as

1 1+ Sfo¢ 1
C(O’)ZY\FZH 21 i =§E(I+ZQCXGQ
i @ o

+ Z Qaﬁaagﬁ 4 z QO{Q“’ @ :30”? 4.0}, (946)

a<g < <y
where )
Q¥ == > osesisy ... (9.47)
i
The symmetry ¢(o) = ¢(~a) follows from the relation Q® = Q" = ... =0 for

odd numbers of replica indices, which is natural if there is no symmetry breaking
of the ferromagnetic type. We assume this to be the case here.
The partition function (9.41) now has a compact form

(2™ -/HdC(O' ~NEo({c})
-TrH&{c(a)- 12[]5 } (9.48)

i=1 a==1

Eaﬁc}»}z-aiog{ 2. o). ow)

FRTEETL - g

n K
11 (l%(e”ﬁ -1 Hé(a,‘z,l)) } (9.49)

eyeml k=1

where one should not confuse a = M/N in front of the logarithm with the
replica index. The trace operation over the spin variables § (after the Tr symbol
in (9.48)) gives the entropy as
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N!
W = eXP (WI,V ; C(O‘) Iog, C{O’)) (950)
by Stirling’s formula. If we apply the steepest descent method to the integral in
(9.48), the free energy is given as, in the thermodynamic limit N, M — oo with
« fixed,
_?’.I:_._E({w — - 1 w< 9.51
= —Eol{e}) = 3 el@) logelor) (9.51)

o

with the condition ) _ ¢(o) = 1.

9.5.3  Replica-symmetric solution and its interpretation

The free energy (9.51) is to be extremized with respect to c(o). The simple RS
solution amounts to assuming ¢(o) which is symmetric under permutation of
ol,..., 0" It is convenient to express the function ¢(o) in terms of the distribu-

tion function of local magnetization P(m) as
! “r 1+ mo®
c(lo)= [ dmP(m) ][] — (9.52)
-1 a=1

It is clear that this e(o) is RS. The extremization condition of the free energy
(9.51) leads to the following self-consistent equation of P(m) as shown in Ap-
pendix D:

1 o w, l+4+m
P(?’Yb) == m/;mdu COs (é‘ ng 1 ~m)

1 K1

- exp {mosK + a'Kf H dmy. P(my) cos (g- log AK..I) } (9.53)

1 ge=i

K~1
Aga=1+"-1]]
k=1

1+ my
CE

(9.54)

The free energy is written in terms of the solution of the above equation as

BE "
e = log 2 + a1 — K)/ Hdmk P(my) log Ag
N U
oK 1 K1 1 o1
+— / H dmyg P(my)log Ay — = / dmP(m)log(1 — m?).(9.55)
2 s 2/

It is instructive to investigate the simplest case of K = 1 using the above
result. When K =1, Ag is e ” and (9.53) gives

1 = w, LHmY ohacosusr2) .
P{m) = P ,/«oe du cos (§ log - m) e . (9.56)
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Expressing the exponential cosine in terms of modified Bessel functions (using
e?es0 = S I;(2)e™*?) and integrating the result over u, we find

= Bk
P(m) =e™® Z Ii(a) 6 (m — tanh -2—) . (9.57)

fewm e 00

In the interesting case of the zero-temperature limit, this equation reduces to
1
P(m) = e *Iy(a)d(m) + 3 (1—e ®Io(a)) {6(m — 1)+ d(m +1)}.  (9.58)
Inserting the distribution function (9.57) into (9.55), we obtain the free energy

af . e Bk
=log2 — - +e Z I (o) log cosh 5 (9.59)

k=—o0

BF
N

which gives, in the limit 4 — oo,

Ej\?) — % _ %e—a (Io(a) + I () . {9.60)

This ground-state energy is positive for all positive a. It means that the K =1
SAT is always unsatisfiable for & > 0. The positive weight of §(m £ 1) in (9.58)
is the origin of this behaviour: since a spin is fixed to 1 (or —1) with finite
probability (1 — e~ *Iy(«))/2, the addition of a clause to the already existing M
clauses gives a finite probability of yielding a ‘false’ formula because one may
choose a spin fixed to the wrong value as the (M + 1)th clause. If P(m) were to
consist only of a delta function at the origin, we might be able to adjust the spin
chosen as the (M + 1)th clause to give the value ‘true’ for the whole formula;
this is not the case, however.

The coefficient e™*Iy(a) of 6(m) in (9.58) is the probability that a spin is free
to flip in the ground state. Since a single free spin has the entropy log 2, the total
entropy might seem to be Ne *Ig(e) log 2, which can also be derived directly
from (9.59). A more careful inspection suggests subtraction of Ne™*log?2 from
the above expression to yield the correct ground-state entropy

% — e (Ip(er) — 1) log 2. (9.61)

The reason for the subtraction of Ne"*log2 is as follows (Sasamoto, private
communication).

Let us consider the simplest case of M = 1, K = 1, and N arbitrary. Since
only a single spin is chosen as the clause, the values of all the other spins do
not affect the energy. In this sense the ground-state degeneracy is 2V~! and the
corresponding entropy is (N — 1) log 2. However, such a redundancy is clearly a
trivial one, and we should count only the degree(s) of freedom found in the spins



SIMULATED ANNEALING 201

which actually exist in the clause, disregarding those of the redundant spins not
chosen in the clauses. Accordingly, the real degeneracy of the above example is
unity and the entropy is zero instead of (N — 1) log 2.

For general M (and K = 1), the probability of a spin not to be chosen in a
clause is 1 — 1/N, so that the probability that a spin is not chosen in any M
clauses is (1 —1/N)™ which reduces to e™® as M, N — oo with o = M/N fixed.
Thus the contribution from the redundant spins to the entropy is Ne™*log2,
which is to be subtracted as in (9.61). A little more careful argument on the
probability for a spin not to be chosen gives the same answer.

The entropy (9.61) is a non-monotonic function of «, starting from zero at
« = 0 and vanishing again in the limit o — oo. Thus it is positive for any positive
a, implying a macroscopic degeneracy of the ground state, MAX 1-SAT.

Analysis of the case K > 2 is much more difficult and the solutions are known
only partially. We summarize the results below and refer the interested reader to
Monasson and Zecchina (1997, 1998) and Monasson et al. (2000). If P(m) does
not have delta peaks at m = +1, the spin states are flexible, and the condition
F=0C; A ACuy = ‘true’ can be satisfied. This is indeed the case for small a
(easy region). The ground-state energy vanishes in this region, and the problem is
satisfiable. There are an exponentially large number of solutions, a finite entropy.
When o exceeds a threshold ae, P(m) starts to have delta peaks at m = =1
continuously (K = 2) or discontinuously (K > 3) across ae. The delta peaks at
m = =1 imply that a finite fraction of spins are completely frozen so that it is
difficult to satisfy the condition F' = ‘true’; there is a finite probability that all
the z; in a clause are frozen to the wrong values. The K-SAT is unsatisfiable
in this region o > a.. The critical point is a. = 1 for K = 2 and a. = 4.17
for the discontinuous case of K = 3. The latter value of 4.17 is from numerical
simulations. It is hard to locate the transition point «. from the RS analysis for
K > 3 because one should compare the RS and RSB free energies, the latter
taking place for a > a.. Comparison with numerical simulations indicates that,
for any K > 2, the RS theory is correct for the easy region o < «. but not for
the difficult region o > a.. In the former region an extensive number of solutions
exist as mentioned above, but they suddenly disappear at oe.

9.6 Simulated annealing

Let us next discuss the convergence problem of simulated annealing. Simulated
annealing is widely used as a generic numerical method to solve combinatorial
optimization problems. This section is not about a direct application of the spin
glass theory but is nonetheless closely related to it; the ground-state search of
a spin glass system is a very interesting example of combinatorial optimization,
and simulated annealing emerged historically through efforts to identify the cor-
rect ground state in the complex energy landscape found typically in spin glasses
(Kirkpatrick et ol. 1983). We investigate, in particular, some mathematical as-
pects of simulated annealing with the generalized transition probability, which
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! S

state state

(a) (b)

Fic. 9.4. Phase space with a simple structure (a) and a complicated structure

(b)

is recently attracting attention for its fast convergence properties and various
other reasons (Abe and Okamoto 2001).

9.6.1 Simulated annealing

Suppose that we wish to find the optimal state (that minimizes the cost function)
by starting from a random initial state and changing the state gradually. If the
value of the cost function decreases by a small change of state, we accept the new
state as the one that is actually realized at the next step, and we reject the new
state if the cost function increases. We generate new states consecutively by this
process until no new states are actually accepted, in which case we understand
that the optimal state has been reached (Fig. 9.4). This idea is called the gradient
descent method. If the phase space has a simple structure as in Fig. 9.4(a),
the gradient descent always leads to the optimal state. However, this is not
necessarily the case if there are local minima which are not true minima as in
Fig. 9.4(b), because the system would be trapped in a local minimum for some
initial conditions.

It is then useful to introduce transitions induced by thermal fluctuations
since they allow processes to increase the value of the cost function with a cer-
tain probability. We thus introduce the concept of temperature 7" as an externally
controllable parameter. If the cost function decreases by a small change of state,
then we accept the new state just as in the simple gradient descent method. If, on
the other hand, the cost function increases, we accept the new state with prob-
ability e2f/T that is determined by the increase of the cost function Af (> 0)
and the temperature 7. In the initial stage of simulated annealing, we keep the
temperature high, which stimulates transitions to increase the cost function with
relatively high probability because e=2//7 is close to unity. The system searches
the global structure of the phase space by such processes that allow the system to
stay around states with relatively high values of the cost function. Then, a grad-
ual decrease of the temperature forces the system to have larger probabilities to
stay near the optimal state with low f, which implies that more and more local
structures are taken into account. We finally let T — 0 to stop state changes
and, if successful, the optimal state will be reached. Simulated annealing is the
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idea to realize the above process numerically to obtain an approximate solution
of a combinatorial optimization problem. One can clearly reach the true optimal
state if the temperature is lowered infinitesimally slowly. In practical numeri-
cal calculations one decreases the temperature at a finite speed and terminates
the process before the temperature becomes exactly zero if a certain criterion
is satisfied. Simulated annealing is an approximate numerical method for this
reason.

9.6.2  Annealing schedule and generalized transition probability

An important practical issue in simulated annealing is the annealing schedule, the
rate of temperature decrease. If the temperature were decreased too rapidly, the
system would be trapped in a local minimum and lose a chance to escape there
because a quick decrease of the temperature soon inhibits processes to increase
the cost function. If the temperature is changed sufficiently slowly, on the other
hand, the system may be regarded to be approximately in an equilibrium state at
each T and the system therefore reaches the true optimal state in the limit T — 0.
It is, however, impracticable to decrease the temperature infinitesimally slowly.
Thus the problem of the annealing schedule arises in which we ask ourselves how
fast we can decrease the temperature without being trapped in local (not global)
minima.

Fortunately, this problem has already been solved in the following sense (Ge-
man and Geman 1984; Aarts and Korst 1989). When we allow the system to
increase the cost function with probability e //7 as mentioned before, the sys-
tem reaches the true optimal state in the infinite-time limit £ — oo as long as the
temperature is decreased so that it satisfies the inequality T'(¢) > ¢/ log(t + 2).
Here ¢ is a constant of the order of the system size N. It should, however, be
noted that the logarithm log(t + 2) is only mildly dependent on ¢ and the lower
bound of the temperature does not approach zero very quickly. Thus the above
bound is not practically useful although it is theoretically important.

An inspection of the proof of the result mentioned above reveals that this
logarithmic dependence on time ¢ has its origin in the exponential form of the
transition probability e~2//T_ It further turns out that this exponential func-
tion comes from the Gibbs-Boltzmann distribution P(z) = e~ f@/T/Z of the
equilibrium state at temperature 1.

However, it is not necessary to use the exponential transition probability,
which comes from the equilibrium distribution function, because we are inter-
ested only in the limit T — 0 in combinatorial optimization problems. The
only requirement is to reach the optimal state in the end, regardless of inter-
mediate steps. Indeed, numerical investigations have shown that the generalized
transition probability to be explained below has the property of very rapid con-
vergence to the optimal state and is now used actively in many situations (Abe
and Okamoto 2001). We show in the following that simulated annealing using
the generalized transition probability converges in the sense of weak ergodicity
under an appropriate annealing schedule (Nishimori and Inoue 1998). The proof
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given here includes the convergence proof of conventional simulated annealing
with the exponential transition probability as a special case.

9.6.3 Inhomogeneous Markov chain

Suppose that we generate states one after another sequentially by a stochastic
process starting from an initial state. We consider a Markov process in which the
next state is determined only by the present state, so that we call it a Markov
chain. Our goal in the present section is to investigate conditions of convergence
of the Markov chain generated by the generalized transition probability explained
below. We first list various definitions and notations.

The cost function is denoted by f that is defined on the set of states (phase
space) S. The temperature T is a function of time, and accordingly the transition
probability G from a state z (€ §) to y is also a function of time ¢ (= 0,1,2,...).
This defines an inhomogeneous Markov chain in which the transition probability
depends on time. This G is written as follows:

P(a,y) Az, y; T'(1)) (z #y)

Glevit) = { 1= ) Pla.2)A(e, 5 T(0) (2 =y). (9.62)

Here P(x,y) is the generation probability (probability to generate a new state)

>0 (yesy)

Plz,y) { =0 (otherwise), (9-63)

where S, is the neighbour of x, the set of states that can be reached by a single
step from z. In (9.62), A(z,y;T) is the acceptance probability (probability by
which the system actually makes a transition to the new state) with the form

Az, y; T) = min{1, u(z, y; T)}

1/(1~q) .
u(o,yi T) = (1 (- 1>ﬁ?z>_%ﬂ@) | (9.64)

Here ¢ is a real parameter and we assume ¢ > 1 for the moment. Equation (9.62)
shows that one generates a new trial state y with probability P(x,y), and the
system actually makes a transition to it with probability A(x,y;T). According
to (9.64), when the change of the cost function Af = f(y) — f(x) is zero or
negative, we have u > 1 and thus A(z,y;T) = 1 and the state certainly changes
to the new one. If Af is positive, on the other hand, u < 1 and the transition to y
is determined with probability u(z, y; T). If Af < 0 and the quantity in the large
parentheses in (9.64) vanishes or is negative, then we understand that u — oo
or A = 1. It is assumed that the generation probability P(x,y) is irreducible: it
is possible to move from an arbitrary state in § to another arbitrary state by
successive transitions between pairs of states z and y satisfying P(z,y) > 0. It
should be remarked here that the acceptance probability (9.64) reduces to the
previously mentioned exponential form e~/ in the limit ¢ — 1. Equation
(9.64) is a generalization of the Gibbs-Boltzmann framework in this sense.
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Now we choose the annealing schedule as follows:

T(t) w '(""t"":;b”"é")”g (b, c > O, f= O, 1, 2, . ) (966)

In the convergence proof of conventional simulated annealing corresponding to

g — 1, a logarithm of ¢ appears in the denominator of (9.65). Here in the case

of the generalized transition probability (9.62)-(9.64), it will turn out to be
appropriate to decrease T" as a power of ¢.

It is convenient to regard G(z, y;t) as a matrix element of a transition matrix

G(t):
(G (t)]sy = Cla.y:1). (9.66)

We denote the set of probability distributions on & by P and regard a probability
distribution p as a row vector with element p(x) (z € S). If at time s the system
is in the state described by the probability distribution pg (€ P), the probability
distribution at time ¢ is given as

p(s,t) = poG*t = poG(s)G(s +1)...G(t — 1). (9.67)

We also introduce the coefficient of ergodicity as follows, which is a measure of
the state change in a single step:

a(G*") =1 — min {Z min{G*!(z,2), G>'(y, z)}z,y € S} . (9.68)
z&8

In the next section we prove weak ergodicity of the system, which means that
the probability distribution is asymptotically independent of the initial condition:

Vs > 0: tlf?é} sup{lip1(s,t) — po(s,t)|| | po1,po2 € P} =0, (9.69)

where pi(s,t) and po(s,t) are distribution functions with different initial condi-
tions,

pi(s,t) = po1G™', pa(s,t) = poaG**. (9.70)
The norm of the difference of probability distributions in (9.69) is defined by
I —pell = 3 Ipa () — pal@)]- (9.71)
2ES

Strong ergodicity to be contrasted with weak ergodicity means that the proba-
bility distribution approaches a fixed distribution irrespective of the initial con-
dition:

dJreP,Vs>0: gh_}go sup{||p(s,t) —r|| | po € P} = 0. (9.72)

The conditions for ergodicity are summarized in the following theorems (Aarts
and Korst 1989).
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Theorem 9.1. (Weak ergodicity) An inhomogeneous Markov chain is weakly
ergodic if and only if there exists a monotonically increasing sequence of integers

0<to <ty <ovr <<ty <ty <.

and the coefficient of ergodicity satisfies

i(l — oG 1)) = oo, (9.73)

i=0
Theorem 9.2. (Strong ergodicity) An inhomogeneous Markov chain is strong-
ly ergodic if

o it is weakly ergodic,

o there exists a stationary state p, = p,G(t) at each t, and

o the above p, satisfies the condition

S pe = pesall < 0. (9.74)
t=0

9.6.4 Weak ergodicity

We prove in this section that the Markov chain generated by the generalized
transition probability (9.62)-(9.64) is weakly ergodic. The following lemma is
useful for this purpose.

Lemma 9.3. (Lower bound to the transition probability) The transition
probability of the inhomogeneous Markov chain defined in §9.6.3 satisfies the fol-
lowing inequality. Off-diagonal elements of G for transitions between different
states satisfy

(a- 1)1;)”“"“). (0.75)

; >0 yit) 2w
Plz,y) >0=Vt>0 G(w,y,t)_w(l+ T

For diagonal elements we have

Vo€ S\SM, 3t >0, > t1 : Gz, a3t) > @= DY g g
€ S\SY, Ity >0,Vt >t : Glz,x3t) > w 1+W . (9.76)

Here SM is the set of states to locally mazimize the cost function
SM = x|z €S, Vy e S, : f(y) < fla)} 9.77)
L is the largest value of the change of the cost function by a single step
L = max{|f(x) = f(y)| | P(x.y) > 0}, (9.78)
and w is the minimum value of the non-vanishing generation probability

w = min{P(x,y) | P(z,y) > 0,2,y € S}. (9.79)
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Proof We first prove (9.75) for off-diagonal elements. If f(y) — f(z) > 0, then
u(z,y; T'(t)) <1 and therefore
G(z,y:t) = Pz, y)A(x,y: T(t)) > w min{l, u(x, y; T(t))}

_ 1/(1—q)
=wu(z,y; T(t)) > w (1 + W) . (9.80)

When f(z) — f(y) <0, u(z,y; T(t)) > 1 holds, leading to

B 1/(1-q)
G(x,y:t) > w min{l,u(z, y; 7))} =w > w (l + W) ! . (9.81)

To prove the diagonal part (9.76), we note that there exists a state y. € Sy
to increase the cost function f(y.) — f(x) > 0 because of z € S\ SM. Then

lim w(z,y;T(t)) =0, (9.82)
L 00 )
and therefore
tlim min{1, u(z,y: T(t))} = 0. (9.83)

For sufficiently large ¢, min{1, u(xz,y; T'(t))} can be made arbitrarily small, and
hence there exists some t; for an arbitrary ¢ > 0 which satisfies

Vit > ¢y min{l, u(z, y; T(t))} <e. (9.84)
Therefore

> Pz, 2) Az, 2 T(t))

ze8

= Z P(x,yy)min{l, u(z, y+; T(t))} + Z Pz, z)min{l, u(z, z; T(t))}
{y+} zeS\{y+}

<Y Player S Pz =-(1-9 3 Py +1 (9.89)
{y+} z&8\{y+} {y+}

From this inequality and (9.62) the diagonal element satisfies

T R

G, z:t) > (1—€) Y Pla,yy) > w1+ =
{y+} ( @)

In the final inequality we have used the fact that the quantity in the large
parentheses can be chosen arbitrarily small for sufficiently large ¢. |
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It is convenient to define some notation to prove weak ergodicity. Let us write
d(x,y) for the minimum number of steps to make a transition from z to y. The
maximum value of d(z,y) as a function of y will be denoted as k(x):

k(x) = max{d(z,y)ly € S}. (9.87)

Thus one can reach an arbitrary state within k(z) steps starting from x. The
minimum value of k(z) for x such that x € S\ S is written as R, and the z to
give this minimum value will be z*:

R = min{k(z)|z € S\ SM}, z* = argmin{k(z)|z € S\ SY}. (9.88)

Theorem 9.4. (Weak ergodicity : generalized transition probability) The
inhomogeneous Markov chain defined in §9.6.3 is weakly ergodic if 0 < ¢ <

(¢—1)/R.
Proof Let us consider a transition from z to z*. From (9.67),
G Rz, z*) = Z G(z,z1;t—R)G(x1,22;t —R+1) ... G(zp—_1,2"5t—1).
Lyyenesd B ]
(9.89)
There exists a sequence of transitions to reach z* from x within R steps according
to the definitions of z* and R,

THELy F By F o F X = Tpppy =+ =T =21". {9.90)
We keep this sequence only in the sum (9.89) and use Lemma 9.3 to obtain

G Rt (g, 2*) > G(x, 213t — R)G(x1, w2:t — R+1)...G(xp_1,xp;t — 1)
R 1/(1~q)
(¢-1L
>
= ;Eu(u TE-R+k—1)

(¢—1)L R/(1—q)
_— (1 Ll 1)) . (9.91)

It therefore follows that the coeflicient of ergodicity satisfies the inequality

oG =1 — min {Z min{G* " (z, 2), G Pt (y, 2)}|m,y € S}
z€8

< 1 — min{min{G* 't (z,2*), G (y,2*)}|z,y € S}
(¢g—1)L R/(1-q)

T{t—1) ) '

We now use the annealing schedule (9.65). According to (9.92) there exists a

positive integer ko such that the following inequality holds for any integer k
satisfying k > ko:

<1-whf (1 - (9.92)

(¢ — 1V)L(kR +1)° ) R/(1~q)

1 - Q(GL:R—-R,I&:R) > wR. (1 + ;
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. e ey B/(1—q)
> wh {W (k + %) } . (9.93)

It is then clear that the following quantity diverges when 0 < ¢ <{(g—1}/R:

oG ko—1 o0
Z(lm(X(Gkﬁ—-R,kR}) - Z (1ma(GkR—-R,ka))+ Z (1m&(GkR~R’kR}). (994)
k=0 k=0 k=ko

This implies weak ergodicity from Theorem 9.1. 0

This proof breaks down if ¢ < 1 since the quantity in the large parentheses of
(9.64) may be negative even when Af > 0. In numerical calculations, such cases
are treated as u = 0, no transition. Fast relaxations to the optimal solutions
are observed often for ¢ < 1 in actual numerical investigations. It is, however,
difficult to formulate a rigorous proof for this case.

It is also hard to prove a stronger result of strong ergodicity and approach
to the optimal distribution (distribution uniform over the optimal states) for
the Markov chain defined in §9.6.3 for general ¢q. Nevertheless, weak ergodicity
itself has physically sufficient significance because the asymptotic probability
distribution does not depend on the initial condition; it is usually inconceivable
that such an asymptotic state independent of the initial condition is not the
optimal one or changes with time periodically.

9.6.5 Relazation of the cost function

It is not easy to prove the third condition of strong ergodicity in Theorem 9.2,
(9.74), for a generalized transition probability with ¢ # 1. However, if we restrict
ourselves to the conventional transition probability e=2//T corresponding to
g — 1, the following theorem can be proved (Geman and Geman 1984).

Theorem 9.5. (Strong ergodicity : conventional transition probability)
If we replace (9.64) and (9.65) in §9.6.3 by

u(z,y; T) = exp{~(f(y) — f(2))/T} (9.95)
() > mg{:—iz)’ (9.96)

then this Markov chain is strongly ergodic. The probability distribution in the
limit t — oo converges to the optimal distribution. Here R and L are defined as
in §9.6.4.

To prove this theorem, we set ¢ — 1 in (9.92) in the proof of Theorem 9.4. By
using the annealing schedule of (9.96), we find that (9.94) diverges, implying weak
ergodicity. It is also well known that the stationary distribution at temperature
T(t) for any given ¢ is the Gibbs-Boltzmann distribution, so that the second
condition of Theorem 9.2 is satisfied. Some manipulations are necessary to prove
the third convergence condition (9.74), and we only point out two facts essential
for the proof: the first is that the probability of the optimal state monotonically
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increases with decreasing temperature due to the explicit form of the Gibbs—
Boltzmann distribution. The second one is that the probabilities of non-optimal
states monotonically decrease with decreasing temperature at sufficiently low
temperature.

A comment is in order on the annealing schedule. As one can see in Theorem
9.4, the constant ¢ in the annealing schedule (9.65) is bounded by (¢—1)/R, but
R is of the order of the system size N by the definition (9.88) of R.?* Then, as
N increases, ¢ decreases and the change of 1'(t) becomes very mild. The same
is true for (9.96). In practice, one often controls the temperature irrespective
of the mathematically rigorous result as in (9.65) and (9.96); for example, an
exponential decrease of temperature is commonly adopted. If the goal is to obtain
an approximate estimation within a given, limited time, it is natural to try fast
annealing schedules even when there is no guarantee of asymptotic convergence.

It is instructive to investigate in more detail which is actually faster between
the power decay of temperature (9.65) and the logarithmic law (9.96). The time
t1 necessary to reach a very low temperature ¢ by (9.65) is, using b/t§ ~ ¢ (where

(kN b .
] ~ exp (qwllog 5). (9.97)

Here we have set R = kyN. For the case of {9.96), on the other hand, from
koN/logts = 6,
0

Both of these are of exponential form in N, which is reasonable because we are
discussing generic optimization problems including the class NP complete. An
improvement in the case of the generalized transition probability (9.97) is that
§ appears as logd whereas it has 1/6-dependence in to, which means a smaller
coefficient of V for small § in the former case.

It should also be remarked that smaller temperature does not immediately

mean a smaller value of the cost function. To understand this, note that the
acceptance probability (9.64) for ¢ # 1 is, when T' = § <« 1,

ty & exp (ﬂ) . (9.98)

5 1/(g—1)
udT = &) ~ 9.
u (1" = §) ((q——l)Af) . (9.99)
while for ¢ = 1, according to (9.95),
up(T = 8) m e/, (9.100)

For transitions satisfying Af/6 > 1, we have u1(8) >> us(d). This implies that
transitions to states with high cost function values take place easier for ¢ # 1 than
for ¢ = 1 if the temperature is the same. Transition probabilities for ¢ # 1 cause

23The number of steps to reach arbitrary states is at least of the order of the system size.
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f

0 aj.y a;

Fi1G. 9.5. Potential and barriers in one dimension

state searches among wide regions in the phase space even at low temperatures.
It would follow that the equilibrium expectation value of the cost function after
a sufficiently long time at a fixed temperature is likely to be higher in the case
g # 1 than in ¢ = 1. In numerical experiments, however, it is observed in many
cases that ¢ s 1 transition probabilities lead to faster convergence to lower values
of the cost function. The reason may be that the relaxation time for ¢ s 1 is
shorter than for ¢ = 1, which helps the system escape local minima to relax
quickly towards the real minimum.

9.7 Diffusion in one dimension

The argument in the previous section does not directly show that we can reach
the optimal state faster by the generalized transition probability. It should also
be kept in mind that we have no proof of convergence in the case of ¢ < 1. In
the present section we fill this gap by the example of diffusion in one dimension
due to Shinomoto and Kabashima (1991). It will be shown that the generalized
transition probability with ¢ < 1 indeed leads to a much faster relaxation to the
optimal state than the conventional one ¢ = 1 (Nishimori and Inoue 1998).

9.7.1 Diffusion and relexation in one dimension

Suppose that a particle is located at one of the discrete points & = ai (with i
integer and a > 0) in one dimension and is under the potential f(z) = z%/2.
There are barriers between the present and the neighbouring locations i 4 1. The
height is B to the left ({ — ¢ — 1) and B -+ A; to the right (i — i+ 1) as shown
in Fig. 9.5. Here A, is the potential difference between two neighbouring points,
A; = fla(i+ 1)) — flai) = ax + a®/2.

The probability P:(7) that the particle is located at & = ai at time ¢ follows
the master equation using the generalized transition probability:

4P (i)
dt

1/(1—q)
= (1+(q-»1);f> Pi(i+1)
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B+ A 1/(1~q)
+(1~§~(q-»1)~—-—-—+ 1) Py(i—1)

T
A 1/ (1-q)
(-0 ZF2) T R
1/(1~q)
- (1 + (g l)f) Pi(i). (9.101)

The first term on the right hand side represents the process that the particle
at ¢ + 1 goes over the barrier B to 4, which increases the probability at i. The
second term is for i — 1 — 4, the third for i — 7+ 1, and the fourth for i — 7 — 1.
It is required that the transition probability in (9.101) should be positive semi-
definite. This condition is satisfied if we restrict gto ¢ = 1—-(2n)"! (n=1,2,...)
since the power 1/(1 — ¢) then equals 2n, which we therefore accept here.

It is useful to take the continuum limit a — 0 to facilitate the analysis. Let
us define v(T') and D(T) by

1 q/(1—q) B\ V(-2
=3 (1+@-0g) o= (1v@-ng) . 10
and expand the transition probability of (9.101) to first order in A; and A1 (x
a) to derive
dP.(i , . . .
P Dy e +1) 2P0 + PG~ 1)
+ ay(T) {mmi) + %a(z‘) 2P —1) + gﬂ(zt - 1)} . (9.103)

We rescale the time step as a*t — t and take the limit a — 0, which reduces the
above equation to the form of the Fokker-Planck equation

ar .0 _LO*P

We are now ready to study the time evolution of the expectation value of the
cost function y:

y(t) = / dz f(z)P(z,1). (9.105)

The goal is to find an appropriate annealing schedule T'(¢) to reduce y to the
optimal value 0 as quickly as possible. The time evolution equation for y can be
derived from the Fokker-Planck equation (9.104) and (9.105},
dy \ . .
pri —2v(1Ty + D(T'). (9.106)
Maximization of the rate of decrease of y is achieved by minimization of the
right hand side of (9.106) as a function of T' at each time (or maximization of
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the absolute value of this negative quantity). We hence differentiate the right
hand side of (9.106) with respect to 1" using the definitions of v(T") and D(T'),
(9.102):

2yB + (1 —q)B*

opt = 2% 1 B = (1-q)B + 2qy + O(?). (9.107)
Thus (9.106) is asymptotically, as y =~ 0,
% = —opY/(a=1) (1—2_’1(3)(1/(1 i y 9, (9.108)
which is solved as
y = BY/a 1-4 v —(1—q)/q
Y = ( 5 ) t . (9.109)
Substitution into (9.107) reveals the optimal annealing schedule as
Topt & (1 — q)B + const - t~1=9)/4, (9.110)

Equation (9.109) indicates that the relaxation of y is fastest when ¢ = 1/2 (n =
1), which leads to
2 2
y R %t”l., Topt = g + %«t"l.

The same analysis for the conventional exponential transition probability
with ¢ — 1 in the master equation (9.101) leads to the logarithmic form of
relaxation (Shinomoto and Kabashima 1991)

B B
ot 1 gt
Comparison of (9.111} and (9.112) clearly shows a faster relaxation to y = 0 in
the case of ¢ = 1/2.

A remark on the significance of temperature is in order. T,p¢ in (9.107) ap-
proaches a finite value (1 — ¢)B in the limit ¢ — oo, which may seem unsatis-
factory. However, the transition probability in (9.101) vanishes at 7" = (1 —¢) B,
not at 7' = 0, if ¢ # 1,a — 0, and therefore 1" = (1 — q)B eflectively plays the
role of absolute zero temperature.

(9.111)

y (9.112)

Bibliographical note

The application of statistical mechanics to optimization problems started with
simulated annealing (Kirkpatrick et al. 1983). Review articles on optimization
problems, not just simulated annealing but including travelling salesman, graph
partitioning, matching, and related problems, from a physics point of view are
found in Mézard et al. (1987) and van Hemmen and Morgenstern (1987), which
cover most materials until the mid 1980s. A more complete account of simu-
lated annealing with emphasis on mathematical aspects is given in Aarts and
Korst (1989). Many optimization problems can be formulated in terms of neural
networks. Detailed accounts are found in Hertz et al. (1991) and Bishop (1995).



APPENDIX A
EIGENVALUES OF THE HESSIAN

In this appendix we derive the eigenvalues and eigenvectors of the Hessian dis-
cussed in Chapter 3. Let us note that the dimensionality of the matrix G is equal
to the sum of the spatial dimension of €* and that of n°%, n 4+ n(n —1)/2 =
n(n + 1)/2. We write the eigenvalue equation as

Gp = Ay, p= (ﬁﬁ}) : (A1)

The symbol {€®} denotes a column from €' at the top to €” at the bottom and
{n°?} is for n'? to pn—1m,

A.1 Eigenvalue 1

There are three types of eigenvectors. The first one p; treated in the present
section has the form € = a,n*? = b. The first row of G is written as

(A,B,....,B,C,...,C,D..., D), (A.2)
so that the first row of the eigenvalue equation Gy = Ap, is

Aa+ (n—1)Ba+ (n — 1)Ch + %(n —D(n—2)Db=Aa. (A3

The lower half of the same eigenvalue equation (corresponding to {n®?}) is, using
the form of the corresponding row of G, (C,C,D,... . D, P,Q,...,Q,R,....R),

2Ca+ (n—2)Da+ Pb+2(n~2)Qb+ 3(n—2)(n - HRb=Mb.  (A4)
The factor of 2 in front of the first C' comes from the observation that both G (a3
and Ggap) are C for fixed (af). The factor (n — 2) in front of D reflects the
number of replicas v giving G (a3 = D. The 2(n—2) in front of Q) is the number
of choices of replicas satisfying G g)(ay) = @, and similarly for (n —2)(n—3)/2.

The condition that both (A.3) and (A.4) have a solution with non-vanishing a
and b yields

A = %(X +VY? 1 2), (A5)

X=A+(n—-1)B+P+2n-2)Q+ %(n—Q)(n—B)R (A.6)

214



FIGENVALUE 2 215

Y =A+(n-1)B—P—2n-2)Q- %(n—w Hn—-NR (A7)
Z = 2(n ~ 1){2C + (n — 2)D}*. (A.8)

This eigenvalue reduces in the limit n — 0 to

M =%{A«~B+P~4Q+3Ri VA-B-P+iQ 3R} ~8(C - D}}.
(A.9)

A.2 Eigenvalue 2

The next type of solution p, has € = a (for a specific replica ), €* = b (other-
wise) and ™7 = ¢ (when o or 3 is equal to 8), n®? = d (otherwise). We assume
6 = 1 without loss of generality. The first row of the matrix G has the form
(A,B...,B,C,...,C,D,...,D). Both B and C appear n — 1 times, and D ex-
ists (n—1)(n —2)/2 times. Vector p, is written as *(a,b,...,b,c,...,c,d,...,d),
where there are n — 1 of b and ¢, and (n — 1)(n — 2)/2 of d. The first row of the
eigenvalue equation Gy = Agpty is

Aa+(n—1)Bb+ Ce(n — 1) + %Dd(n —1}(n —2) = Aea. (A.10)

The present vector p, should be different from the previous p, and these vectors
must be orthogonal to each other. A sufficient condition for orthogonality is
that the upper halves (with dimensionality n) of p; and u, have a vanishing
inner product and similarly for the lower halves. Then, using the notation p, =
Hayzy .o 2y, .., y), we find

a+(n—1)b=0, c+%(nm2)dmi}. (A1)
Equation (A.10) is now rewritten as
(A—X~B)a+ (n—1)(C — D)c=0. (A.12)

We next turn to the lower half of the eigenvalue equation corresponding to
{n*P}. The relevant row of G is (C,C,D,...,D,P,Q,...,Q,R,...,R), where
there are n — 2 of the D, 2(n — 2) of the @, and (n — 2){(n — 3)/2 of the R. The
eigenvector p, has the form *(a,b,...,b,c,...,c,d, ..., d). Hence we have

aC+bC+(n-2)Db—§—Pc+(n—2)Qc+(n~2)Qd+%(7&—2}(n-3)Rd = Age. (A.13)

This relation can be written as, using (A.11),
n-—2
n-—1

(C—Dya+{P+(n—4)Q — (n—3)R—A}c=0. (A.14)
The condition that (A.12) and (A.14) have non-vanishing solution yields

Ao = %(X +VY?+ 2), (A.15)
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X=A~B+P+(n—-4Q~(n~3)R (A.16)
Y=A-B-P—-(n-4)Q+(n—3)R (A.17)
Z = 4(n - 2)(C — D)% (A.18)

This eigenvalue becomes degenerate with Ay in the limit n — 0.

There are n possible choices of the special replica 8, so that we may choose n
different eigenvectors p,. Dimensionality n corresponding to {¢“} from n(n+1)/2
dimensions has thus been exhausted. Within this subspace, the eigenvectors p,
and p, cannot all be independent as there are no more than n independent
vectors in this space. Therefore we have n independent vectors formed from p,
and pu,. If we recall that Ay and e are both doubly degenerate, the eigenvectors
pq and p, are indeed seen to construct a 2n-dimensional space.

A.3 Eigenvalue 3
The third type of eigenvector p; has €/ = a,¢” = a (for two specific replicas 6, v)
and €* = b (otherwise), and 7% = ¢,n’* = *® = d and n*? = e otherwise. We
may assume # = 1, v = 2 without loss of generality.

A sufficient condition for orthogonality with g, = *(z,...,z,y...,y) gives

204+ (n—2)b=0, c+2n-2)d+ %(n —2)(n —3)e=0. (A.19)

To check a sufficient condition of orthogonality of pg and p,, we write p, =
Heyy,..oy v, 0w, ..., w) and obtain

ar+ay+(n—2)by =0, cv+ (n—2)dv =0, (n—2)dw-+ %(n —2)(n—3)ew = 0.

(A.20)
From this and the condition = + (n — 1)y = 0 as derived in (A.11), we obtain

Il

a—b=0, c+m-2)d=0, d+ é—(n ~3)e—0. (A.21)

From (A.19) and (A.21), a = b = 0,c = (2 — n)d,d = (3 — n)e/2. This relation
reduces the upper half of the eigenvalue equation (corresponding to {e*}) to
the trivial form 0 = 0. The relevant row of Gis (..., P,@,...,Q,R,..., R) and
ps =40,...,0,¢,d,...,d,e,...,e). Thus the eigenvalue equation is

1
Pc+2(n—2)Qd + ~2—(n —2)(n — 3)Re = Asc, (A.22)
which can be expressed as, using (A.21},
As =P —2Q + R. (A.23)

The degeneracy of Az may seem to be n{n — 1)/2 from the number of choices of
# and v. However, n vectors have already been used in relation to Ay, Ay and the
actual degeneracy (the number of independent vectors) is n{n — 3)/2. Together
with the degeneracy of A; and Ay, we have n(n + 1)/2 vectors and exhausted all
the eigenvalues.



APPENDIX B
PARISI EQUATION

We derive the free energy in the full RSB scheme for the SK model in this
appendix following Duplantier (1981). The necessary work is the evaluation of
the term Tre” in the free energy (2.17). We set 3 = J = 1 during calculations
and retrieve these afterwards by dimensionality arguments.

As one can see from the form of the matrix (3.25) in §3.2.1, the diagonal blocks
have elements ¢ . Thus we may carry out calculations with the diagonal element
oo kept untouched first in the sum of g,55%S? and add 32J%qx /2 (qx — q(1))
to Sf later to cancel this extra term. We therefore evaluate

: NERS 3 -
G = Tr exp 3 Z Gap S S +th"

e, =1

4

1 9’
=exp | 5 qu“ﬁm H2c<>sh h(}} . (B.1)
o, f ! ¢ R ==h

If all the ¢,z are equal to ¢ (the RS solution), the manipulation is straightforward
and yields

G = exp g 0 (2 cosh h)™ (B.2)
2 Oh? ’
where we have used
f(hy,... hn) Of(h,....h) ,
%: e, L T (B.3)

In the case of 2RSB, we may reach the n x n matrix {¢.3} in three steps by
increasing the matrix dimension as ma, my, n:
(2-1) (g2 — q1)}1(mg). Here I(mg) is an mg x mo matrix with all elements unity.
(2-2) (g2 — q)Diag,,, [I(m2)] + (g1 — go)I(my). The matrix Diag,, [I(m2)] has
dimensionality m4 X mq with all diagonal blocks equal to I(ms) and all the
other elements zero. The second term (g1 — o) (my) specifies all elements
to g1 — qo, and the first term replaces the block-diagonal part by ¢2 — ¢o.
(2-3) (g2 — @1)Diag, [Diag,,, [I(m2)]] + (¢1 — qo)Diag, [I(m1)] + gol(n). All the
elements are set first to gp by the third term. The second term replaces
the diagonal block of size my X my by ¢1. The elements of the innermost
diagonal block of size mo X mgy are changed to go by the first term.

217
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Similarly, for general K-RSB,

(K-1) (gx —qrx-1)I(mg) (mx x mg matrix),

(K-2) (qr —qr-1)Diagg 1 [I(mg)|+(qr-1—qx-2)I(mx-1) (mg_1XmK—1
matrix),

and so on. Now, suppose that we have carried out the trace operation for the

my X my matrix determined by the above procedure. If we denote the result

as g(mpg, h), since the elements of the matrix in (X-1) are all gx — g1 corre-

sponding to RS, we have from (B.2)

2

&

1 0
stonses ) = exp { § are — are-1) g | (eosh)™. (B.4)

The next step is (K-2). The matrix in (K-2) is inserted into goz of (B.1},
and the sum of terms (qx —gx—-1)Diagy [/ (mg)] and (¢x -1 ~ gr-2)I (MK 1)
is raised to the exponent. The former can be written by the already-obtained
glmg, h) in (B.4) and there are mg_1/my of this type of contribution. The
latter has uniform elements and the RS-type calculation applies. One therefore
finds that g(mg 1, h) can be expressed as follows:

1 a2 i

glmi—1,h) = exp {'i(QK-I - QK-Z)‘C:W} [g(mgc, b)) /M (B.5)
Repeating this procedure, we finally arrive at
52

G = gl 1) = exp { 30(0) 5 oo 117 (B.5)

In the limit n — 0, the replacement m; —m;_; = —dx is appropriate, and (B.5)

reduces to the differential relation
92
g(z +dz, h) = exp {- dg(z) = 30 } g(x, h)tHdloez (B.7)

In (B.4) we have mg — 1,qx — grx—1 — 0 and this equation becomes g(1, h) =
2 cosh h. Equation (B.7) is cast into a differential equation

dg  1dgd’g 1

e = aasone T p? 8 B8
which may be rewritten using the notation fo(z, h) = (1/x)logg(x, h) as
Ofo _ _1dq [0’fo (0o’
or ~ 2dz { oz " "\an ) [ (B.9)

By taking the limit n — 0, we find from (B.6)

1o 5%\ 1
:llog Ire -exp( q<0)8h") Elogg(x,h)L‘ -
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2

= exp (%q(ﬂ)%) fo(0,R)]), o
. f Du fo(0, /2(0)u). (B.10)

We have restricted ourselves to the case h = 0. The last expression can be
confirmed, for example, by expanding fo(0, h) in powers of h. The final expression
of the free energy (2.17) is

Bf =~

2 72 1 A
@4:7 {H./o q(a:)z(i;a—Qq(I}}-./ Du fo(0,/q(0)u).  (B.11)

Here f; satisfies the following Parisi equation:

Ofo(x,h) _ J2dq [*fo  (0fo)”
or  zaw) ok "\ on (B-12)

under the initial condition fo(1, h) = log 2 cosh Sh. The parameters 3 and J have
been recovered for correct dimensionality.



APPENDIX C
CHANNEL CODING THEOREM

In this appendix we give a brief introduction to information theory and sketch
the arguments leading to Shannon’s channel coding theorem used in Chapter 5.

C.1 Information, uncertainty, and entropy

Suppose that an information source U generates a sequence of symbols (or alpha-
bets) from the set {a1,as,...,ar} with probabilities py,po,...,pr, respectively.
A single symbol a; is assumed to be generated one at a time according to this
independently, identically distributed probability. The resulting sequence has the
form of, for example, asas0a1 .. ..

The entropy of this information source is defined by

L
H{U)=-— Zpi logo p;  [bit/symboll. (C.1)

izl

This quantity is a measure of uncertainty about the outcome from the source.
For example, if all symbols are generated with equal probability (p; = --- =
pr = 1/L), the entropy assumes the maximum possible value H = log, L as can
be verified by extremizing H(U) under the normalization condition ), p; = 1
using the Lagrange multiplier. This result means that the amount of information
obtained after observation of the actual outcome (a1, for instance) is largest in
the uniform case. Thus the entropy may also be regarded as the amount of
information obtained by observing the actual outcome. The other extreme is
the case where one of the symbols is generated with probability 1 and all other
symbols with probability 0, resulting in H = 0. This vanishing value is also
natural since no information is gained by observation of the actual outcome
because we know the result from the outset (no uncertainty). The entropy takes
intermediate values for other cases with partial uncertainties.

The unit of the entropy is chosen to be [bit/symbol], and correspondingly the
base of the logarithm is two. This choice is easy to understand if one considers
the case of L = 2 and p; = p2 = 1/2. The entropy is then H = log, 2 = 1, which
implies that one gains one bit of information by observing the actual outcome
of a perfectly randomly generated binary symbol.

A frequently used example is the binary entropy Ha(p). A symbol (e.g. 0) is
generated with probability p and another symbol (e.g. 1) with 1 — p. Then the
entropy is

Ha(p) = —plogyp — (1 — p) logy(1 — p). (C.2)
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The binary entropy Ha(p) is convex, reaches its maximum Hy = 1 at p = 1/2,
and is symmetric about p = 1/2.

C.2 Channel capacity

To discuss the properties of a transmission channel, it is convenient to introduce
a few quantities related to entropy. The first one is the conditional entropy
H(X|Y) that is a measure of uncertainty about the set of events X given another
event y € Y. For a given conditional probability P(z|y), the following quantity
measures the uncertainty about X, given y:

H(X|Y =y) =~ Plely)log, P(zly). (C.3)

The conditional entropy is defined as the average of H(X |y) over the distribution
of y:

H(X|[Y) =Y Py)H(Xly)

Y
=Y Py Y Plaly)log, P(zly)

y
==Y "3 P(x,y)log, P(zly), (C.4)
oy
where we have used P(x,y) = P(z|y)P(y). Similarly,
H(Y[X) == P(z,y)log, P(ylv)- (C.5)
oy

One sometimes uses the joint entropy for two sets of events X and Y although
it does not appear in the analyses of the present book:

H(X,Y) ==Y > P(x,y)log, P(z,y). (C.6)

It is straightforward to verify the following relations
HX,Y)=HY)+HX|Y)=H(X)+ H(Y|X) (C.7)

from the identity P(z,y) = P(z|y)Ply) = P(ylz)P(z).
The mutual information is defined by

I(X,Y) = H(X) ~ HX|Y). (C.8)

The meaning of this expression is understood relatively easily in the situation of
a noisy transmission channel. Suppose that X is the set of inputs to the channel
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H(X)

H(X]Y) 1IX.Y)

Fic. C.1. Entropy H(X), conditional entropy H(X|[Y'), and mutual information
I(X,Y)

and Y is for the output. Then H(X) represents uncertainty about the input with-
out any observation of the output, whereas H(X|Y} corresponds to uncertainty
about the input after observation of the output. Thus their difference I(X,Y) is
the change of uncertainty by learning the channel output, which may be inter-
preted as the amount of information carried by the channel. Stated otherwise, we
arrive at a decreased value of uncertainty H(X|Y") by utilizing the information
I{X,Y) carried by the channel (see Fig. C.1). The mutual information is also
written as

HX,)Y)=H(Y)— H(Y|X). (C.9)

The channel capacity C is defined as the maximum possible value of the
mutual information as a function of the input probability distribution:

C= max I(X,Y). (C.10)

{input prob}

The channel capacity represents the maximum possible amount of information
carried by the channel with a given noise probability.

The concepts of entropy and information can be applied to continuous dis-
tributions as well. For a probability distribution density P(z) of a continuous
stochastic variable X, the entropy is defined by

H(X) = W/P(:E) log, P(z) dz. (C.11)
The conditional entropy is
HY|X)= - f P(z,y)log, Plylx) dz dy, (C.12)
and the mutual information is given as

I(X,Y) = H(X)~ HX|Y) = H(Y) - HY|X). (C.13)

The channel capacity is the maximum value of mutual information with respect
to the input probability distribution function

C= max I(X)Y). (C.14)

{input prob}
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C.3 BSC and Gaussian channel

Let us calculate the channel capacities of the BSC and Gaussian channel using
the formulation developed in the previous section.

We first consider the BSC. Suppose that the input symbol of the channel is
either 0 or 1 with probabilities r and 1 — r, respectively:

Plx=0)=r, Pla=1)=1-r (C.15)
The channel has a binary symmetric noise:

Ply=0lz=0=Ply=1llze=1)=1-p
P(y =1z = 0) = P(y = 0z = 1) = p.

(C.16)
Then the probability of the output is easily calculated as
Py=0=r(l—-p)+{d~r)p=r+p-2rp, Ply=1)=1-Ply=10). (C.17)
The relevant entropies are
H(Y) = —(r+p—2rp)logs(r + p — 2rp)
= (1 =1 —p - 2rpylogy(1 ~ r — p-+ 2rp)
H(Y|X) = —plogop — (1 — p) logy(1 — p) = Ha(p) (C.18)
IHX,)Y)=H(Y)—-H{YI|X).

The channel capacity is the maximum of I(X.,Y) with respect to r. This is
achieved when r = 1/2 (perfectly random input):

C= mgx[(X, Y)=1+plogep+ (1 —p)logy,(1 —p) =1— Ha(p). (C.19)
Let us next investigate the capacity of the Gaussian channel. Suppose that

the input sequence is generated according to a probability distribution P(z).
The typical strength (power) of an input signal will be denoted by J&:

/ P(z)z? dz = J3. (C.20)

The output Y of the Gaussian channel with noise power J? is described by the
probability density

— )2
P(ylz) = \&%J exp {_(y ) } . (C.21)

To evaluate the mutual information using the second expression of (C.13), we
express the entropy of the output using

P(y) = / P(ylz)P(z)dz = ~\/~2—1—EJ / exp {,,,(_?2;;).,} P(z)dz  (C.22)
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as
H(Y) =~ [ P@)log, Ply) dy. (C.23)

The conditional entropy is derived from (C.12) and P(z,y) = Ply|z)P(x) as

log, e

H(Y|X) = log,(V2r.J) + = (C.24)
Thus the mutual information is
IX,Y) = - [ Pl)los, Po)ay — oy (VBRT) - 225 (€9

To evaluate the channel capacity, this mutual information should be maximized
with respect to the input probability P(z), which is equivalent to maximization
with respect to P(y) according to (C.22). The distribution P(y) satisfies two
constraints, which is to be taken into account in maximization:

[ P(y)dy =1, [ PPy dy = I+ 2 (C.26)

as can be verified from (C.22) and (C.20). By using Lagrange multipliers to
reflect the constraints (C.26), the extremization condition

7074 [ Pwom Py
-\ ( / P(y) dy — 1) - A2 ( / Y P(y)dy — J* — J{f)} =0 (C.27)

—log, P(y) — Aay® — const = 0. (C.28)

reads

The solution is
1 y? }
Py) = ————expd —— YL
W= o { TR

where the constants in (C.28) have been fixed so that the result satisfies (C.26).
Insertion of this formula into (C.25) immediately yields the capacity as

(C.29)

1 JE
C= 3 logs | 1+ 72 ) (C.30)

C.4 Typical sequence and random coding

We continue to discuss the properties of a sequence of symbols with the input
and output of a noisy channel in mind. Let us consider a sequence of symbols of
length M in which the symbol a; appears m; times (i = 1,2,...,Li M = . m;).
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If M is very large and symbols are generated one by one independently, m; is
approximately equal to Mp;, where p; is the probability that a; appears in a
single event. More precisely, according to the weak law of large numbers, the

inequality
m;

N pi
holds for any positive € if one takes sufficiently large M.

Then the probability pi,, that a; appears m; times (i = 1,...,L) in the
sequence is

<e (C.31)

., . (i aTTE L
Pop =Py DL
o MD1 Mpy
~ pl . .pL

— 2:7\4(?71 logy p1+---+pr log, pr)
= 9~ MHU), (C.32)

A sequence with a; appearing Mp; times (i = 1,...,L) is called the typical
sequence. All typical sequences appear with the same probability 2- M)

The number of typical sequences is the number of ways to distribute m; of
the a; among the M symbols (i =1,...,L):

M!
mit...mpl’

typ = (C.33)
For sufficiently large M and my,ms,...,my, we find from the Stirling formula
and m; = Mp;,

logy Niyp = M(logy M — 1) — Z mi(log, m; — 1)
i

= — M Z p; logs p;

7

= MH(U,). (C.34)
Thus Ny is the inverse of pyyyp,
]Vtyp - 2AII¥(éf’) — (ptyp}—l- (035}

This result is quite natural as all sequences in the set of typical sequences ap-
pear with the same probability. Equation (C.35) also confirms that H(U) is the
uncertainty about the outcome from U.

We restrict ourselves to binary symbols (0 or 1, for example) for simplicity
from now on (i.e. L = 2). The set of inputs to the channel is denoted by X and
that of outputs by Y. Both are composed of sequences of length M. The original
source message has the length N. Random coding is a method of channel coding
in which one randomly chooses code words from typical sequences in X. More
precisely, a source message has the length NV and the total number of messages
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typical sequences

ot
] X R _llliiizzze
i py | OB y

code word

source message !
source message (channel input)

output

Fia. C.2. The original message m has a one-to-one correspondence with a code
word z. There are 2MH(XIY) possible inputs corresponding to an output of
the channel. Only one of these 27 (X1Y) code words (marked as a dot) should
be the code word assigned to an original message.

is 2V. We assign a code word for each of the source messages by randomly
choosing a typical sequence of length M (> N) from the set X. Note that there
are 2MH(X) typical sequences in X, and only 2V of them are chosen as code
words. The code rate is R = N/M. This random coding enables us to decode
the message without errors if the code rate is smaller than the channel capacity
R < C as shown below.

C.5 Channel coding theorem

Our goal is to show that the probability of correct decoding can be made ar-
bitrarily close to one in the limit of infinite length of code word. Such an ideal
decoding is possible if only a single code word z (€ X)) corresponds to a given
output of the channel y (¢ V). However, we know that there are 2MH(XIY) pog
sibilities as the input corresponding to a given output. The only way out is that
none of these 2M7(X1Y) soquences are code words in our random coding except
a single one, the correct input (see Fig. C.2). To estimate the probability of such
a case, we first note that the probability that a typical sequence of length M is
chosen as a code word for an original message of length N is

2y o—M[H(X)-R] (C.36)

oMH(X) — :

because 2V sequences are chosen from 2M7(X) Thus the probability that an
arbitrary typical sequence of length M is not a code word is

1 — 2~ MIHX)-8] (C.37)

Now, we require that the 27 (X1¥) sequences of length M (corresponding to
a given output of the channel) are not code words except the single correct one.
Such a probability is clearly

QMH(X[Y) _q

[1 _ ZWM{H(X%R}]

Peorrect =
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~ 1 - 9~ MIH(X)=R—H(X|Y)] (C.38)

The maximum possible value of peorrect 18 given by replacing H(X) — H(X[Y)
by its largest value C, the chanunel capacity:

max{Peorrect } = 1 — 9~ M(C=F) (C.39)

which tends to one as M — oo if R < C. This completes the argument for the
channel coding theorem.



APPENDIX D
DISTRIBUTION AND FREE ENERGY OF K-SAT

In this appendix we derive the self-consistent equation (9.53) and the equilibrium
free energy (9.55) of K-SAT from the variational free energy (9.51) under the
RS ansatz (9.52).

The function c(e) depends on o only through the number of down spins
J in the set o = (01,...,0,) if we assume symmetry between replicas; we thus
sometimes use the notation ¢(j) for ¢{o). The free energy (9.51) is then expressed
as

=0 B1=0  jx=0

-2 )e(a)logcmmzog{z '3 el eli)
. Z Z H (1+(@‘!3w1}né(ag,l))}, (D.1)
k=1

a1(j1) ox(jx)a=1

where the sum over o;(j;) is for the o; with j; down spins. Variation of (D.1)
with respect to ¢{7) vields

53?]') ( %) = ( )(kogc(J) +1)+ K;g (D.2)

where

f= Z Z (1) ... clik)

Ji=0  jr=0

T K
Y Y I (1+(e“3 - 1>H5<af:,1>) (D3)
k=1

o1(j1)  oxljx)a=1

9= D i) elin) X N
Ji= JK = o1(j1) o1 {Jr-1)
n K1
SOTI (1 + (e = 1)s(e*, 1) [] d(ep, 1)) . (D.4)
o(j) a=1 R

These functions f and g are expressed in terms of the local magnetization density
P{m) defined by

228
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1 i . e
- / dm P(m) [ &;’33_ (D.5)
-1 o=l
a8
1 K
= ILam.Pm)any (D.6)
T ke
1 K—1
( ) / 1T dme Pema)(Ax )™, (D.7)
1y
where
d 1 + m
Ag =1+ (e~ H L3 (D-8)

Equations (D.6) and (D.7) are derived as follows.
Recalling that the sum over o(j) in g appearing in (D.4) is for the o with j
down spins (for which 6(e®, 1) = 0), we find

Q—Z Z c(ji) .- elix-1)

j1=0 Jr1=0

DT Y Zﬁl(u(e“ﬂml)}ﬁa(ag,;))

o1(j1) ok-1{jr-1)o(f)a=1 =1

_ ZZ Z celoy)...clorg-y)

o(j) o1 T
11 ( e - H(S(ok,l)) (D.9)
=1

where the product is over the replicas with ¢% = 1. If we insert (D.5) into this
equation and carry out the sums over o to o k.1, we find

1 K1 n

g = Z/ H dmy, P(mk)n A1

o(j) a=]

= (%) [ TL ame POmerca o, (0.10)

J 1y

proving (D.7). Similar manipulations lead to (D.6).
In the extremization of F' with respect to ¢(j), we should take into account the
symmetry ¢(j) = ¢(n—j) coming from c(o) = ¢(—0o) as well as the normalization



230 DISTRIBUTION AND FREE ENERGY OF K-SAT

condition Y77 (})e(j) = 1. Using a Lagrange multiplier for the latter and from
(D.2), the extremization condition is

1 K—1
—2(loge(j) + 1)+Ka/ H dmeP(my) fH{(Ag 1) +(Akg-1)} =22 =0,
1 k=1
(D.11)
from which we find
Ka ' 55
(§) = exp {—/\ BT 1T dmiPOm)((Ax 1) + (Ax 1) )}
=1 et
(D.12)

The number of replicas n has so far been arbitrary. Letting n — 0, we obtain
the self-consistent equation for P(m). The value of the Lagrange multiplier A in
the limit n — 0 is evaluated from (D.12) for j = 0 using ¢(0) = 1. The result is
A= Ka ~ 1, which is to be used in (D.12) to erase A. The distribution P(im} is
now derived from the inverse relation of

/ dm P(m) (1 + m)w (I"Wm)] (D.13)

in the limit n — 0; that is,

1 o0 . . 11—y
P(m) = P Cp—) /_w dy c(iy) exp (~1y log T y) . (D.14)

Inserting (D.12) (in the limit n — 0) with X replaced by Ka — 1 into the right
hand side of the above equation, we finally arrive at the desired relation (9.53)
for P(m).

It is necessary to consider the O(n) terms to derive the free energy (9.55)
expressed in terms of P(m). Let us start from (D.1):

:{;— == Z ( >(‘(j)10g(‘(j) +alog f. (D.15)
The expression (D.6) for f implies that f is expanded in n as
f=1+na+0(n? (D.16)
1 K
a= / 1 dmeP(mi) log A (D.17)
1 kw1

The first term on the right hand side of (D.15) is, using (D.12),

“Z() )loge(j) = )\+gw£€f}, (n)
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1 K—1

/ [T dmxPOmi)(Ak—1)" 7 + (A 1)) (D.18)

1 k=1

We should therefore expand A to O(n). For this purpose, we equate (D.12) and
(D.13) to get

A+l

exp{(Kce/?f}f H{;i IdvnkP{mk)((Ak )"+ (A1) )}
J2y dm P(m) (H5m)" 7 (1gm)? '

e

(D.19)
Since the left hand side is independent of 7, we may set j = 0 on the right hand
side. We then expand the right hand side to O(n) to obtain

1
Al=Ka+n {Ka (-a + g) +log2 — [ dmP(m)log(l — mg)} + O(n?),
J-1

(D.20)

where
1 K-1

bw/ H dmyg P(my) log Ax 1. (D.21)
1 k=1

The final term on the right hand side of (D.18) is evaluated as

3 (3) [ mertonn (452) 7 (1572)

J

1 K1

/ H dmy, P(mi)((Ax—1)""7 + (Ax—1)?)

lki

= 2/ H dmy, P(my) (1 s mkAK 1+ ! _2mk)

=1

(D.22)
Combining (D.15), (D.16), (D.18), (D.20), and (D.22), we find

=log2-+a(l—Kja +9—Iﬁ)-»—/ dm P(m)log(1 —m?)+O(n), (D.23)

Z\’T

which gives the final answer (9.55) for the equilibrium free energy.
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annealed approximation, 166
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asynchronous dynamics, 147
AT line, 27

autocorrelation function, 71
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back propagation, 172
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batch learning, 158
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Bayes-optimal strategy, 82
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Boltzmann factor, 3
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coefficient of ergodicity, 205
combinatorial optimization problem, 183
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complementary error function, 156
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conditional probability, 79
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configurational average, 13

constrained number partitioning problem,
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convolutional code, 102

coordination number, 5

correlation equality, 68

correlation functions, 55

correlation inequality, 68

cost function, 183

critical point, 4

decision boundary, 178

decoding, 74

decryption, 101

degraded image, 117

dynamical correlation funetion, 71

Edwards—Anderson model, 12, 46
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entropy, 220

equation of state, 6
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error detection, 75

error function, 110
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ferromagnetic interaction, 2
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finite-temperature decoding, 80
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gauge invariance, 47

gauge transformation, 47
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generalization error, 159
generalization function, 160
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infinite-range model, 7 neural network, 131

inhibitory synapse, 132 neuron, 131

inhomogeneous Markov chain, 204 Nishimori line, 50
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line field, 126 Parisi solution, 28
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perceptron algorithm, 173

magnetization, 3 perceptron learning rule, 152

MAP, 80 phase transition, 4
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Markov chain, 204 posterior, 79, 117

Markov process, 204 Potts model, 123

Markov random field, 116 prior, 78
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Mattis model, 75

maximum likelihood estimation, 129 quenched, 12

maximum likelihood method, 80 query, 178

maximum stability algorithm, 165
mean-field annealing, 123, 125 random coding, 225
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re-entrant transition, 20
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replica symmetry, 18

replica symmetry breaking, 28
replica-symmetric solution, 18
replicon mode, 27, 31
restricted training set, 171
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retrieval solution, 142
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self-averaging property, 13
Sherrington-Kirkpatrick model, 13
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signal power, 223

simple perceptron, 151
simulated annealing, 202
site, 1

Sourlas code, 77, 84

spin configuration, 3

spin glass order parameter, 17
spin glass phase, 17
spontaneous magnetization, 6
spreading code sequence, 108
steepest descent, 8

strong ergodicity, 205
student, 158

subset sum, 185

supervised learning, 158
symbol, 220

synapse, 131

synchronous dynamics, 147

TAP equation, 39

teacher, 158
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threshold, 131

training cost, 160
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transition point, 4
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