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Preface

The study of the principles behind information processing in complex
networks of simple interacting decision-making units, be these units cells
(‘neurons’) in brains or in other nervous tissue, or electronic processors
(or even software) in artificial systems inspired by biological neural net-
works, is one of the few truly interdisciplinary scientific enterprises. The
field involves biologists (and psychologists), computer scientists, engin-
eers, physicists, and mathematicians; over the years these have all moved
in and out of the centre stage in various combinations and permutations,
modulated and triggered by advances in experimental, mathematical, or
computational techniques. The reason for its unique interdisciplinary char-
acter is that this multifaceted area of research, which from now on we will
simply denote as the study of ‘neural information processing systems’, is one
of the few which meets the fundamental requirement of fruitful interdiscip-
linary science: all disciplines get something interesting and worthwhile out
of the collaboration. The biologist benefits from tapping into the mathem-
atical techniques offered by the more quantitative sciences, the computer
scientist or engineer who is interested in machine learning finds inspiration
in biology, and the theoretical physicist or applied mathematician finds new
and challenging application domains for newly developed mathematical
techniques.

We owe the knowledge that brain tissue consists of complicated net-
works of interacting brain cells mainly to the work (carried out towards
the end of the nineteenth century) of two individuals, who shared the
1906 Nobel Prize in medicine in recognition of this achievement: Camillo
Golgi, who invented a revolutionary staining method that for the first time
enabled us to actually see neurons and their connections under a micro-
scope, and Santiago Ramén y Cajal, who used this new technique to map
out systematically and draw in meticulous and artful detail the various
cell types and network structures which were now being revealed (in fact
Cajal had originally wanted to be an artist). Initially and for several dec-
ades neural networks continued to be regarded as a branch of medicine
and biology. This situation changed, however, with the birth of program-
mable computing machines around the time of the Second World War,
when the word ‘computer’ was still used to denote a person doing com-
putations. It came to be realized that programmable machines might be
made to ‘think’, and, conversely, that human thinking could perhaps be
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understood in the language of programmable machines. This period also
saw the conception of ‘information theory’, which was largely the brain
child of Claude Shannon. Probably the first to focus systematically on
the information processing capabilities of neural networks were Warren
McCulloch and Walter Pitts, who published in 1943 a paper (‘A Logical
Calculus of the Ideas Immanent in Nervous Activity’) that can safely be
regarded as the starting point of our research field. Looking back, one can-
not help observing that McCulloch and Pitts were surprisingly typical of
the kind of scientist that henceforth would tend to be drawn into this area.
McCulloch had studied philosophy and psychology, then moved into medi-
cine, and ended up in a laboratory of electronic engineering. Pitts, who was
only 20 at the time when ‘A Logical Calculus’ was published, initially stud-
ied mathematics and also ended up in electronic engineering, but he never
received a formal academic degree. It is not unreasonable to take the view
that bringing together these disparate scientific backgrounds and interests
was crucial to the achievement of McCulloch and Pitts.

The field never lost the interdisciplinary flavour with which it was born.
Since the 1940s its popularity peaked at (roughly) 20-year intervals, with
a second wave in the 1960s (the launch of the perceptron, and the explor-
ation of learning rules for individual neurons), and a more recent wave
in the 1980s (which saw the development of learning rules for multilayer
neural networks, and the extensive application of statistical mechanics tech-
niques to recurrent ones). Extrapolation of this trend would suggest that
interesting times might soon be upon us. However, the interdisciplinary
character of neural network research was also found to have drawbacks: it
is neither a trivial matter to keep the disciplines involved connected (due to
language barriers, motivation differences, lack of appropriate journals etc.),
nor to execute effective quality control (which here requires both depth and
unusual breadth). As a result, several important discoveries had to be made
more than once, before they found themselves recognized as such (and hence
credit was not always allocated where in retrospect it should have been).
In this context one may appreciate the special role of textbooks, which allow
those interested in contributing towards this field to avoid first having to
study discipline specific research papers from fields in which they have not
been trained.

Following the most recent wave of activity in the theory of neural
information processing systems, several excellent textbooks intended
specifically for an interdisciplinary audience were published around 1990.
Since then, however, the connectivity between disciplines has again
decreased. Neural network research still continues with energy and passion,
but now mostly according to the individual scientific agendas, the style, and
the notation of the traditional stake-holding disciplines. As a consequence,
those neural network theory textbooks which deal with the progress which
has been achieved since (roughly) 1990, tend to be of a different character.
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They are excellent expositions, but often quite specialized, and focused
primarily on the questions and methods of a single discipline.

The present textbook aims to partly remedy this situation, by giving an
explicit, coherent, and up-to-date account of the modern theory of neural
information processing systems, aimed at students with an undergraduate
degree in any quantitative discipline (e.g. computer science, physics,
engineering, biology, or mathematics). The book tries to cover all the major
theoretical developments from the 1940s right up to the present day, as they
have been contributed over the years by the different disciplines, within a
uniform style of presentation and of mathematical notation. It starts with
simple model neurons in the spirit of McCulloch and Pitts, and includes
not only the mainstream topics of the 1960s and 1980s (perceptrons,
multilayer networks, learning rules and learning dynamics, Boltzmann
machines, statistical mechanics of recurrent networks etc.) but also the more
recent developments of, say, the last 15 years (such as the application
of Bayesian methods, Gaussian processes and support vector machines)
and an introduction to Amari’s information geometry. The text is fully
self-contained, including introductions to the various discipline-specific
mathematical tools (e.g. information theory, or statistical mechanics), and
with multiple exercises on each topic. It does not assume prior familiar-
ity with neural networks; only the basic elements of calculus and linear
algebra, and an open mind. The book is pitched at the typical postgraduate
student: it hopes to bring students with an undergraduate degree to the level
where they can actually contribute to research in an academic or industrial
environment. As such, the book could be used either in the classroom as
a textbook for postgraduate lecture courses, or for the training of indi-
vidual PhD students in the first phase of their studies, or as a reference
text for those who are already involved in neural information processing
research. The material has been developed, used, and tested by the authors
over a period of some 8 years, split into four individual one semester lecture
courses, in the context of a one-year inter-disciplinary Master’s programme
in Information Processing and Neural Networks at King’s College London.

London, January 2005 Ton Coolen, Reimer Kiithn, Peter Sollich



This page intentionally left blank



Acknowledgements

It is our great pleasure to thank all those colleagues who, through dis-
cussions, joint research, joint teaching, or otherwise, have directly or
indirectly contributed towards this textbook. Especially we would like to
thank (in alphabetical order): David Barber, Michael Biehl, Siegfried Bos,
Zoubin Ghahramani, Dieter Grensing, Leo van Hemmen, Heinz Horner,
Wolfgang Kinzel, Charles Mace, Jort van Mourik, Hidetoshi Nishimori,
Manfred Opper, Hamish Rae, David Saad, David Sherrington, Nikos
Skantzos, Chris Williams, and Annette Zippelius.



This page intentionally left blank



Contents

Part I Introduction to neural networks

1 General introduction

1.1
1.2
1.3
1.4

Principles of neural information processing
Biological neurons and model neurons
Universality of McCulloch—Pitts neurons
Exercises

2 Layered networks

2.1
2.2
23
2.4
25
2.6
2.7

Linear separability

Multilayer networks

The perceptron

Learning in layered networks: error backpropagation
Learning dynamics in small learning rate perceptrons
Numerical simulations

Exercises

3 Recurrent networks with binary neurons

3.1
3.2
33
3.4

Noiseless recurrent networks

Synaptic symmetry and Lyapunov functions
Information processing in recurrent networks
Exercises

4 Notes and suggestions for further reading

Part I Advanced neural networks

5 Competitive unsupervised learning processes

5.1
5.2

Vector quantization
Soft vector quantization

25

29

29
33
36
46
52
58
64

69
70
77

81
87

89

93

95

95
98



Contents

53
5.4
55

Time-dependent learning rates
Self-organizing maps
Exercises

6 Bayesian techniques in supervised learning

6.1
6.2
6.3
6.4
6.5
6.6
6.7

Preliminaries and introduction

Bayesian learning of network weights
Predictions with error bars: real-valued functions
Predictions with error bars: binary classification
Bayesian model selection

Practicalities: measuring curvature

Exercises

7 Gaussian processes

7.1
7.2
7.3
7.4
7.5
7.6

The underlying idea

Examples of networks reducing to Gaussian processes
The ‘priors over functions’ point of view

Stationary covariance functions

Learning and prediction with Gaussian processes
Exercises

8 Support vector machines for binary classification

8.1
8.2
8.3
8.4

Optimal separating plane for linearly separable tasks
Representation in terms of support vectors
Preprocessing and SVM kernels

Exercises

9 Notes and suggestions for further reading

Part [l Information theory and neural networks

10 Measuring information

10.1

Brute force: counting messages

10.2 Exploiting message likelihood differences via coding
10.3 Proposal for a measure of information

110
114
122

127

127
136
144
152
156
163
164

169

169
172
176
177
180
182

185

185
189
197
202

205

207

209

209
212
218



11 Identification of entropy as an information measure

11.1
11.2
11.3

Coding theory and the Kraft inequality
Entropy and optimal coding
Shannon’s original proof

12 Building blocks of Shannon’s information theory

12.1
12.2
12.3
12.4
12.5

Entropy
Joint and conditional entropy
Relative entropy and mutual information

Information measures for continuous random variables

Exercises

13 Information theory and statistical inference

13.1
13.2
13.3

Maximum likelihood estimation
The maximum entropy principle
Exercises

14 Applications to neural networks

14.1
14.2
14.3
14.4
14.5
14.6
14.7
14.8

Supervised learning: Boltzmann machines
Maximum information preservation

Neuronal specialization

Detection of coherent features

The effect of non-linearities

Introduction to Amari’s information geometry
Simple applications of information geometry
Exercises

15 Notes and suggestions for further reading

Part IV Macroscopic analysis of dynamics

16 Network operation: macroscopic dynamics

16.1
16.2
16.3
16.4

Microscopic dynamics in probabilistic form
Sequential dynamics

Parallel dynamics

Exercises

Contents

223

223
229
233

235

235
240
245
251
258

261

261
264
270

273

273
281
285
294
297
299
306
311

313

315

317

318
324
338
345



Contents

17 Dynamics of online learning in binary perceptrons

17.1
17.2
17.3
17.4

Probabilistic definitions, performance measures
Explicit learning rules

Optimized learning rules

Exercises

18 Dynamics of online gradient descent learning

18.1
18.2
18.3

Online gradient descent
Learning from noisy examples
Exercises

19 Notes and suggestions for further reading

Part V Equilibrium statistical mechanics of neural networks

20 Basics of equilibrium statistical mechanics

20.1
20.2
20.3
20.4
20.5
20.6

Stationary distributions and ergodicity

Detailed balance and interaction symmetry
Equilibrium statistical mechanics: concepts, definitions
A simple example: storing a single pattern

Phase transitions and ergodicity breaking

Exercises

21 Network operation: equilibrium analysis

21.1
21.2
21.3
21.4

Hopfield model with finite number of patterns
Introduction to replica theory: the SK model

Hopfield model with an extensive number of patterns
Exercises

22 Gardner theory of task realizability

221
22.2
223

The space of interactions
Capacity of perceptrons—definition and toy example
Capacity of perceptrons—random inputs

23 Notes and suggestions for further reading

349

349
353
368
382

385

385
392
394

397

399

401

401
408
413
419
425
430

437

438
447
460
480

489

489
494
498

507



Appendix A: Probability theory in a nutshell

A.1  Discrete event sets
A.2 Continuous event sets
A.3  Averages of specific random variables

Appendix B: Conditions for the central limit theorem to apply

B.1  Moment condition
B.2 Lindeberg’s theorem

Appendix C: Some simple summation identities

Appendix D: Gaussian integrals and probability distributions

D.1  General properties of Gaussian integrals
D.2  Gaussian probability distributions
D.3 Alist of specific Gaussian integrals

Appendix E: Matrix identities

E.1 Block inverses
E.2 The Woodbury formula

Appendix F: The §-distribution

F.1  Definition
F.2  §(x) as solution of the Liouville equation
F.3  Representations, relations, and generalizations

Appendix G: Inequalities based on convexity

Appendix H: Metrics for parametrized probability distributions

H.1 Local distance definitions
H.2  The triangular inequality
H.3 Global distance definitions

Contents

511

511
513
515

517

517
518

521

523

523
527
531

537

537
538

539

539
540
541

543

549

549
550
551



xvi  Contents

Appendix I: Saddle-point integration 553

References 555

Index 563




Introduction to neural
networks

This first part of the text more or less covers the main principles and
developments in neural information processing theory from its beginnings
in the 1940s up to the mid-1980s (albeit expanded in places with further
calculations, examples, and pointers to later developments, in order to link
the material to that in subsequent chapters). The particular cutoff point
chosen more or less marks the stage where the field became significantly
more mathematical in nature. As a result, this first part is mathematically
less demanding than the others.

We start with an introduction to the basic characteristics and principles
of information processing by networks of interacting nerve cells (neurons),
as observed in biology. The next stage is to use this knowledge to define
simplified versions (mathematical models) of neuron-type information
processing units and their connections, hopefully capturing the essence
of their functioning, followed by a demonstration of the universality
(in information processing terms) of one specific important neuron model:
the McCulloch-Pitts neuron.

We then turn to the so-called perceptrons (McCulloch-Pitts neurons
equipped with clever ‘learning rules’), proving convergence and also
presenting a preliminary analysis of the dynamics of these learning rules,
and to the so-called error backpropagation learning algorithm for mul-
tilayer feed-forward networks of model neurons. In addition we explore
via a number of simple examples the dynamical properties and the possible
use in information processing tasks of recurrent neural networks, including
a brief discussion of the crucial role of synaptic symmetry.
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General introduction

1.1 Principles of neural information processing

The brain is a piece of hardware that performs quite sophisticated
information processing tasks, using microscopic elements and operations
which are fundamentally different from the ones on which present-day
computers are based. The microscopic processors in the brain, the nerve
cells or neurons (see Figure 1.1), are excitable brain cells which can
be triggered to produce electrical pulses (spikes), by which they commun-
icate with neighbouring cells. These neurons are rather noisy elements,
which operate in parallel. They do not execute a fixed ‘program’ on a
given set of ‘data’, but they communicate signals through relay stations
(the synapses), located at the junctions where the output channel (axon)
of one neuron meets an input channel (dendrite) or the cell body of
another. The strengths of these relay stations, or synaptic efficacies, are
continuously being updated, albeit slowly. The neurons of each given brain
region are organized and wired in a specific network, the structure of
which can vary from very regular (especially in regions responsible for
pre-processing of sensory data) to almost amorphous (especially in the
‘higher’ regions of the brain, where cognitive functions are performed),
see Figure 1.2. The dynamic relay stations, or synapses, in combination
with some adjustable intrinsic neuron properties, represent both ‘data’ and
‘program’ of the network. Hence program and data change all the time.

We can roughly summarize the main similarities and differences between
conventional computer systems and biological neural networks in the
following table:

Computers (specifications as of 2004)  Biological neural networks

Processors Neurons
operation speed ~ 10° Hz operation speed ~ 10> Hz
signal /noise > 1 signal /noise ~ 1
signal velocity ~ 108 m/s signal velocity ~ 1 m/s
connections ~ 10 connections ~ 10%
Sequential operation Parallel operation
Program and data Connections and neuron characteristics
External programming Self-programming and adaptation
Not robust against hardware failure Robust against hardware failure

Cannot deal with unforeseen data Messy, unforeseen, and inconsistent data
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Figure 1.1 Left: a Purkinje neuron in the human cerebellum (a brain region responsible for
smooth movement control). Right: a Pyramidal neuron in the rabbit cortex (the region of
cognitive functions). Both pictures are due to Ramon y Cajal (1880), obtained from a
chemical staining method invented by Golgi. The black blobs are the neuron cell bodies, the
trees of wires fanning out constitute the input channels (or dendrites) through which signals
are received, sent off by other firing neurons. The lines at the bottom of the pictures,
bifurcating only modestly, are the output channels (or axons).

From an engineering point of view the neurons are clearly extremely poor
substitutes for processors; they are slower and less reliable by several orders
of magnitude. In the brain this setback is overcome by redundancy: that is,
by making sure that a very large number of neurons are always involved
in any process, and by having them operate in parallel. This is in contrast
to conventional computers, where individual operations are as a rule per-
formed sequentially, that is, one after the other, so that failure of any part of
this chain of operations is mostly fatal. The other fundamental difference
is that conventional computers can only execute a detailed specification
of orders, the program, requiring the programmer to know exactly which
data can be expected and how to respond. Any subsequent change in the
actual situation, not foreseen by the programmer, leads to trouble. Neural
networks, as we know from everyday experience, can adapt quite well to
changing circumstances. We can recognize objects also if they are deformed



1.1 Principles of neural information processing

(=21 M
st
7 S ~ i E’r o _‘F
—_ ‘.-;. :“;-__ il ;

._ D i B =

ot L3 -

[ | AT
B 7 S A

Figure 1.2 Pyramidal neurons in the visual area of the cortex, taken from Ramon y Cajal
(1880). Golgi’s staining method colours only a fraction of the neurons, so in reality the
network is more dense than the picture suggests.

or only partly visible; our visual system can adapt to the strangest deforma-
tions of the image on our retina (for instance: everything upside down), and
we can even re-wire the nerve fibres coming from arms and legs and again
learn how to control movements. Finally, there is the robustness against
physical hardware failure. In our brain large numbers of neurons end their
careers each day unnoticed. Compare this to what happens if we randomly
cut a few wires in our workstation.

We know what the brain and its neural network building blocks can
do, the question now is: how do they do these things? It was suggested
already in 1957 by von Neumann that, in view of the large number of
interacting neurons, (on the order of 10!, each of which communic-
ating with roughly 10* colleagues) and the stochastic nature of neural
processes, statistical theories might well be the appropriate language for
describing the operation of the brain.! Later such ideas were given a more
precise meaning in terms of stochastic processes and statistical mechanics.
Roughly speaking, one can distinguish three types of motivation for
studying neural networks. Biologists aim at understanding information pro-
cessing in real biological nervous tissue. Engineers and computer scientists
would like to use the principles behind neural information processing for
designing adaptive software and artificial information processing systems
which can learn and which are structured in such a way that the pro-
cessors can operate efficiently in parallel. Such devices would clearly be

1 The numbers quoted here are estimates and are not to be taken too literally; estimates
vary among sources.
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quite complementary to the conventional types of computers. Theoretical
physicists and mathematicians are challenged by the fundamental new
problems posed by neural network models, which exhibit a rich and highly
non-trivial behaviour. Consequently, the types of model studied and the
language in which they are formulated, as well as the role of experiments
in guiding and constraining research will be different in the different sci-
entific communities. Assumptions and approximations which are fruitful
and natural to the biologist can be useless or even forbidden in the context
of artificial systems, and vice versa. Neural networks are rather complex sys-
tems to analyse, for the following reasons: (i) the large number of interacting
elements, (ii) the non-linear character of the operation of the individual ele-
ments, (iii) the interactions between the elements are not identical, or at
least regular in space, but usually different in strength for each individual
pair of elements, (iv) two given neurons can operate on one another in a
different way (there is not even pairwise symmetry), and (v) the interactions
and firing thresholds change all the time. In response to these hurdles, two
distinct strategies have largely been followed in order to simplify analysis.
The first is to look at layered networks, where no interaction loops are
present, so that the states of the neurons can be calculated iteratively, layer
by layer. The second is to describe the system statistically at a macroscopic
level of global quantities, and to forget about the microscopic details at the
level of the behaviour of individual neurons.

Biological modelling

Here there is still a huge gap between theory and experiment. It is not
yet clear even which are the full microscopic laws. Of those microscopic
processes that have been identified, mostly relating to the operation of indi-
vidual neurons, we do not know which degrees of freedom are relevant and
which are ‘accidental’ (i.e. non-productive artifacts of evolution). Last but
not least, one often does not know how to quantify the macroscopic pro-
cesses, that is, what to look for. In order to arrive nevertheless at a level of
description where mathematical analysis becomes possible, specific choices
of simplifications have been made in model studies of neural networks.
In the typical model, instantaneous neuron states are represented by scalar
variables® that evolve stochastically in time, driven by so-called postsyn-
aptic potentials, which are usually taken to depend linearly on the states of
the neurons. In recurrent networks there is no simple feedforward-only or
even layered operation, but the neurons drive one another collectively and
repeatedly without particular directionality. In these networks the interest
is in the global behaviour of all the neurons and the associative retrieval

2 Especially among psychologists, the scalar information processing units in idealized
neural network models are assumed not to represent individual neurons, but rather groups
of neurons.
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of memorized states from initializations in noisy versions of these states.
They are often referred to as attractor neural networks.3 They are idealiza-
tions of amorphous parts of the brain, such as cerebral cortex. The study
of this type of model has resulted in a thorough quantitative understand-
ing of the functioning of nervous tissue as associative memories for static
and dynamic patterns, but also led to insight into typically biological phe-
nomena like memory disorders induced by damage, phase-locked neural
oscillations and chemical modulation. The simplifications made in order to
arrive at solvable models are more or less ad hoc, motivated by experience,
intuition, and the desire to quantify the problem. However, the last two dec-
ades have shown that significant progress has been made in incorporating
more biological detail into analytically solvable models.

Artificial neural networks

Here one is not particularly interested in the electro-chemical details of
neural information processing, but rather in understanding the two build-
ing blocks of learning and massive parallellism, on which the remarkable
computational power of the brain is based. Biological experiments are only
relevant in that they may hint at possible mechanisms for achieving the
aim, but they play no role as constraints on model definitions. Rather than
a necessary simplification, to the computer scientists representing neuron
states as binary variables is a welcome translation into familiar language.
The preferred architecture of many artificial neural networks for applica-
tion as expert systems is that of layers. Many input neurons drive various
numbers of hidden units eventually to one or few output neurons, with
signals progressing only forward from layer to layer, never backwards or
sideways. The interest lies in training and operating the networks for the
deduction of appropriate inferences from the simultaneous input of many,
possibly corrupted, pieces of data.

1.2 Biological neurons and model neurons
Some biology

Neurons come in all kinds of shapes and sizes but, roughly speaking, they
all operate more or less in the following way (see Figure 1.3). The lipidic
cell membrane of a neuron maintains concentration differences between the
inside and the outside of the cell, of various ions (the main ones are Na™,
KT, and CI7), by a combination of the action of active ion pumps and

3 They are often abbreviated as ANN, but we avoid this notation since it is also commonly
used for artificial neural networks.
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Figure 1.3 Schematic drawing of a simple neuron, with its dendritic tree (branching from
the cell body), the incoming axons from other neurons (incoming solid lines) with their
points of contact (synapses; dark blobs), and its own axon (outgoing branch at the right).

controllable ion channels. When the neuron is at rest, these channels are
closed, and due to the activity of the pumps and the resultant concentration
difference the inside of the neuron has a stable net negative electric potential
of around —70 mV, compared to the fluid outside.

Equilibrium concentrations Nat K* CI~

(mmol/l)
Outside the cell 143 5 103
Inside the cell 24 133 7

The occurrence of a sufficiently strong local electric excitation, making the
cell potential temporarily less negative, leads to the opening of specific ion
channels, which in turn causes a chain reaction of other channels open-
ing and/or closing. This results in the generation of an electrical peak of
height +40 mV, with a duration of about 1 ms, which will propagate along
the membrane at a speed of about 5 m/s: the so-called action potential.
After this electro-chemical avalanche it takes a few milliseconds to restore
peace and order. During this period, the so-called refractory period, the
membrane can only be forced to generate an action potential by extremely
strong excitation. The action potential serves as an electrical communica-
tion signal, propagating and bifurcating along the output channel of the
neuron, the axon, to other neurons. Since the propagation of an action
potential along an axon is the result of an active electro-chemical process,
the signal will retain shape and strength, even after bifurcation, much like
a chain of tumbling domino stones.
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A
Figure 1.4 Schematic drawing of a simple synapse. Right 2 o°
part: terminal of the axon of the sending neuron, left part: o O
surface of a dendrite of the receiving neuron. The two are O ©°c°

separated by the so-called synaptic cleft. Circles: pockets
of neurotransmitter, to be released into the synaptic cleft
upon the arrival of an action potential along the axon.

The junction between an output channel (axon) of one neuron
and an input channel (dendrite) of another neuron, is called synapse
(see Figure 1.4). The arrival of an action potential at a synapse can trigger
the release of a specific chemical, the neurotransmitter, into the so-called
synaptic cleft which separates the cell membranes of the two neurons. The
neurotransmitter in turn acts to open selectively ion channels in the mem-
brane of the dendrite of the receiving neuron. If these happen to be Na™
channels the result is a local increase of the potential at the receiving end of
the synapse, while if they are CI~ or K™ channels the result is a decrease.
In the first case the arriving signal will thus increase the probability of the
receiving neuron to start firing itself, therefore such a synapse is called excit-
atory. In the second case the arriving signal will decrease the probability of
the receiving neuron being triggered, and the synapse is called inhibitory.
The main neurotransmitters are now believed to be glutamate, operating in
excitatory synapses, and gamma-amino butyric acid (GABA) and glycine,
operating in inhibitory synapses. However, there is also the possibility that
the arriving action potential will not succeed in releasing neurotransmitter;
neurons are not perfect. This introduces an element of uncertainty, or noise,
into the operation of the machinery. A general rule (Dale’s Law) is that every
neuron can have only one type of synapse attached to the branches of its
axon; it either excites all neurons that it sends signals to, in which case it
is called an excitatory neuron, or it inhibits all neurons that it sends signals
to, in which case it is called an inhibitory neuron.

Whether or not the receiving neuron will actually be triggered will
depend on cumulative effect of all excitatory and inhibitory signals arriving,
a detailed analysis of which requires also taking into account the electro-
chemical details of the dendrite. The region of the neuron membrane that
is most sensitive to being triggered into generating an action potential is
the so-called hillock zone, near the root of the axon. If the potential in this
region, the postsynaptic potential exceeds some neuron-specific threshold
(of the order of —30 mV), the neuron will fire an action potential. However,
the firing threshold is not a strict constant, but can vary randomly around
some average value (so that there will always be some nonzero probability
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of a neuron not doing what we would expect it to do with a given postsyn-
aptic potential), which introduces the second main source of uncertainty
into the operation.

Let us inspect some typical numbers to get an idea of dimensions:

Characteristic time-scales Typical sizes

Duration of action potential: ~1 ms Neuron cell body: ~50 pm
Refractory period: ~3 ms Axon diameter: ~1 pm
Synaptic signal transmission: ~1 ms Synapse size: ~1 um
Axonal signal transport: ~5 m/s Synaptic cleft: ~0.05 pm

The key to the adaptive and self-programming properties of neural tissue
and its ability to store information is that the strengths of the synapses and
the levels of the firing thresholds are not fixed, but are being updated all the
time. It is not entirely clear how this is realized at the electro-chemical level.
It appears that both the amount of neurotransmitter in a synapse available
for release and the effective contact surface of a synapse are modified.

Model neurons—common simplifications

Although we can never be sure beforehand to which level of microscopic
detail we will have do descend in order to understand the emergent global
properties of neural networks, there are reasons for not trying to analyse in
all detail all chemical and electrical processes involved in the operation of
a given neural system. First, we would just end up with a huge set of nasty
equations that are impossible to handle, and consequently learn very little.
Second, the experiments involved are so complicated that the details we
would wish to translate into equations are still frequently being updated.
Let us now therefore try to construct a simple mathematical neuron model.
Not all of the simplifications that we will make along the way are strictly
necessary, and some can be removed later. Note that what follows is cer-
tainly not a strict derivation, but rather a rough sketch of how various
neuron models can be related to biological reality. Our neuron is assumed
to be embedded in a network of N neurons, which will be labelled with the
index i = 1,..., N. The postsynaptic potential of our neuron at time ¢ will
be called V (¢).

First of all, we forget about the details of the avalanche creating an
action potential, and concentrate only on the presence/absence of an action
potential, denoted by the variable S € {0, 1}:

1: neuron fires an action potential at time ¢

S = :O: neuron is at rest at time ¢ (1.1)
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If we denote the firing threshold potential of our neuron (which may vary)
by V*(¢), we can relate the firing state to the postsynaptic potential via

S()=0(V() = V*(1) (1.2)

with the step function: 8(x > 0) = 1, 8(x < 0) = 0 (here we define 8(0) to
be drawn randomly from {0, 1}, with equal probabilities).

The second simplification we make is to forget about the possibility of any
sender having multiple synaptic contacts with any receiver, and to neglect
the microscopic electro-chemical details of the conversion at the synapses of
arriving action potential into electric currents. This allows us to represent
the synaptic interaction between our model neuron (the receiver) and any
(sender) neuron k by a single real number Jj:

Ji > 0: synapse connecting from the axon of k is excitatory
Ji < 0: synapse connecting from the axon of k is inhibitory (1.3)
[ Jkl: proportional to magnitude of resulting electric current

Consequently, J; = 0 represents the case where a synapse is simply absent.
Taking into account the possibility of an arriving action potential failing to
trigger neurotransmitter release, the electric current I (¢) injected into our
model neuron, by neuron k at time ¢, can be written as:

Ii () = pr(O) T S (t — ) (1.4)
with

pr(t) € {0,1}: random variable

7¢ € [0,00):  transmission delay along axon of neuron k (1.3)

If pr () = 1, an action potential arriving at the synapse at time 7 is successful
in releasing neurotransmitter. If py(z) = 0, it is not.*

Our third approximation is to ignore the spatial extension of the dendrite,
assuming all synapses to be located near the cell body, and to treat it as a
simple passive cable-like object, the electric potential of which is reset every
time the neuron fires an action potential. This means that the evolution in
time of the postsynaptic potential V (z) can be written as a linear differential
equation of the form:

d d d
av(t) = gv(tﬂpassive + av(t)|reset (1.6)

4 Noise sources other than the dichotomous py(r) may be considered which could model
fluctuations in the amount of neurotransmitter released, or fluctuations in the fraction of
neurotransmitter actually binding to postsynaptic receptors, without affecting the main line
of reasoning below.
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The first term represents the passive cable-like electric behaviour of the
dendrite:

N

fdiv(t”passive = 1|:1~+Zlk(l)—,0v(l)] (1.7)
t P

k=1
in which the two parameters T and p reflect the electrical properties of the
dendrite (t being the characteristic time for current changes to affect the
voltage, p controlling the stationary ratio between voltage and current),
and I represents the stationary currents due to the ion pumps. Without any
input from other neurons, that is, for I () = 0, this latter term would lead
to a simple exponential decay with relaxation time t of the voltage towards
the stationary value Viest = I/p. The second term in (1.6), which comes
into play only when the neuron has recently fired, represents a quick reset
(with relaxation time A < t) towards this stationary value:

d 1 - ( A
A—V(1)lreser = —[1 — pV ()10 / ds S(t — S)) (1.8)
d P 0

We may obviously write I = pVest. In combination we obtain:

d 1 N T A
IEV(I) = ;];Ik(t) — V() = Viest] [1 + Ze (/0 ds S(r — s))j|
(1.9)

Since only potential differences are important, our equations simplify if,
instead of the potential V (¢) itself, we write everything in terms of its value
relative to the rest potential:

V(1) = Viess + U (1) V() = Vies + U™ (1) (1.10)

This results in

d 1Y T A
rEU(t)z;];Ik(t)—U(t)[l—l—zG(/O dsS(t—s))] (1.11)

Putting all our ingredients together, keeping in mind that the above equa-
tions apply to each of the N neurons, and assuming (for simplicity) all
neurons to be identical in their electro-chemical properties {z, o, Vrest}, We
obtain:

d 1 T A
T Ui = ; k:Zl Jik pik (O Sk (t — Tig) — Ui (1) {1 + <0 (/O ds S; (t — s))]
(1.12)
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with
Jik € (—00,00): synapse connecting k — i

Tix € [0,00): time for signals to travel from k — i
(1.13)
pir(®) € {0,1}: success/failure of transmitter release at k — i

Sk(t) = 0(Uk(t) — Uy (1)): firing state of neuron k

Equation (1.12) would appear to describe many of the neuron character-
istics which seem relevant. However, it contains the synaptic noise and
threshold noise variables {p;;(?), U} (?)}, and, although sufficiently simple
to simulate on a computer, it is still too complicated to allow us to proceed
analytically.

The next stages in the argument are therefore, first to work out the
effect of the random variables describing transmitter release {p;;(r)} and
threshold noise {U/(t)} for individual connections and neurons, followed
by estimating their combined effect on the dynamics of large networks:

e Ateach time and for each synapse the p;(r) are assumed to be completely
independently distributed, without correlations with either potentials,
synaptic strengths, thresholds or transmission delays, according to

Prob[p;i(t) = 1] =
rob[p;j(t) =1]=p (1.14)
Prob[p;j(t) =01=1—p

We thus also take all synapses to be identical in their average fail-
ure/success rate. It now follows, in particular (after writing averages over
the {p;;(#)} and, shortly, the {U}(r)}, as ), that

pij(t)=p (1.15)

Pij O pre(®) = pdikdje + p* (1= 8udje) = p* + p(1 — p)8idje
(1.16)

where we have used the Kronecker symbol §;;, defined as

1, ifi=j
bij = .
0, otherwise

e Similarly, at each time and for each neuron the thresholds U/(r) are
assumed to be completely independently distributed around some average
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value U, according to a probability density P (u):
Prob[U}(t) — U} € [u,u +du)] = Py du (0 <du < 1) (1.17)

It then follows that

_ 00 Ui ()-U}
S; (1) =/ du Pw)0(U;(t) — U —u) = / du P(u)
> > (1.18)
Si () Sk (t') = 8iSi (1) Sk (1) + (1 — 8i1) S; (1) Sk(t')
= SO S + 84 SO - SO @] (1.19)

Note that dr S; () = dr f_U;ff)_U" du P(u) is precisely the probability that
neuron i fires in the infinitesimal time interval [¢,¢ + df). For situations
where the potential U; () does not vary too much with time (apart from a
regular reset due to neuron i itself firing), this probability can be regarded

as roughly proportional to the firing frequency f;(¢) of neuron i:

number of firings in [ — dr, r + df] - Si()2de/A 1

2dr 2 ds o Zsi(t)

fi(t) =

(1.20)

where we have taken into account the refractory period A.

e For sufficiently large systems, that is, N > 1, the outcome of the summa-
tion over k in equation (1.12) will be described by a Gaussian probability
distribution, due to the central limit theorem (CLT),> the average and
variance of which are given by:

N N
av =Y Jupik(OSkt — i) = Y Jupix(@) Skt — Tix)
k=1 k=1

N
=p Y JuSilt —Tit) (1.21)
k=1

5 For the CLT to apply we would in principle have to check whether a number of specific
technical conditions are met; having a sum of a large number of independent random variables
is in itself not enough. To these technical subtleties we will return later.
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N
var = [Z Jikpir () Sk (t — Tzk)} —av?

N
Z JiJiepin @) pie(t) St — i) Se(t — 7ip) — av?

N

=2 Y Jdie [Selt =m0 Set = 7o) — S = ) Selt — 7o) |
k=1

+p(1—p>2 TRSHE = Tir)
k=1

N
=p Y I3 [SE =T — pSit — o) | (1.22)
k=1

In going to the last line we have used that S,% (t) = Si(t) for all k and ¢.

e We now use a crude scaling argument to suggest that for densely inter-
acting networks we can ignore the width of the Gaussian distribution
describing the summation over k in equation (1.12). We assume that each
neuron receives input from about AV of the N neurons present, where both
N > land N > 1. A measure for the relative uncertainty in the outcome
of the summation, due to the randomness, is given by

. . «/variance
Relative uncertainty = ——
average
\/Z,iil BSG—mo{1-pSG =m0}
B VP X St = i) N

If the network is sufficiently densely interacting, that is, N — oo, this
implies that to a first approximation we can replace the summation in
(1.12) by its average, and forget about the uncertainty; in this case all that
remains of the random variables {p;;(r)} describing synaptic operation is
the prefactor p. Note, however, that no such reasoning applies to the
probability of any individual neuron firing.

Replacing the summation in (1.12) by its average over the noise variables,
we now obtain the following simplified dynamic equation:

d N
T—U;(t) = %Z ik8 Uk(t — Tik) — )
k=1

dr
= . A
— Ui (1) |:1—|——9 (/ ds S,-(t—s)):| (1.23)
A 0
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with
Si() =0ty — U glx) = / du P(u) (1.24)

Model neurons—specific examples

From the starting point (1.23) we can obtain directly most of the model
neurons that have been used as starting points of analytical studies, as
specific limits or approximations. We will concentrate on the most common
ones.

Graded response neurons

Here we discard the delays, 7;; = 0 for all (i, j), and the reset term in
(1.23), assuming that the fluctuations of the neuron potential due to the
reset mechanism are not relevant. Our basic equations now become (after
a redefinition of our variables to get rid of irrelevant prefactors):

N

d .
T Ui = k:Zl JixgWUi() = UP) = Ui() (1.25)
U-u*
gU—-U" = / du P(u): proportional to firing frequency
—00

(1.26)
We note that the (non-linear) function g(x) has the following properties:

(1) limy 00 g(x) =0 limy o0 g(x) =1 (1.27)

(i) g'(x) =0 (Vx e R)
Often one adds to (1.25) a noise term, in order to account for both the pos-
sibility that the randomness in the potentials U; (¢) is not negligible (in cases
where our naive scaling argument is wrong) and for the fluctuations due to
the reset mechanism. Contrary to what common sense might suggest, we
will find that having some degree of noise will often improve the operation
of neural networks.

McCulloch-Pitts neurons

Here we forget about delays, reset mechanisms, and noise. In the absence
of noise the variables U} (r) reduce to fixed numbers Uy, that is, g(x) =
0(x). We also neglect the time it takes for electric currents to build up
the postsynaptic potential: we put T — 0 in equation (1.23) (from which
the reset term has been eliminated and in which all t;; = 0). As a result the
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postsynaptic potential becomes, after elimination of distracting prefactors:

N
Ui(t) = JucSk(t)

k=1

Since we have now lost, in a sense, the intrinsic clock of the system because
all time constants have been thrown out, we have to restore the dynamics by
writing the neuron states in terms of the previous value of the postsynaptic
potential, that is,

Skt + A) = 0(Ur(t) — UY)

Time is now discretized in units of the refractory period A, and we obtain
the so-called McCulloch-Pitts neurons®:

N
Si(t+A)=0 > JaSk(t) = Ut (1.28)
k=1

In spite of their simplicity, we will see that networks of McCulloch-Pitts
neurons are already universal in the sense that the operation of any (finite)
digital machine can be emulated by an appropriately constructed network
of such units.

Stochastic binary neurons

In the case where we do wish to take into account noise in systems with
McCulloch-Pitts type neurons, so that the Uy (¢) are truly random, it is often
convenient to choose the latter to all have the same variance and write them
in a form where the average and the variance are explicit:

Ur(t) = UF — $Tz (1)
with

%TZ =[U; (1) — UL = /du WBPw) =0 2@ =1

The reason for this specific notation will become apparent below. The para-
meter T measures the amount of noise in the system; for T = 0 we return to
our previous deterministic laws, while for T — oo the system behaves in a
completely random manner. A second convenient translation is to redefine
the neuron state variables, such that the two neuron states ‘firing’ and ‘rest’
will be represented by the numbers ‘c = +1” and ‘o = —1’, respectively, as
opposed to ‘S = 41’ and ‘S = 0’. This allows us to make use of symmetry

6 The actual neuron model proposed by McCulloch and Pitts in 1943 was even simpler!
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properties and of a strong similarity between neural dynamics and the phys-
ics of magnetic materials; although we need not make this connection expli-
cit, it has led the way in many analytical studies. The translation is simple
if we also express the U} in terms of suitably transformed quantities ;:

S0 =3ow+11 U =3( Ju - )
k

The stochastic version of the McCulloch-Pitts recipe (1.28), viz.

N
Sit+A) =0 (Z JikSk(t) — U + %Tzl'(t))

k=1

thereby becomes

N
o+ A+ 1= 3 Juor ) + 205 + T
b Oi = Zk:1 ikOk Uiy <i

giving

N
oi(t+ A) =sgn(h; (1) + Tzi(1)  hi(t) =) Juor@®)+;  (1.29)
k=1

with the sign function sgn(x) = 26(x) — 1. So sgn(x > 0) = 1, sgn(x < 0) =
—1; sgn(0) is drawn randomly from {—1, 1}. The quantity 4; (¢) is called the
‘local field’. The probability to find a neuron state o; (¢ +A) can be expressed
in terms of the distribution P(z) of the remaining (independent) noise vari-
ables z;(¢). For symmetric noise distributions, that is, P(z) = P(—z) Vz,
this probability can be written in a very compact way:

Prob[oi(r + A) = 1] = Prob [h;(1) + Tz (t) > 0] = / dz P(2)
—hi(0)/T o MO
Prob[oi (1 + A) = —1] =/ dz P(2) =f dz P(2)
—00 hi()/T

We can now combine the two probabilities into the single expression:

Problo; (r + A)] = (0 (t + A)hi(£)/T) (1.30)
with N . .
g(x):/ dzP(z)zz—i-/ dz P(2)
—00 0

The function g(x) is seen to have the following properties:

(i) gx)+g(=x)=1
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(i) lim gx)=0,g(0) =3, lim g(x)=1 (1.31)
(iii) g'()=P0): g'(x)=0Vx, g(=x0)=g'(x) ¥x, lim g'(x)=0

A natural choice for the distribution P(z) of the noise variables z; is the
Gaussian rule

P(z) = Q) V2e /2 withz=0, 2=1

1 (Y de o, 1 NV2dz 5 1 x
_1 22 _ 1 e e Bl (2o
g(x) 2+/0 —Zne 2+/(; ﬁe 2[ +er <ﬁ>]
Here erf(u) denotes the error function, see, for example, [1]. An alternative
choice that will simplify considerably many of our subsequent calcula-
tions, is to replace the above function g(x) by the following (qualitatively
similar) one:

g(x) = 3[1 + tanh(x)] (1.32)

This function satisfies our general requirements (1.31), and corresponds to
the noise distribution

P(z) = 3[1 — tanh*(2)]

In a network of such units, updates can be carried out either synchronously
(in parallel) or randomly asynchronously (one after the other). In the first
case, since all noise variables are independent, the combined probability
to find state o (t + A) = (o1(t + A),...,on(t + A)) € {—1,1}" equals the
product of the individual probabilities, so

N
parallel: Problo(t + A)] = l_[g(a,- t+ MNhi()/T) (1.33)
i=1

In the second case we have to take into account that only one neuron changes
its state at a time. The candidate is drawn at random with probability N1,
resulting in

choose i randomly from {1,..., N}
sequential: (1.34)
Prob(o;(t + A)] = g(oi(t + A)h; (t)/T)

Coupled oscillators

One might well speculate that, even though knowledge of the exact details of
the action potentials might not be relevant, going to a description involving
only firing frequencies is too crude an approximation in that the degree
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of synchrony with the neurons fire might be important. This has led to
the proposal to study so-called coupled oscillator models. Essentially one
incorporates the voltage reset mechanism by saying that the potentials are
periodic functions of some underlying phase variables:

Ui() = f(ei()  f(@+27) = f(9)

If all phases ¢; (¢) are identical (mod 27), the neurons fire action potentials
coherently. In the absence of mutual interaction all neurons are assumed
to oscillate at some neuron-specific basic frequency w;. Excitatory synapses
are assumed to induce a more coherent firing of the two neurons involved;
inhibitory synapses are assumed to lead to incoherent firing. The simplest
phenomenological model to have such properties is

d ~o
OO =0+ Jusin(e) — ¢i(1) (1.35)

k=1

In order to see that this model indeed has the desired properties, let us
concentrate on the interaction between a given pair of identical oscillators,
say number 1 and number 2 (w; = w;). Here we observe

d
E[d)l () — $2()] = (J12 + J21) sin(a (1) — P1(1))

The solution of this equation is shown in Figure 1.5, for the two choices
J1 + J» =1 and J; + Jo = —1. In the first case the system always evolves
towards a synchronized situation, with ¢1 — ¢» = 2mm (m integer); in the

T +Jp=1 T+ J=—1
SE I I I I e ]
4 ab_ —
P e ] 3%;
o I S ]
e R i
A¢/7T0 J o —

N L E
oL P _]
e __ | Lk ]
L N _]
sk \ \ \ Y v = B ]
0 1 2 3 4 0 1 2 3 4

t t

Figure 1.5 Evolution in time of the phase difference A¢ = ¢y — ¢ for J1 + J» = 1 (left)
and J1 + J» = —1 (right). In the first case the two oscillators will always synchronize; their
action potentials will eventually be fired simultaneously. In the second case they will do the
opposite.



1.3 Universality of McCulloch—Pitts neurons

second case towards an anti-synchronized state, with ¢1 — ¢ = 7 + 2mn
(m integer). Indeed, for small differences between the two phases, ¢1(t) —
¢2(t) = 2mm + €(¢) with |e(¢)| < 1, we can linearize our equation, giving;:

d
€0 =—Un+ hoe® + O3 1)

For J12+J21 > 0 the phase difference € (z) will decrease further (the coherent
state ¢1 (1) = ¢ (1) is stable), whereas for J12 + J21 < 0 the phase difference
will increase (now the coherent state ¢1(f) = ¢,(t) is unstable). As with
the graded response neurons, one often adds to (1.35) a noise term, to
account for the possibility that the randomness in the potentials U; (¢) is not
negligible.

1.3 Universality of McCulloch-Pitts neurons

The simplest of the neuron models that we described in the previous section
was the McCulloch-Pitts neuron (1.28). Here we will show that networks of
such neurons have universal computational capabilities in the sense that the
operation of any finite deterministic digital information processing machine
can be emulated by a properly constructed network of McCulloch-Pitts
neurons. Since the basic logical units of digital machines can all be built
with McCulloch-Pitts neurons, all theorems of computer science (on com-
putability, Turing machines, etc.) that apply to such digital machines will
apply to networks of McCulloch-Pitts neurons as well. Here we will not
dig too deep, and just prove some simple statements.

Reduction to single-output binary operations

First we demonstrate how any such machine can be reduced to a collection
of simpler single-output binary machines:

e Finite digital machines can by definition only handle finite-precision
representations of real numbers, that is,

m — 3.141592653589793238462643

Every finite-precision representation of a real number can, in turn, be
expressed in terms of integers:

digits decimal point

—_—
n—>(3141592653589793238462643; 1 )
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Every integer can, in turn, be expressed as a (so-called Boolean) string of
binary numbers € {0, 1}, for example,

1239=1-21040.2240-284+1.274+1.2640.-25+1.2%+0.23
+1-224+1.2141.2°
=1024+ 128 +64+16+4+2+1=(10011010111)

e It follows that every finite digital machine can be regarded as a device
that maps finite-dimensional binary input vectors S € < {0, 1}V (rep-
resenting characters, numbers, keys typed on a keyboard, camera images,
etc.) onto finite dimensional binary output vectors §’ € {0, 1}X (charac-
ters, numbers, reply text on a screen, control signals for other equipment,
etc.). Deterministic machines will by definition always reply in exactly the
same manner to identical input data. Therefore every finite deterministic
digital machine can be specified in full by specifying the output vector
S'(S) for every possible input vector § € €, that is, by specifying the
mapping M:

M: Q—{0,1}X MS=5(S) VSeQ

e Finally, we can always construct K independent sub-machines M, (¢ =
1,..., K), each of which takes care of one of the K output bits of the full
mapping M:

Mgz Q—{0,1} MpS = S)(S) VS € Q

We conclude that we are allowed to concentrate only on the question of
whether it is possible to perform any single-ouput mapping M : Q C
{0, 13N — {0, 1} with networks of McCulloch-Pitts neurons. This ques-
tion will be answered in the affirmative in two steps: (i) we first show that
any such single-output Boolean function of N variables can be expressed in
terms of combinations of three logical operations performed on the inputs
(these three logical operations can be even further reduced to one), (ii) it
is then demonstrated that all three elementary logical operations can be
performed by McCulloch-Pitts neurons.

Reduction to three elementary operations

For the purpose of achieving the envisaged reduction, we first introduce
a partitioning of the set Q of input vectors into two subsets, depending on
the corresponding desired output value:

. Qt={SeQ|MS=1)
Q=Q"uQ (1.36)
Q ={SeQ|MS=0}
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We now label the elements in Q7. The number of elements in T, denoted
by P, obviously cannot exceed 2V, which is the total number of vectors in
{0, )",

Qt=(sl,s?,...,sP"1 sy  ste{o, 1}V

Evaluation of M thus amounts to identifying whether or not an input vector
belongs to Q. This identification can be performed using only the three
logical operators A (AND), v (OR) and — (NOT) which are defined by their
output tables:

A0, 1} — {0, 1} v :{0,1}> — {0, 1} —:{0,1} — {0, 1}
X YXAYy X Yy xVy
- - X X
00 O 0 0 0
01 0 01 1 0 1
1.0 0 1 0 1 1 0
11 1 11 1

We can use these basic operations to construct the operator SAME(x, y),
which tells us whether two binary variables have the same value:

SAME(x,y) = (x A y) V ((—x) A (=)

The definitions of AND and OR can be extended to cover more than two
argument variables in the usual way:

XIAX2 A AXL A AXL =X A2 A G A(Xp_1 AXL) )

XIVxaVe VL g Vxr=x1Vx2V(e--Vxp_1VxL)--))

Checking whether or not the input vector S is identical to any of the vectors
S* in the set QT (defined above) is then performed by evaluation of

MS = (SAME(S1, S) A SAME(S2, S1) A -+ - A SAME(Sy, S3))
V(SAME(S1, 57) A SAME(S,, 53) A -+ - A SAME(Sy, 53))

V(SAME(S1, ST)A SAME(S2, S7) A -+ A SAME(Sy, 55))

and since this latter expression can be constructed entirely with the three
basic operations {A, Vv, =}, we know that every operation M:Q < {0, 1}V —
{0,1}, and therefore the operation of every finite deterministic digital
machine, can be reduced to a combination of these three basic operations.
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We can reduce the set of required operations further, since the operation
Vv (OR) can be written in terms of = (NOT) and A (AND), as x Vy =
—((=x) A (—y)):

X y xVy —x =y (7x)A(Ty)
00 0 1 1 1
0 1 1 1 0 0
1 0 1 0 1 0
1 1 1 0 0 0

In fact we can reduce the set of operations yet further, since the
operations {A,—} can, in turn, be written in terms of a single opera-
tion NAND (NOT-AND) as —x = NAND(x,x) and x A y =
NAND(NAND(x, y), NAND(x, y)):

x y NAND(x,y) NAND((NAND(x,y),NAND(x,y))
0 o0 1 0
0 1 1 0
1 0 1 0
1 1 0 1

x  NAND(x,x)

0 1
1 0

Elementary operations via McCulloch-Pitts neurons

Finally we have to show that each of the three elementary logical operations
{A, Vv, =} can be realized with our simple McCulloch-Pitts neurons

N
Sit +A)=26 (Z JikSi(t) — U;’)

k=1

provided we choose appropriate values of the parameters {Jit, U}. This
we do by construction. Note that, in order to prove universality, we only
have to construct the operation NAND with McCulloch-Pitts neurons (see
above); however, by way of illustration we also construct the operations
{A, Vv, —h
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Xy xAy x+y—-3/2 0lx+y—3/2]
0 0 0 -3/2 0
01 0 -1/2 0
1 0 0 -1/2 0
11 1 1/2 1
x y xVy x+y—1/2 0x+y—1/2]
0 0 0 -1/2 0
0 1 1 1/2 1
1 0 1 1/2 1
1 1 1 3/2 1

x —x —x+1/2 0[-x+1/2]

1/2 1

0 1
10 -1)2 0

x y NAND(x,y) —x—y+3/2 6[—x—y+3/2]
0 0 1 3/2 1
0 1 1 1/2 1
1 0 1 1/2 1
1 1 0 -1/2 0

1.4 Exercises

Exercise 1.1. (Higher order synapses.) It is known that there also exist
synapses which operate in a more complicated way than the simple ones
discussed so far. We now try to see how our equations would change if
we were to take into account so-called higher-order synapses, like the one
in Figure 1.6. The new type of synapse requires the simultaneous arrival
of fwo action potentials to release neurotransmitter, so that equation (1.4)
will be replaced by:

N

() = pe() TSkt — ) + ) pre(®) ke S (t — 1) Se(t — 70)
=1
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o
Figure 1.6 Schematic drawing of a higher-order O
synapse. Right part: terminals of the axons of two
sending neurons, left: surface of a dendrite of the
receiving neuron.

in which the new variables have the following meaning: pg¢ () is a random
variable deciding whether two simultaneously arriving action potentials
from neurons k and ¢ are successful in releasing neurotransmitter, Jie defines
the resulting current induced by the second-order synapse, if transmitter
release takes place. Assume Ji; = 0 for all k. Which will be the new equation
to replace equation (1.12), if we take into account the existence of the
above type of higher order synapse? Assume (without proof) that the simple
scaling argument again applies that allowed us to replace all summations
over different current contributions by their noise averages. Which equation
do we find to replace (1.23)? Perform the simplifications that led us to
the graded response neurons. What form will these equations now take?
Answer the same question for McCulloch-Pitts neurons.

Exercise 1.2. (Graded response neurons.) Consider two identical coupled
graded response neurons, without self-interactions, with 7 = p = 1:

d d
Eul:-]a gUry —U") - Uy $U2=Jb gUr —U" -1,

Assume that g(x) > 0 Vx € R, as for e.g. g(x) = %[1 + erf(x)]. Show
that:

(a) if J, = Jp there exists a solution of the form Uy (t) = U, (t) V¢t > 0.
(b) if J, # Jp there is no solution of the form Uy (¢) = U, (t) Vi > 0.

Now choose g(x) = 0(x), that is, no noise, and J, = J, = J # 0. Simplify
the above equations by transforming to new variables:

U=Juy Uy=Juy U"=Ju*
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so that the new equations become

aul =0y —u*) —uy %u2=9(u1 —u*) —uy

Solve these equations separately in the four relevant regions of the (u1,u3)
plane, (I) u1 > u*, uy > uw* (1) uy < u*, up > u* (M) uy < u*, uy < u*,
and (IV) uy > u*, up < u*, and draw the trajectories in the (u1,u2) plane,
for u* < 1. Do the same for u* > 1. What can you conclude about the
dependence of the system’s behaviour on the height of the neural threshold?

Exercise 1.3. (Coupled oscillators.) Consider three coupled oscillators,
without self-interactions, described by the following equations:

d . .
Eff)l = w1 + Jiz2sin(¢ — ¢1) + J13sin(¢p3 — ¢1)
d . .
5452 = wy + Jo1 s1n(¢p1 — ¢2) + J23sin(p3 — ¢2)
d . .
54)3 = w3 + J31 sin(¢1 — @3) + J32 sin(¢py — P3)

Explain the meaning and relevance of the various quantities which occur in
these equations. Assume from now on that w; = wy = w3 = w. Show that
the above system of equations admits solutions such that

¢p3—pp=mmn m=0,£1,%£2,...

if and only if J31 = (=1)™J1. What do these solutions represent in terms
of firing coherence? Assume that the above condition holds for some even
integer m, and that J;; = J for all i, k. Show that

d d )
5((1)1 +2¢y) = 3w E((ﬁl — ¢2) = —3J sin(¢1 — ¢2)

Finally, suppose that J > 0 and that initially the difference ¢1 — ¢, is not
a multiple of 7. Show, by considering the phase diagram pertaining to the
above differential equation for ¢y — ¢, or otherwise, that as t — oo all
three oscillators will fire coherently, that is, synchronously. What happens
if J <0?
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Layered networks

2.1 Linear separability

All elementary logical operations that we encountered in the previous
chapter could not only be realized with McCulloch-Pitts neurons, but
even with a single, McCulloch-Pitts neuron. The question naturally arises
whether all operations {0,1}¥ — {0,1} can be performed with a single
McCulloch-Pitts neuron. For N = 1, that is, the trivial case of only
one input variable x € {0,1}, we can simply check all possible opera-
tions M : {0,1} — {0,1} (of which there are four, to be denoted by M,,
Mp, M., and M), and verify that one can always construct an equivalent
McCulloch-Pitts neuron S(x) = 0(Jx — U):

x Mi;x) 6(=1) Mpx) 0(—x+1/2) M.(x) 6(x—-1/2) My 6(1)

0 0 0 1 1 0 0 1 1
1 0 0 0 0 1 1 1 1

For N > 1, however, the answer is no. There are several ways of showing
this. The simplest is to give first a counterexample for N = 2, which can
subsequently be used to generate counterexamples for any N > 2, the
so-called XOR operation (exclusive OR):

X y XOR(x, y)
0 0 0
0 1 1
1 0 1
1 1 0

Proposition. No set of real numbers {J, J,, U} exists such that

0(Jxx + Jyy —U) = XOR(x,y)  V(x,y) € {0,1}?
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Proof. By contradiction. Assume the above statement were false, this would
imply:

(x,y) =(0,0): —-U<0 U=>0
(x,y) =(0,1): J,-=U>0 Jy>U
x,y)=(1,0): J,—-U=>0 = J,>U
)= Jy+Jy—U<0 = Ji+J,<U

=
=

This contradiction shows that the above statement can never be false, which
completes our proof. O

For N > 2 we can construct a similar operation M by just applying the
XOR operation to the first two of the N input variables:

M:{0,1}N = (0,1} M(x1,...,xy) = XOR(x1,x2)

to which the same proof applies as to the N = 2 case discussed above. As a
result we know that indeed for all N > 2 there exist operations that cannot
be performed by a single McCulloch-Pitts neuron.

We can also give a geometric picture of the situation. The set of all possible
operations M : {0,1}¥ — {0, 1} consists of all possible ways to fill the right
column of the corresponding table with ones or zeros:

X1 x2 - e XN—1 Xy M(x)
0 0 0 0
1 0 0 0
1 1 1 0
1 1 1 1

The total number of possible operations M : {0, 1}¥ — {0, 1} is the number
of possible ways to fill the right column of the above table. There are 2V
entries in this column, with two possible values for each, so

number of operations M: {0,1}¥ — {0,1} = 22"

The set {0,1}" of possible binary input vectors consists of the corners
of the unit hyper-cube in RY. A McCulloch-Pitts neuron, performing
the operation

N
S:{0, 1}V > (0,1}  S(x) = 9(2 Jexp — U)

k=1
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can be seen as dividing the space R" into two subsets which are separated by
the hyper-plane 3" _; Jix; = U. The information conveyed by the outcome
of the operation of a McCulloch-Pitts neuron, given an input x € {0, 1}V,
is simply in which of the two subsets the corner x of the hyper-cube is
located. S(x) = 1 if x is in the subset Z,ivzl Jixi > U, whereas S(x) = 0if x
is in the subset 21127:1 Jrxi < U let us not yet worry about the pathological
case where x is on the separating plane for the moment. Note that this
division of {0,1}" into subsets, here separated by a plane, is identical to
the division which we already introduced earlier through the subsets Q%
and Q. In terms of the above table, Q7 is the set of all hyper-cube corners
x € {0,1}N for which * = 1; Q~ is the set of corners x € {0,1}" with
% = 0. Since each of these 22" operations M is characterized uniquely by its
associated set 1, each can be pictured uniquely by drawing the hyper-cube
in RY in which corners in QT are coloured black, and corners in Q™ are
white.

For N = 1 the hyper-cube reduces simply to a line segment with 21 = 2
‘corners’. There are 22' = 4 operations M: {0, 1} — {0, 1}, thatis, four ways
of colouring the two corners:

o: xeQt, M(x)=1

N =1: xE{O,l} x e Q™ M(X):O

G—™oO @ © G @ ® @

For N = 2 the hyper-cube is a square (with 22 = 4 corners). There are
22" — 16 operations M : {0, 1}> — {0, 1}, that is, sixteen ways of colouring
the four corners:

o0 xeQt, Mx)=1
1 xeQ, Mx)=0

G, I} ®
C C

N=2: xe{0,1}

Q
9]
Q
9]
9]

@
(C;
(€

1]
s

EEyE
[ 0]
101
L1
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For N = 3 the hyper-cube is a cube (with eight corners). There are 22 =256
operations M: {0,1}3 — {0, 1}, that is, 256 ways of colouring the eight
corners, etc. Of all these operations, McCulloch-Pitts neurons can only
perform those for which the QT corners x (the black ones), can be separated
from the Q~ corners x (the white ones) by one single plane x - J = U. Such
operations are called linearly separable. It is now immediately clear for the
above examples N = 1 and N = 2, simply by looking at the graphs, which
operations are linearly separable:

N =1:

—o o © K

o—0 \&VO @72

® —=o oto >
N I 2

6—90 o—e o o

—o ¢
?

]
A

C

vl 25 O

For N = 1 we recover our earlier result that all operations are linearly
separable (i.e. can be performed by a suitably constructed McCulloch-Pitts
neuron). For N = 2 we find that of the sixteen possible operations, the
following two are not linearly separable:

C

X y My (x,y) X y My (x,y)
0 0 0 0 0 1
0 1 1 0 1 0
1 0 1 1 0 0
1 1 0 1 1 1

in these we recognize the two operations XOR (as expected) and —(XOR).
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2.2 Multilayer networks

Having seen that a single McCulloch-Pitts neuron cannot realize every map-
ping M: {0,1}¥ — {0,1}, we now set out to demonstrate that every such
mapping M can at least be performed by a two-layer feed-forward net-
work of such neurons, with only one neuron in the second layer. This will
in fact be a specific neural realization of the look-up table for elements
of the set Q*, as introduced earlier in demonstrating the universality of
McCulloch-Pitts neurons.

As a simple explicit example we will now illustrate how a multilayer
perceptron can be designed to perform a linearly non-separable task such
as XOR. Here the set of vectors 7, for which the XOR operation is to
give as output the value 1, is

Qt = (x1,x?} with x'=(1,0), x*=(0,1)

V1
W11
X1 Wiy Ji=
?
o S(y)= XOR(x1,x2)
X2 Wi Jh=
W22
»2

Our solution is based on a so-called ‘grandmother-cell’ construction for
the neurons of the hidden layer. It uses our knowledge of QT, and
is designed in such a way that for each of the vectors x' in QT there
is precisely one neuron i in the middle (or ‘hidden’) layer which pro-
duces an output +1 for this (and only for this) input vector, thereby
signaling that the state of the output neuron is to be +1 when x'
occurs as input. The weights W;; and firing thresholds V; for the hidden
neurons which achieve this follow from the observation that for xieqQt
and x € {0, 1}% the sum Z _1(2xj DQ2x;—1) = Zj 12(2x Dxj—
Z G125 L= 1) will be +2 1f x = x', and less than or equal to 0 otherw1se
From this one reads off that sultable weights and thresholds of the hidden
neurons to achieve the desired action

2
yi(x) = Q(ZWinj - Vi) =8y xi

j=1
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are W;; = 2(2x;. —DandV; =1+ Z?:l (ij. — 1). For the two relevant
input vectors in Q7 this implies, more specifically

Win=22xl =1 =42  wp=22xl-1)=-2
1 2

Vi=W =1
Wy =2Qx} -1 =-2 Wp=2Q2x3-1)=+2
Having set the values of our parameters to the above values, one can check
directly that the XOR operation is now indeed implemented correctly:

x=1(0,0: S =60(1+y2—1/2)=60+0-1/2)=0
x=(1,0: SO =6001+y—-1/2)=001+0-1/2)=1
x=0,1: SO =001+y—-1/2)=00+1-1/2)=1
x=(,1: S =601+ —1/2)=00+0-1/2)=0

We now give the general construction, which works for arbitrary input
dimensions N and for arbitrary operations M: {0, 1}¥ — {0, 1}. We choose
L to be the size of the set QT = {x € {0, 1} |M (x) = 1}, and construct the
neurons y; in the hidden layer such that the operation of each of them is
defined as determining whether the input vector x equals a neuron-specific
prototype vector from Q7. The construction of the associated grandmother
neurons follows the above pattern used in dealing with XOR. First we define
the building block G:

N
x,x*e{0,1}V: G(x*;x) = Q(Z(Zx,- -Dx -1 —-N+ 1) (2.1)
i=1

1
m]
x1
m]
o
S\
> ;DS
E}/
N
- yi=9< Wijxj—Vi>
O j=1
XN L
- SzQ(ZJiyi—U>
yL i=1
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Proposition. G(x*;x) = 1 if and only if x = x*.
Proof. We first turn to the trivial ‘if’ part of the proof:
N N
G(x;x) :9(2(2xi —1* =N+ 1) :9(21 —- N+ 1) =1
i=1 i=1
Next we show that G(x*;x) = 0 as soon as x # x*.

o
if x; = x;

1,
Vxi,xf €{0,1}: Q2x; — DQ2x—1) = {_1 if x; £ x*
5 i i

Consequently:
N
Z(Zx,- —1)@2xf —1) = N — 2 x (number of indices i with x; # x°)
i=1

so that:

N
xAEXT= Y 2n - DR —1) <N-2=G@x%x) =0
i=1

which completes the proof. O

The expression G(x*;x), interpreted as an operation performed on the
variable x (for fixed x*), is clearly of the McCulloch-Pitts form:

N N
G(x*;x) = 9(2 do@xf—Dx —2) xf+ 1)
i=1 i=1

We can now construct our two-layer network from these building blocks,
by assigning to each vector x* € QT a hidden neuron of the form G (x*; x):

QF={x {0, )V | Mx) =1} ={x",x?,...,xL71 x1}

Vi e {1,,L} Vit {0’1}N — {0’1} Vi = G(xi;x)

The required operation of the output neuron S, finally, is to simply detect
whether or not any of the hidden layer neuron states y; equals one. Our final
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result is the following network:

N L 1
yi<x>=9(ZWijx,-—v,-) S<y>=0(2yi—5) 2.2)
i=1

j=1

N
Wi =2Qxi—1)  V;=2) xi-1 (2.3)
j=1

This construction will exactly perform the required operation M. The state
of each hidden neuron indicates whether (y; = 1) or not (y; = 0) element
number i of the set QT equals the actual input x; output neuron S sub-
sequently tells us whether (S = 1) or not (§ = 0) there is a +1 state in
the hidden layer, that is, whether x is in the set Q7. Since the size of Q*
can scale exponentially in N, this is usually not an efficient way of realizing
an operation M with McCulloch-Pitts neurons, but efficiency was not our
aim. At least we know now that a two-layer feed-forward architecture is
capable of realizing any operation, if properly constructed. It also proves
en passant that any mapping M: {0,1}¥ — {0,1}X can be performed by a
two-layer feed-forward network.

2.3 The perceptron

Here we turn to the question of how to model and understand the process
of learning. In the simple context of a McCulloch-Pitts neuron S(x) =
0(J - x — U) this means the adaptation of the set of connections {J;} and
the threshold U, in order to improve the accuracy in the execution of a
given task M: Q < {0,1}¥ — {0, 1}. We assume that we do not know M
explicitly; we only have examples provided by some ‘teacher’ of ‘questions’
(input vectors x € {0,1}") with corresponding ‘answers’ (the associated
output values M(x)).

The starting point of the training session is a neuron with, say, randomly
chosen parameters {J;} and U. A so-called ‘online’ training session consists
of iterating the following procedure:

step 1: Draw at random a question x €
step 2: Check whether teacher and student agree on the answer:

M(x) = S(x): do nothing, return to 1
M(x) # S(x): modify parameters, then return to 1
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modify parameters:

J — J+AJUJ,U;x,M(x))
U — U+AUWJ,U;x,M(x))

X1
Student (neural network)

S)=0(XN, Jixi — U)

— S

Teacher

M(x)
?

XN

The input vectors x need not all have the same probability of being drawn.
The ultimate goal is to end up with a neuron that has learned to perform the
task M perfectly, that is, to have M(x) = S(x) = 0(J - x —U) Vx € Q
(which, of course, is only possible if the task M is itself linearly separable).
The problem one faces is how to choose an appropriate recipe (AJ, AU)
for updating the neuron’s parameters that will achieve this.

A perceptron is defined as a McCulloch-Pitts neuron, learning in an
online fashion, according to the following rule for updating its parameters:

Mx)=0, Sx)=1: AJ=-x, AU=1
Mx)=1, Sx)=0: AJ=x, AU = —1
(2.4)

perceptron learning rule:

Upon some reflection, this recipe is rather transparent. If S(x) = 1 but
should have been 0, the effect of the modification is to decrease the local
field h = J - x — U so that the next time question x appears the perceptron
is more likely to give the (correct) answer S(x) = 0. Conversely, if S(x) =0
but should have been 1, the modification causes an increase of the local field
so that the perceptron is more likely to give the (correct) answer S(x) = 1
in the future.

Perceptron convergence theorem

The nice and powerful property of the specific recipe (2.4) is the existence
of the following associated perceptron convergence theorem.
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Proposition. If the task M is linearly separable, then the above proced-
ure will converge in a finite number of modification steps to a stationary
configuration, where Vx € Q: S(x) = M(x).

Proof. We first simplify our equations by introducing an additional dummy
input variable, which is simply constant: xg = 1. This allows us, together
with the identification Jy = —U, to write the perceptron and its learning
rule in the compact form

X = (xo,xla'--axN) € {0:1}N+19

Sx)=0(J - x)
J = (‘]03‘]1,"'9‘]1\7) € ]RN+1

Mx)=0, Sx)=1: AJ=—x
learning rule: & AJ =2M(x) — 1]x
Mx)=1, S(x)=0: AJ=x

The new set Q now consists of all vectors (xg, x1,...,xy) with xo = 1 and
with (x1,...,xy) as in the original input set.

e The first step of the proof is to translate the linear separability of the
operation M into the following statement:

IB ¢ RVt suchthatVx € Q: M(x) =60(B - x)

and, since the argument of the step function 8(- - - ) can here never be zero
(since we know that M(x) € {0,1}):

35 > 0: suchthatvVx e Q: |B-x|>3$

X0
o Student perceptron
—— S(x)
o Sx)=6(J -x)
o
o
] Teacher perceptron
M (x)
| M(x)=6(B-x)
XN

We may consequently view the task operation M as generated by a
teacher perceptron, equipped with weights/threshold B (which, of course,
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the student perceptron does not know). Since |B| can be rescaled
arbitrarily without affecting the associated operation M, we may choose
IB| = 1.

Any modification step, where J — J' = J + AJ, is seen to obey the
following two inequalities:

J -B=J -B+[2M(x)—1]x - B
=J B+[20(x-B) —1]x - B
=J - -B+|x - B
>J -B+3$ (2.5)

and

I 12 = (] +[2M(x) — 1]x)*
= J2+2sgn(B -x)J - x + x2
<J*—2sgn(J - x)J - x+N+1
<J?+N+1 (2.6)

After n such modification steps, repeated usage of the above inequalities
gives:

Jn) - B=J©O)-B+ns |[Jw)P* <|JOP+nN+1) (2.7)

We now define

_J-B
M

Due to the Schwarz inequality |x - y| < |x||y| we know that always
|w| < |B| = 1. After n modifications, however, it follows from (2.7) that
we must have

_Jm B JO) - B+ns

- 2.8
o IS~ /1T )2 +n(N +1) 28

From this we conclude that there can be only a finite number of modi-
fication steps n. The algorithm will have to stop at some stage, since
otherwise we would run into a conflict with |w(n)| < 1:

lim w®) > lim JO) - B +nd = 00

n=>00 /1 J(0)]2 + n(N + 1)
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If no more modifications can take place, the system must by definition
be in a configuration where M (x) = S(x) Vx € Q, which completes the
proof. O

The perceptron convergence theorem is a very strong statement, as it
depends only on the linear separability of the task M being learned. In
particular it does not depend on the probability distribution of the input
vectors x. An upper bound nm,x for the number n of modification steps
required for convergence can be obtained by checking at what stage (in the
worst case) we actually run into conflict with |w(n)| < 1:

[J(©) - B +mmaxdl®
|J(0)|2 + nmax(N + 1)

For zero initial connections, that is, for J(0) = (0,...,0), we obtain:

N+1
52

Nmax =

Although this is of limited practical value, as we usually have no information
about 8, it is consistent with our geometrical picture of the linearly separable
operations: the more complicated the operation M, the closer the separating
plane will be to the corners of the hyper-cube, the smaller §, and therefore
the larger the number of adaptation steps that the perceptron needs to obtain
perfect performance.

Note that the number 7 is not the same as the number of times we have
to present an example input vector x, but rather the number of actual para-
meter modifications. It could happen that the number of times we need to
draw at random a question x is still very large, simply due to the small
probability of some particular relevant questions to be selected. Alternat-
ively, we could also draw the example vectors x in a fixed order, since the
perceptron convergence theorem does not require them to be drawn at ran-
dom. In the latter case the number of times we present a question x will
also be bounded. However, as we will see later, the number of randomly
drawn questions x € {0,1}" needed to obtain convergence (for a linearly
separable task) normally scales linearly with N for large N. It is therefore
usually more efficient to draw the examples at random; indeed, making a
single full sweep through the set {0, 1}V of possible questions involves many
more trials, namely 2.

Ising perceptrons

The only property of the input vector space Q € {0,1}" that is actually
used in proving convergence of the perceptron learning rule is the existence
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of an upper bound for the norm of x:
3C > 0: suchthat VxeQ: x?<(C

and the constant C will then simply replace the factor N+1 in equation (2.7).
In particular, we can therefore apply the same procedure to x € Q C
{—1, 1}V, If we also transform the perceptron output and the task definition
in the familiar way from the {0, 1} representation to the so-called ‘Ising spin’
variables {—1, 1}, we obtain the Ising perceptron:

task: T:QC{-1,1}N - {-1,1}
Ising perceptron: o: Q C {—1,1}¥ — {—1,1} (2.9)
o(x)=sgn(J - x+9)

equipped with the following learning rule:

step 1: Draw at random a question x € Q

step 2: Check whether teacher and student agree on the answer:

T(x) =o(x): do nothing return to step 1
T(x)#o0(x): AJ=T(x)x, AY =T(x) thenreturntostep 1

Note that this learning procedure, like the original {0, 1} version, can be
written in an even more compact way, without the explicit check on whether
or not perceptron and teacher give the same answer to a given question x.
With the convention xo = 1 Vx € © and Jy = ¢ (as before, the dummy
variable x( takes care of the threshold) we may simply write:

draw atrandoman x € Q, AJ = %[T(x) —sgn(J - x)]x  (2.10)

We can now run through the perceptron convergence proof, much like
before. We simply replace M (x) — %[T(x) + 1] and use for the extended
input vector x € {—1,1}¥*1 the inequality x2 < N + 1.

The advantage of the {—1,1} formulation over the previous {0, 1} one
is a significant simplification of subsequent calculations. For instance, for
randomly and uniformly drawn vectors x = (x1,...,xy) we find the
expectation values:

xe {0,V () =1 (uxj) =3+ 18
0 8

xe{-L1N: (x) =
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The continuous time limit

With the familiar convention xg = 1 Vx € © € {0, 1} we can also write
the learning rule of the original {0, 1} representation of the perceptron in
the compact form

draw atrandoman x € Q, AJ =ex[M(x)—06(J - x)] (2.11)

without the need for checking explicitly whether M (x) = 0(J - x). We have
now inserted a prefactor €, with 0 < € « 1, which controls the rate at which
the parameters J change. Note that with this modification the perceptron
convergence theorem still applies. We will now derive, in a specific limit, a
differential equation to describe the evolution in time of the parameters J.
A more thorough and general analysis will be given in Part IV of this book;
here we will restrict ourselves to a reasonably simple derivation. The res-
ulting differential equation is considerably more convenient for describing
the learning process than the above original iterative map (2.11).

Let us define a time variable such that each update corresponds to a time
interval of length €, so

AJ=J(@+e€)—J@)

After a modest number n <« €~ of iteration steps the vector J will have
changed only a little,

J(@ +ne)=J@) + One)
For intermediate stages £ < n we may therefore write:
J(t+Llete)— J(t+Le) =exi[M(xy) —0(J (@) - x¢ + One))]
in which x; denotes the input vector that is drawn from  at iteration

step £. We now sum the left- and the right-hand side of this equation over
the iteration index £ = 0,...,n — 1:

n—1 n—1 n—1
DJt+tete)— Y Jt+te)=e) xiMxe) —0(J (@) x¢+One))]
=0 =0 =0

which gives

n—1
Y xiM(xe) —0(J (1) - x¢ + O(ne))]

=0

J@+ne)—J@) 1

ne n
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We now take a limit where ne — 0 and n — oo (e.g. n = €V with
0 <y < 1). As a result, for € — 0 the left-hand side of the above equation
becomes a time derivative, whereas on the right-hand side we obtain an
average over the input set Q:

d
a](t) = (x[M(x) - 0(J () - x))a (2.12)

with (f(x))e = D ,cq P(*) f(x) and with p(x) denoting the probability
that input vector x is drawn from Q during the learning process. Equation
(2.12) is valid for times measured in units of the learning rate €, in the limit
e — 0.

If we apply this derivation to the Ising perceptron (2.9, 2.10), we find the
same continuous time equation for J(r), but now written in the form

d 1
Ej(t) = 5 &xlTx) = sgn(J (@) - X))o (2.13)

At first sight it might seem that the continuous time process (2.12) is
weaker than the discrete time version (2.11), as it is derived in a specific
temporal limit and involves only averages over the distribution Q. Never-
theless we can still prove that, provided the task is linearly separable, the
continuous time equation will converge towards the desired state. This can
even be shown to happen in a finite time. We restrict ourselves for simplicity
to discrete and finite input sets.

Proposition. If the task M is linearly separable over a discrete and finite
input set €2, then equation (2.12) will converge to a fixed point J such that
0(J - x) =M(x)Vx € Q.

Proof. First we demonstrate that the dynamical equation (2.12) must lead
to a fixed point. Then we show that this fixed point corresponds to a state
where the perceptron performs the task M perfectly.

e To see that (2.12) must lead to a fixed point, we first note that the differ-
ential equation (2.12) describes a so-called gradient descent dynamics in
an ‘error-landscape’ E(J),

with
EWJ)=(J -0 -x)—Mx)a (2.14)
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(which can be verified easily by explicit derivation). As a result we know
that during the process (2.12) the quantity E can only decrease:

d IE d IE\*
th(J)_Xi:a.lidtJl_ ;(a&) =0
e Since M is linearly separable, 3B (with |B| = 1) such that M (x) = 6(B - x)
Vx € Q. We can use this property to show (i) that E(J) > 0 for all J
and, for finite €, (ii) that there is a positive lower bound for |dE (J)/d¢|
as long as E > 0. Together these results imply convergence to a fixed
point in finite time.
(i) To see that E(J) > 0, we use M(x) = (B - x), and O(x) = %x
[sgn(x) + 1] to rewrite equation (2.14) as

E(J) = 2((J - x)[sgn(J - x) —sgn(B - x)])q

(IJ - x|[1—sgn(J - x)sgn(B - x)])a

from which the required result E(J) > 0 follows immediately.
(ii) To establish a positive lower bound for |[dE(J)/d¢| which holds as

long as E > 0, we use the Schwarz inequality y2 > (B - y)? (for
|B| = 1). This gives us the inequality

dE(J)——(dJ>2—— [0(B - x) —0(J - x)])%
4 = a4 =—(x - X - X))o

< —((B-x)[0(B - x)—6(J - X))
=—(B -x|0(—(J - x)(B - x)))}
< —[ min p@)B-x|]’

xeQ*(J)

in which Q*(J) = {x € Q| (J - x)(B - x) < 0}. This set is not empty
if E > 0. Using the finiteness of Q to define the constant’” K > 0 as

K = min p(x)|B - x|
xeQ
we now immediately arrive at
d . 2 2
E(J)>0: —EWU)=—{minp@)B-x|}"=-K"  (2.15)

e This last inequality (2.15) subsequently implies

E®)=EJ@) <0 forr> E(O)/K2

7" A similar proof can be set up for the case where the input set is not discrete and finite;
there one will need some additional assumptions such as (3§ > 0): |B - x| > §|x| for all
x e Q.
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As a consequence we know that E(r) = 0 for t > E(0)/K?, which, in
turn, implies that dJ;/dt = 0 Vi as soon as t > E(0)/K?2. Therefore the
vector J (1) evolves in a finite time towards a fixed point.®

e Finally we show that any fixed point of (2.12) will have the stated
property, O(J - x) = M(x) Vx € Q. A fixed point J satisfies

(x[sgn(B - x) —sgn(J - x)])oq =10
Taking the inner product with the teacher vector B gives:

(B - x)[sgn(B - x) —sgn(J - x)])a =0
(IB - x|[1—sgn(B - x)sgn(J - x)])o =0

so, since |B - x| > 0 Vx € Q:
Vx € Q: sgn(B - x) =sgn(J - x)

which is equivalent to saying that M(x) = 0(J - x) Vx € Q. This
completes our proof. O

The quantity E(J) (2.14) that is minimized by the process (2.12) has a
clear interpretation. By using the identity %[1 —sgn(A)sgn(B)] = 6(—AB),
we can write E(J) as

EJ)=(J - x|0(=(J - x)(B - X))o (2.16)

This shows that E(J) measures the average distance to the separating plane
J - x = 0 of all those input vectors x € Q that are at the wrong side of this
plane. Minimizing E is therefore equivalent to moving the plane in such
a way that this average distance goes down. At the minimum of E, the
number of vectors at the wrong side of the plane is indeed zero.

Our interpretation of the learning rule as a gradient descent minimization
of some error measure (at least in the continuous time limit (2.12)) is an
important one. First, it allows us to build systematically other learning rules
for our perceptron, by specifying alternative error measures, deriving the
corresponding gradient descent equation, and subsequently performing the
translation from the continuous time formulation back to the original dis-
crete time version. Second, this interpretation also allows us to derive
learning rules for the more complicated layered networks.

8 A function E of a dynamical variable with these properties, bounded from below and
decreasing monotonically with time, is called a Lyapunov function.
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2.4 Learning in layered networks: error
backpropagation

For feed-forward layered networks, where the state of any neuron cannot
feed back to influence its input, the difference between graded response
neurons and McCulloch-Pitts neurons is not too large. Just consider two
subsequent layers of graded response neurons, {U;} (i = 1,...,N) and {UJ’.}
(j =1,..., L), respectively. If the states in the first layer {U;} are stationary,
the equations for the second layer are solved easily:

d ’ * /
IEU,-(I) = Xk: Jikg(Ux — Uy) — U; (1)

Uj(t) = Uj(0) e ™"+ " Jug(Us — U1 — e™'/7)
k

U{(00) = Y Jig(Ur — Up)
k

Therefore, if we simply wait until all layers have relaxed towards their
stationary states {U/(oco0)}, one layer after the other, then for both
McCulloch-Pitts neurons and graded response neurons the effective equa-
tions can eventually be written in the general form

S/ = g(z Jik Sk — U;> (2.17)
k

with McCulloch-Pitts neurons corresponding to the special choice
g(x) =0(x).

Single-output feed-forward two-layer networks

Let us now build a two-layer feed-forward network of such graded response

units:
V1

W

o

m]

A\

XN



2.4 Learningin layered networks: error backpropagation

Upon using the by now familiar trick of adding the dummy variables xo =
yo = 1 and defining W;o = —V; and Jo = —U, we can write our equations
in their simpler form

N L
Vi =g<ZWijxj) S=g<ZJiyi> (2.18)
=0 i=0

or, in combination:

L N
S(x) =g<Jo+ZJi g(Z W,-jx,->) (2.19)

i=1 j=0

The operation M to be learned need no longer be formulated in terms of
binary variables since our present graded response neurons produce real-
valued outputs, so we write more generally:

M: QCRYN - [0,1] (2.20)

We note, however, that the universality proof of two-layer feed-forward
networks was given only for binary input and output variables.

The aim of a learning procedure is to achieve S(x) = M(x) Vx € Q. In the
spirit of the situation we encountered with the continuous time version of
the perceptron learning rule, we now define the dynamics of the weights by
gradient descent on an error surface E (B, J), for which one usually chooses

EB,J) = HS(x) - Mx)1*)q (2.21)

Clearly E is bounded from below. Supposing that the operation M can
in principle be realized with the given neurons and network architecture,
the minimum is £ = 0 and corresponds to the desired situation where
S(x) = M(x) Vx € Q. The learning rule thereby becomes:

d ] d i)
EWij:_aWi_E(B,J) E«Ii :_B_J,-E(B’J) (2.22)

which guarantees, as before, that

d aE d dE d AE \? IE\?
—FE= T 1 Wij 5 Ji=— ] — — ] =
dr ZBWZ']' dtWJ+Za.]i dtj lzj:<8Wij> ;(3];’) =0

ij i
(2.23)
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The overall error E will always go down, however, we have no guar-

antee that we will end up at the absolute minimum E = 0. A simple
one-dimensional example will illustrate what could happen:

f(x)

There are three local minima of f(x) (indicated by e), of which one is
the global minimum, and two unstable fixed points (indicated by o). The
dynamic equation dx/dt = —3 f(x)/dx will lead to the desired minimum
only for initial values x(0) in a restricted segment of the x-axis. If x(0)
happens to be close to one of the other two (local) minima, the system will
evolve towards a suboptimal local minimum instead.

We can now simply use the chain rule for differentiation to work out the
learning rules (2.22). We introduce the output error A(x) = M(x) — S(x)
that the network makes upon presentation of input vector x € €2, allowing

us to write
d 35(x) (5
e NG =A@ ( D Jivi )i (2.24)
t 8.]1 Q .
j=0 Q
d aS(x)
_Wij = A(x)
dr BWij Q
L N
= <A(x)g’< > JkYk>Jig/( > Wimxm>xj> (2.25)
k=0 m=0 Q
A convenient choice for the non-linear function g(x) is g(x) = %[1 +

tanh(x)], which has the nice property that the derivative of g(x) is a simple
function of g(x) itself, g'(x) = G(g(x)) = 2g(x)[1 — g(x)]; this property
can be exploited to reduce the number of numerical function evaluations
in applications of the scheme considerably. In that case the learning rule
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simplifies to:

3 = (A@GS@)yile (2.26)

%Wij =(A@)GSENSGi(x)x))e (2.27)
Returning to the derivation of the continuous time version of the perceptron
learning rule, the evolution equations (2.26, 2.27)—usually referred to as
batch-learning equations as they involve (averaging over) the complete set
Q of inputs—can be identified as the continuous-time limit of the online
learning process:

Ji(t+€) = Ji(t) + e A(x)G(S(x))y; (2.28)
Wit +¢€) = W;j(t) + e Ax)G(S(x))Ji G (yi(x))x; (2.29)

In the online equations (2.28, 2.29), the vectors x €  are drawn at random
ateach iteration step. This discrete formulation, with the understanding that
€ < 1, is called ‘learning by error backpropagation’. In the limit € — 0 the
online equations become fully equivalent to (2.26, 2.27).

The term error backpropagation stems from the property that, for the
online formulation (2.28, 2.29), by performing the chain rule differenti-
ations we are essentially linking all variations in parameters appearing in
an earlier layer of neurons to the resulting changes in the error A(x) in
the final layer. This will become more transparent in a generalization to
arbitrary feed-forward architectures to which we turn now.

Generalization to arbitrary feed-forward networks

The above construction can be generalized quite easily to an arbitrary
number of output variables and an arbitrary number of hidden layers, as
long as the architecture remains of a strictly feed-forward nature. We ima-
gine a structure with N input variables and L output neurons. In between the
input and output layers one has m hidden layers, labelled by ¢ = 1,...,m;
each of these contains Ny neurons, the states of which are written as yl.‘Z
(i =1,...,N¢). The weight (or synapse) connecting neuron j in layer ¢ — 1
to neuron i in layer ¢ is denoted by Ji‘;.. The equations giving the neuron
states then become (with the usual convention of the extra dummy neurons
to take care of thresholds):

M: Q < RN - [0,1]* s: QRN - [0,11F (2.30)

Ne—q

N
v = g(ZJlg.xj) yh = g( > J,.‘;.yf—l) €>1) (2.31)
j=0

j=0
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N
S; = g<ZJm+1yj) (2.32)

X1

O 0o o0 oooo o
%]
_

2

XN

m
f YN

The overall error measure is now defined as the sum of the squared errors
of the L individual output neurons:

1 L
EJ) =5 Y (Si(x) — Mi(x)P)e (2.33)
=1

2«

E is bounded from below; its minimum® E = 0 corresponds to the desired
situation where S;(x) = M;(x) Vx € Q and Vi € {1,...,L}. The gradient
descent learning rule generalizes to:

d , 0 .
Ejij——@E(J) Vi, j, ) (2.34)

which guarantees that

B 0E d
_%:Xe: 0Jf di Y= ZZ(aﬂ) - (2:33)

To work out the learning rules (2.34) we again define output errors A; (x) =
M;(x) — S;(x); there are now L of these. We also simplify our equations by

 We are once more assuming that the task is realizable by the given architecture.
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writing g'(x) = G(g(x)). This allows us to write for £ = m + 1:

d m+1 = 0 Sk m
dr i Z<Ak3JT+1 = (AiG(SDY e (2.36)
k=1 ij

whereas for 1 < £ < m one finds

+1

LA Mg s ap o

k=1i;=0  in=0 im 9Yi, 4 Yig ijle

L New N

=2 2 2 MGG TGO,
k=lig1=0  imw=0
C+1Y 7e+1 —1

X G(ylHl )JlHllzG(yl )y )Q (2-37)

Finally, for ¢ = 1 we only have to change the last derivative in the
y y g

previous line:

L N Ny,

%J,.} =% Y (AGSo I GOmM T,

k=1i=0 in=0
R G(ytz) zzzlG(yil)xj)Q (2.38)

These equations illustrate more clearly than in the two-layer case the inter-
pretation of output-errors propagating backwards through the network to
the parameter that is being modified. We can make this interpretation even
more explicit by introducing ‘scaled’ output errors

M = AG(S) 1<k<L

Using the last layer of connections in a direction opposite to that of the
forward signal propagation as given by (2.31, 2.32), these define scaled
back-propagated errors for the last hidden layer via

L
5 = (Zﬁ?“fﬁf)(}@ﬁ) 1<im < Np
k=1

This procedure of backpropagating and rescaling errors can be iterated
from layer to layer. Thus for m > £ > 1 backpropagation £ + 1 — ¢ with
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rescaling reads

e+l le+1le

Ney
5, = ( DDAl )G(yf;>, 1<ic < Ne

igr1=1

In terms of these backpropagated and rescaled errors, the dynamic equa-
tions for the connections take a very simple and transparent form, pairing
scaled errors at the output side of a connection with signal at the input side,
namely

diﬂ = (8 ¥~ Ng, 2<t<m+1 and %J&:((S}xj)g (2.39)

The discrete-time online version of the above procedure is obtained in
the by now familiar manner. The average over the set 2 is removed and at
each iteration step an input vector x € Q is drawn at random instead:

TN+ e) = I 0 + eAiG (ST (2.40)
with for 1 < £ < m:

L Neyt

Ja+eo=Jin+ed Y - Z AGSOIGTIGOM I

Imim—1
k= 1l[+1—0 lm—O

. X G( f+l) £+l (yl)y (2‘41)

yle+1 gt1ie
and for ¢ = 1:

L N

e+ =Tt +ed Y - Z AG(SOIEH GOM I

k=1i=0 im=0
X GO, GODx; (2.42)

imim—1

with the discretization step € <« 1.

2.5 Learning dynamics in small learning rate
perceptrons

As a prelude to a more general analysis later in this book, we now show
how for large perceptrons with small learning rates (i.e. upon taking the
limit N — oo after the limit ¢ — 0) and simple probability distributions
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for the input vectors x € €, the dynamical equation for the connections
J (t) can be reduced to just two coupled non-linear differential equations,
which contain all the relevant information on the learning process and on
the performance of the perceptron at any time. From these one can calculate
the generalization error of our perceptron as a function of time; conversely,
given the desired reliability of the system’s operation one can then predict
the required duration of the learning process.

Macroscopic observables

Our starting point is the Ising perceptron with infinitesimal learning rates, as
described by the continuous time equation (2.13), with a linearly separable
task T(x) = sgn(B - x). By taking the inner product on both sides with
J and B we obtain from (2.13) the following two equations:

d d

d—J 2J - —1J (2.43)
t dr

={((J - x)[sgn(B - x) —sgn(J - x)])q (2.44)
d 1
E(B - J) = 5((3 - x)[sgn(B - x) —sgn(J - X)) (2.45)

We now define J = JJ, with [J| = 1, and @ = B - J. Using relations
such as d(B - J)/dt = J(dw/dr) + w(dJ/df), one immediately obtains
from (2.44, 2.45) the following two equations in terms of the macroscopic
observables (J, w):

d ((J - x)[sgn(B - x) —sgn(J - X))

([(B - x)—w(J - 0)sgn(B - x) —sgn(J - ©))a

NIH | =

;4 _
dr

We note that the statistics of the input vectors x enter into these equations
only through the two quantities u = B - x and v = J - x, so that we can
write

= /dudv P(u,v)v[sgn(u) — sgn(v)]

4,
dr
d 1

d_ =3 /dudv P(u,v)(u — wv)[sgn(u) — sgn(v)]

in which P (u, v) denotes the joint probability distribution of u and v for ran-
domly drawn input vectors x € Q with probabilities p(x). This distribution
depends on time through the evolving vector J.
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By working out the effect of the sgn() functions for the various integration
regimes, the above differential equations can be written in the simple form

d

—J =- /oo/oodudv v[P(u,—v) + P(—u,v)] (2.46)
de 0 Jo

d 1 [ >

—w = —/ / dudv (u + 0wV)[P(u,—v) + P(—u,v)] (2.47)
dr J Jo Jo

Clearly dJ/dr < 0 and dw/dr > 0 at all times. In order to quantify the
degree to which the perceptron has learned the task at hand, and to inter-
pret the dynamic equations (2.46, 2.47), we can define and calculate error
measures. The quantity E(J) from (2.14), for instance, can be rewritten in
terms of the above variables as

E=1J /oofoodudv v[P(u,—v) + P(—u,v)] (2.48)
0 JO

Another relevant quantity is the so-called generalization error E,, defined
as the probability of finding an input vector x € Q such that sgn(B - x) #
sgn(J - x). Its definition E, = (6(—(B - x)(J - x)))q translates immedi-
ately into

E, = /oo/mdudv [P(u,—v) + P(—u,v)] (2.49)
0 Jo

The details of the task T, the size N, and the statistics p(x) of input vectors
are all concentrated in the distribution P(u,v). According to (2.46), the
length of the evolving vector J always decreases monotonically. As soon as
J = 0, we will have to define in the original dynamical rules what we want
sgn(0) to be (as also in the original perceptron learning rule); the natural
choice is sgn(0) = 0.

Large perceptrons with uniformly distributed input vectors

We now restrict ourselves to large perceptrons (i.e. N — oo) with uniformly
distributed input vectors (i.e. @ = {—1, 1}V with p(x) = 27" Vx € Q). Here
we benefit from the following simplifications: one can calculate P (u, v), the
latter turns out to be a rather simple function, and in addition it depends
on time only through w. In combination, this means that the two equa-
tions (2.46, 2.47) will close, that is, their right-hand sides can be expressed
solely as functions of (w, J). Instead of N coupled non-linear differential
equations (for the N components of the weight vector J) we will have
reduced the problem of solving the learning dynamics to the analysis of just
two coupled non-linear differential equations, which in fact can be reduced
further to only one. Not all of the properties assumed here to arrive at
this simplification are, strictly speaking, necessary. In fact we only need
N — oo and p(x) = []; pi(x;); here we will only illustrate the ideas for the
simplest case.
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For N - oo and @ = {—1,1}", with p(x) = 27V Vx € Q (so that
all components of x are distributed independently according to p(x;) = %
for x;, = £1), we may try to apply the central limit theorem (CLT) to
the two stochastic quantities # = B - x and v = J - x, which suggests
that they will be described by a Gaussian probability distribution P (u,v).
This will usually be true, but not always; one simple counterexample is
the case where B or J has only a finite number of nonzero components.
The conditions for an inner product B - x of N-component vectors to
acquire a Gaussian probability distribution for N — oo, given statistically
independent random components x; € {—1,1} (with equal probabilities),
are rather subtle. A sufficient condition is

N N
Ve > 0: lim Ze(z;f - 623,3) =0 (2.50)
] k=1

N—oo
i=1

A necessary condition is

N  p4
lim % =0 (2.51)
W (S, BY)
For a derivation of these conditions see Appendix B. Both conditions state
that for large N the inner product B - x should not be dominated by just a
small number of components of B.

In the generic case, both conditions (2.50, 2.51) will usually be met, and
P(u,v) is indeed a Gaussian distribution. In Appendix D we derive some
general results for Gaussian distributions of more than one variable. For the
present problem we can calculate directly the first few moments of P (u,v),
by noting that (x;)qo = 0 and (x;x;)o = &;;:

Bi{xi)oa =0

Il
.MZ

Il
_

/dudv uP(u,v) = (u)g

Il
' Il Hmz
‘MZ -
=
S
I
o

<
Il
—_
Il
—_

/dudv vP(u,v) = (v)g

BiBj(xixj)o B}=1 (2.52)

Il
.MZ

/dudv uP(u,v) = (u?)q

I Il
™M= ™M=
®
> [l
[l -

e

jijj<xixj>§2

Il
:MZ

<
Il
—_

/dudv V2P (u,v) = (v¥)q

Bijj (xixj)a

Il
:MZ

<
Il
_
Il
-

/dudv uvP(u,v) = (uv)g
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Using the results of Appendix D, we know that the values of the moments
(2.52) completely determine the distribution P (u,v), so that we may write

directly
34

-l () ) _ (1 o
(uv)  (v?) w 1
All we need to do is to invert the matrix A~!, which gives us the desired
result:

1 1 —w 1
dmma (L 7)) s

P(u, U) — 1 ef(uervZwauv)/Z(lfwz) (253)

271 — w?

Without even having to calculate any integrals, we can already draw import-
ant conclusions on the solution of the differential equations (2.46, 2.47),
by simply exploiting that (2.53) remains the same if we change the sign
of both u and v or if we interchange u and v. This leads to the identities
P(u,—v) = P(—u,v) and

/w/oodudv v[P(u,—v) + P(—u, v)]:/oofoodudv u[P(u,—v) + P(—u,v)]
0 JO 0 JO

In particular, we can simplify (2.46, 2.47) to

d d 1+w
o oo dudv 2,2 2
K(w) = / / vef(u +ve+2wuv) /2(1—w”) (255)
0 J0 71— w?

Elimination of K (w) from the two equations (2.54) gives (1+w) ! (dw/dr) +
J=1(dJ/dr) =0, or

d C

in which the constant can be determined by inserting the details of the initial
state: C = J(0)[1 + w(0)]. The curves (2.56), for various values of C, are
shown in Figure 2.1.

In order to go further, and find the values of the macroscopic observables
explicitly as functions of time, we calculate in Appendix D the integral K (o)
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-1 0 1

3]

Figure 2.1 The relation between J (1) = |J| and w(t) = B - J(r) during the training of
large perceptrons with infinitesimal learning rates, on linearly separable tasks. Different
curves refer to different initial conditions (w(0), J(0)). The flow through these trajectories is
from the left to the right.

defined by (2.55). The result is (see integral Is of the appendix) K (w) =
(1 — w)/+/27, with which we obtain for (2.54)

d 1-w d 1—w?
—J=— o= 2.57
dr V2 dtw JN 2w ( )

Finally we can use the relation between J and o (2.56) to reduce the set
(2.57) to just a single equation for w(¢). We achieve this simplification by
simply substituting J(t) = J(0)[1 + w(0)]/[1 + w(¢)] into the differential
equation for w(z):

%a) = %(1 +0)(1—w?)  D=JO)[1+ w021 (2.58)

This equation is solved using separation of variables. We get

d D D (1 L1 >
dw _(1+w)(1—w2)_2(1+a)) 140 1-w

1
+a))2 1 — w?

1
1w
_1 1 4 1 :|
T4 |: —|—a))2 140 1-w
1 d 2
7 d—[—r—i—ln(l—l-a)) ln(l—w)j| (2.59)
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so that

t=JO)1 +a)(0)]\/§|:%ln G ji) - Jlrw + A] (2.60)

with the constant A determined by initial conditions:

1 1 1n[1 —I—a)(O)] 2.61)

1100 2 |1-w©)

In particular, for the simple and common case where the initial student
vector J(0) is drawn at random, we typically have w(0) = 0. In that case,
the solution (2.60) takes a simple form:

1+ w w
w(0) =0: t—J(O)\/7|: ln(l—a)) l+w] (2.62)

For large perceptrons, that is, for N — o0 as in the above analysis of
the closed dynamical equations for w and J, we can also work out the
precise relation (2.49) between w and the generalization error E, (2.49)
(see integral I3 in Appendix D), which gives us

1
E, = ;arccos(a)) w = cos(wEy) (2.63)

This one-to-one relation enables us to write the equations for w (2.58, 2.60)
in terms of E,. For instance, by using standard relations like cos(2ar) =
cos?(a) — sin?(a), we can transform the result (2.62) for initial conditions
characterized by w(0) = 0 (so E,(0) = %) into

1 1 1
t= z\/gl(O) |:1 — tan? <EnEg) —2lIntan <EnEg>:| (2.64)

This relation is drawn in Figure 2.2, for different values of J(0).

2.6 Numerical simulations

We end this chapter with some numerical simulations of the learning pro-
cedures and network architectures discussed so far. We will illustrate some
general trends and, where possible, make comparisons with our theoretical
results.
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4

Figure 2.2 The generalization error E, as a function of time, following a random initial
weight configuration, that is, E4(0) = L The different curves refer to J(0) = 2, %, 1, %
(from top to bottom).

0 0
0 100 200 0 1000 2000 0 10000 20000

Figure 2.3 Evolution in time of the macroscopic observable w = B - J for numerical
simulations of the standard discrete-time perceptron learning rule, for different system sizes
N, always with a randomly drawn but normalized task vector B and learning rate ¢ = 1.
For each picture, J was initialized randomly, with four different lengths J(0) € {2, %, 1, %}.

Numerical simulations of perceptrons

We first simulate numerically the original discrete perceptron learning
procedure (2.4), for different choices of the input space dimension N and
of the initial length J(0) = |J(0)| of the student vector. For simplicity we
choose @ = {—1,1}", p(x) = 27V Vx € Q, and a randomly drawn (but
normalized) teacher vector B. We measure the observable w = B - J, where
J = J/|J|. The results are shown in Figure 2.3. Several conclusions can be



2:Layered networks

drawn from such experiments, while keeping in mind that for specifically
constructed pathological teacher vectors the picture might be different:

e The duration of the learning process scales linearly with N.

o If viewed on the relevant N-dependent timescale (as in the figure), the
fluctuations in @ as caused by the randomness in the selection of input
vectors x become negligible as N — oo; this is the main property that
enabled the derivation of the deterministic continuous time equation.

o In contrast to the situation with small learning rates, for ¢ = 1 all differ-
ences in the initial length J(0) which are O(1) are irrelevant. The reason
is clear: they can be wiped out in just a few iteration steps.

Next we show that for N — oo and € — 0 the learning dynamics is
indeed described by equation (2.60). We have to keep in mind that in the
derivation we have taken the two limits in a specific order: lim._,¢ first,
followed by limy_ . The required € needed to find oneself in the scaling
regime described by the earlier dynamical analysis may therefore generally
depend on N: € = €(N). Since € defines the unit of time in the process
J(@ +¢€) = J(@)+eAJ(...), and since the learning time is found to scale
linearly with N, we are led to the scaling relation

eN)=n/N n<l (2.65)
According to the simulation experiments for small €, as shown in Figures 2.4
and 2.5, this is indeed the appropriate scaling of the learning rate. Note that

the time can now no longer be identified with the number of iteration steps
(as in the € = 1 case); for € < 1 the relation is 1 = ngepse. Equivalently,

Nsteps = N1 /0

Figure 2.4 Evolution of w in an Ising perceptron (with N = 1000 and a randomly drawn
but normalized task vector B), for n = ¢N € {1,0.1,0.01}, following random initialization.
Solid lines correspond to numerical simulations, and dashed lines to the theory, with

J(0) € {2, %, 1, %}, from top to bottom.
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| | |
2 4 6 8
t t t

Figure 2.5 Evolution of w in an Ising perceptron (with n = ¢ N = 0.01 and a randomly
drawn but normalized task vector B), for N € {10,100, 1000}, following random
initialization. Solid lines correspond to numerical simulations, and dashed lines to the
theory, with J(0) € {2, 3,1, %}, from top to bottom.

272
Note also that the figures illustrate the different roles played by the two
limits N — oo and n — 0. Decreasing n moves the experimental curves
towards the theoretical ones; increasing N reduces the fluctuations (mainly
triggered by initial conditions).

Numerical simulations of error backpropagation

In the case of multilayer networks, trained with the online version of
error backpropagation (i.e. the version where at each iteration step an
input vector is drawn at random), there is as yet little theory to compare
with. The exception are results on the so-called ‘committee machines’;
these are two-layer networks in which only the weights feeding into the
hidden layer evolve in time. Therefore we will just show how the learn-
ing procedure works out in practice, by measuring as a function of time,
for a network with two layers and a single output neuron, the output
error £ = %([S(x) — M(x)]?)q. We consider two simple tasks, the parity
operation (in +1 representation) and a linearly separable operation (with a
randomly drawn teacher vector):

N
task ;. M(x) =[]x e{-1,1)
i=1
task II: M(x) =sgn(B - x) € {—1,1}

xeQ={-1,1}" (2.66)

to be learned by the two-layer network

L N
S(x) = g(Z Jiyi (x)) yi(x) = g(Z Wijxj> (2.67)
j=0

i=0
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Figure 2.6 Evolution of the overall error E in a two-layer feed-forward network trained by
error backpropagation, with N = 15 input neurons, L = 10 hidden neurons, and a single
output neuron. The results refer to independent experiments involving either a linearly
separable task (with random teacher vector, lower curves) or the parity operation (upper
curves), with learning rates n = e N € {1, 0.1, 0.01}, following random initialization.

N

=2

N=10 |

N=15

o 50
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Figure 2.7 Evolution of the overall error E in a two-layer feed-forward network trained by
error backpropagation, with n = e N = 0.01, L = 10 hidden neurons, and a single output
neuron. The results refer to independent experiments involving either a linearly separable
task (with random teacher vector, lower curves) or the parity operation (upper curves), with
input size N € {2, 10, 15}, following random initialization.

in which the transfer function is chosen to be g(x) = tanh(x) € (-1,1)
and we use the usual dummy variables xg = yg = 1. Perfect performance
would obviously correspond to E = 0. On the other hand, for a task
M(x) € {—1,1} a trivial multilayer perceptron with all parameters (weights
and thresholds) set to zero would produce E = %(M2 X))o = %

The results of numerical simulations are shown in Figures 2.6, 2.7, and
2.8; we performed four independent trials for each parameter combina-
tion and each task. For the online version of error backpropagation to
approach the desired learning equations involving averages over the input
set (the batch version, corresponding to gradient descent on the error sur-
face), we again have to take the limit € — 0 for every (N, L) combination,



2.6 Numerical simulations

L=15

50 100

f t f

Figure 2.8 Evolution of the overall error E in a two-layer feed-forward network trained by
error backpropagation, with n = ¢ N = 0.01, N = 10 inputs, and a single output neuron.
The results refer to independent experiments involving either a linearly separable task (with
random teacher vector, lower curves) or the parity operation (upper curves), with hidden
layer size L € {2, 10, 15}, following random initialization.

0 500 1000 1500 2000

Figure 2.9 Evolution of the overall error E in a two-layer feed-forward network, trained
by error backpropagation on the parity operation (with n = eN = 0.01, N = 10 inputs,
L = 10 hidden neurons, and a single output neuron), following random initialization.

so we should expect ¢ = €(N,L). The simulation results indicate the
appropriate scaling to be

e(N,Ly=n/N n<1 (2.68)

We have to be careful, however, in drawing conclusions about whether the
network succeeds in solving the problem from simulations experiments such
as the ones in Figures 2.6, 2.7, and 2.8. A learning session can involve several
distinct stages and timescales, possibly dependent on initial conditions.
For instance, the experiments done in the time window 0 < ¢ < 100 sug-
gest that the network does not succeed in performing the parity operation
for (N, L) € {(10,10), (10, 15)}, whereas we know it is perfectly capable of
doing so for L > N. However, if we enlarge the time window of our experi-
ments we do find a certain fraction of our trials being successful after all, if
we are prepared to wait longer, as illustrated by Figure 2.9. The system is
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seen to spend a significant amount of time in a transient so-called ‘plateau’
phase, where the error E does not change much, before it discovers the rule
underlying the training examples.

2.7 Exercises

Exercise 2.1. (Elementary logical operations and model neurons.) Consider
the task f: {0,1}3 — {0, 1} that is defined by

1, if (x1,x2,x3) = (1,0,1)
f(x13x29x3) = 13 if (Xl,)Cz,X:;) = (13 19 1)
0, otherwise

Show, via geometrical considerations or otherwise, that the function f can
be realized by a single McCulloch-Pitts neuron. Give suitable values for
synaptic weights and the threshold. If we take into account higher order
synapses, the operation of a McCulloch-Pitts neuron is known to become
somewhat more sophisticated:

S(x) = 9<ijxk + kaﬁxkxi — U>
k

k0

Can we perform the so-called XOR operation, that is, (x1,x2) —
XOR(x1,x2) with (x1,x2) € {0,1}%, which a McCulloch-Pitts neuron
cannot realize, with a single neuron like this?

Exercise 2.2. (The parity operation.) Define the so-called parity operation
M:(0,13Y — (0,1}  Mx)=3[1+ (—1)Xist %]

The function M indicates whether (M = 1) or not (M = 0) the number
of “+1° components of the input vector x is even. Show that for N =2
one has M(x1,x2) = —XOR(x1,x2). Prove that for N > 2 the parity
operation cannot be performed by a single McCulloch-Pitts neuron of the
standard form

N
S(x) = G(Z Jixi — U>
i=1

Exercise 2.3. (Symmetries.) We know that a two-layer feed-forward
network of McCulloch-Pitts neurons, with L = |Q%| < 2V neurons in
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the hidden layer can perform any operation M: {0,1}¥ — {0, 1}, provided
all connections and thresholds are properly chosen. Here |2"| denotes the
number of input vectors in the set Q7. However, in the case where there are
symmetries in the task M, the number L of required hidden neurons can be
considerably smaller. An example of such an operation is the parity opera-
tion (see above). Here M is invariant under all permutations of the indices
{1,..., N} of the input vector x. We take N = 2. Now QT = {(0,0), (1, 1)},
so the upper bound for L is 2. Construct a two-layer feed-forward network
of McCulloch-Pitts neurons with L = 2 that performs the parity operation,
not as a realization of a look-up table, but by using the fact that, due to the
permutation symmetry, M (x) can be written as a function only of x1 + x.
Hints: write y;(x) = 6(x1 + x3 — U;), and use a graphical representation
of what the output neuron S(y1, y2) is required to do in order to find an
appropriate separating plane.

Next choose N = 3. Since here QT = {(0, 0, 0), (0,1,1), (1,0, 1), (1,1,0)},
the upper bound for L is 4. Construct a two-layer feed-forward network of
McCulloch-Pitts neurons with L = 3 that performs the parity operation.
Give the network construction for general N > 2 (without proof), by gen-
eralizing the previous results obtained for N € {2, 3}. Show that we need
only N hidden neurons. More demanding: give the proof, for general N,
that the above construction indeed performs the task M.

Exercise 2.4. (Learning the unlearnable.) We now study what happens
when a perceptron is being trained on a task that is not linearly separable,
such as XOR(x1,x2). In £1 (i.e. Ising) representation, and with the con-
vention of xg = 1 as the dummy input, the task 7" and the Ising perceptron
o are defined as

T: (1,1 — {=1,1}  T(x0,x1,%2) = —x1x2

o: {(—1,1P = (-1,1}  o(x0,x1,%2) =sgn(J - x) J = (Jo, J1,J2)

with Q = {x € {—=1,1}3 | xo = 1} and p(x) = %Vx € Q (note: there are four
input vectors in 2). In the limit of small learning rate ¢ — 0 the learning
process is described by equation (2.13):

d
J =

4 (x[T(x) —sgn(J - x)])q

| =

Calculate (xT(x))q. Prove that |J| decreases monotonically with time.
Show that the dynamic equation (2.13) describes a gradient descent on a
surface E(J). What is the meaning of E(J)? Prove that lim; . |J(¢)| = 0.

Exercise 2.5. (Application of the CLT to B - x.) Appendix B gives a discus-
sion of the conditions required for the CLT to apply to the inner product
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u=B-x,withx € {—1,1}" and p(x) =27V vx € {—1,1}". A sufficient
(although not necessary) condition for u to acquire a Gaussian probability
distribution in the limit N — oo is Lindeberg’s Condition:

N

N
V. oo i B} - B} ) =
€e>0 Ngn()()Z@(, el; k) 0

i=1

A necessary (although not sufficient) condition for u to acquire a Gaussian
probability distribution in the limit N — oo is

N  p4
. Y B
N—oo N p2y2 o

(Zi:l i )

Here we inspect trivial and non-trivial teacher vectors B = (B1,..., By)
for which the CLT does not apply. Show that both conditions above are
violated if By = 1 and B; = 0 Vi > 1. Answer the same question for
Bi = 1fori <nand B; = 0Vi > n, for every fixed n > 1 (i.e. n not
dependent on N). Similarly for the two cases By = e * and B; = 1/k. Show
that both conditions above are satisfied for By = 1/+/k. Use the results on
summations given in Appendix C.

Exercise 2.6. (Forgetful perceptrons.) Consider next an Ising perceptron o
with N ordinary input variables in £1 representation and with the conven-
tion of the dummy input xg = 1, so J = (Jo, ..., Jy) € R¥*! learning a
task 7'

T:{-1, 1N 5 (1,1}
o (-1, 1}V 5 (=11} o(x0,...,xn) =sgn(J - x)

Assume © = {x € {—1, 1}V xg = 1} and p(x) = 27V Vx € Q (so there
are 2" input vectors in Q). In the original perceptron learning rule we now
add a decay term, which tends to erase previously accumulated information:

AJ = 3x[T(x) —sgn(J - x)] —yJ

Introduce a time discretization € in the usual way: J(t +¢€) = J(t) + €A J.
Derive the new continuous-time equation to replace (2.13), by taking the
limit € — 0. Show that this equation describes gradient descent on a sur-
face E(J), and prove that E(J) is bounded from below. Assume that T
is linearly separable, that is, T(x) = sgn(B - x) Vx € Q. Show that
lim; 00 B - J(t) > 0. From now on consider only tasks and perceptrons
without thresholds, that is, By = Jo = 0, and choose |B| = 1. Define,
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following Section 2.5, the two quantities J = |J| and w = J - B, with J =
J J. Derive the differential equations that replace (2.46) and (2.47). Show
that (2.47) is not affected by the decay term. Assume that the two inner
products u = B - x and v = J - x have a Gaussian joint probability dis-
tribution, and find the equations that replace (2.54) and (2.55). Show that
(2.56) is replaced by e”"J(1)[1 + w()] = J(0)[1 + @(0)]. Show that the
evolution in time of the macroscopic observable w, following @ (0) = 0, is
now given by

14+w w
oVt 1) — [
(e 1) =J(0) |: ln<1_w> 1+w}

Use the expansion e* = 1 + x + O(x?) to show how for times r < 1/y one
recovers the old result (2.62). Show that for any y > 0: lim; o w(t) =1
and lim;_ o J(t) = 0. Which are the advantages and disadvantages of
forgetting by weight decay?
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Recurrent networks with
binary neurons

We now turn to recurrent networks of binary (Ising) neurons o; € {—1,1},
with fixed synaptic interactions {J;;} and fixed thresholds {¢;}. We still have
explicit (stochastic) rules (1.29) that determine the evolution in time of our
system, namely

N
oi(t+ A) =sgn(h; (1) + Tzi(t)  hi() =) Jaox()+9  (3.1)
k=1

with the independent random noise variables z;(¢), but in contrast to
the situation with layered networks, we can no longer write down expli-
citly the future states of our neurons in terms of given input signals, due
to the feedback present. Recurrent systems operate and are used in a
manner fundamentally different from layered ones. We really have to solve
the dynamics. Written in terms of probabilities, with P(z) denoting the
distribution of the noise variables, our dynamical rules become

Probloy(t + A)] = g(0i(t + Ahi()/T)  g(x) = / &P (3.2)

Here we have assumed that the noise distribution is symmetric, that is,
P(z) = P(—z); see (1.30). For recurrent systems we also have to specify in
which order the neurons states are updated; for layered networks the update
order did not make a difference. We restrict ourselves to two extreme cases
for the update order:

N
parallel: Prob[o(t + A)] = H g(oi(t + A)hi(t)/T)
i=1

choose i randomly from {1,..., N}

sequential:
Problo; (t + A)] = g(oi (t + A)hi(1)/T)

so that after making the simple choice

ex

2 cosh(x) (3:3)

1 1
P() = 51— tanh’(2)] = g(x) = 51+ tanh(x)] =
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we get, using cosh(—x) = cosh(x):

llel b X i+ AR (1)/T
parallel:  Problo(r + A)] = Tl 2cosh(n /)] (3.4)

choose i randomly from {1,..., N}

) (3.5)
Problo; (t + A)] = 31+ 0;(t + A) tanh(h; (1) /T)]

sequential: {
The particularly simple dependence of the state probabilities in the above
expressions on the state variables o;(r + A), which is a result of the
choice (3.3), will enable a detailed analysis later. In order to obtain an
idea of what to expect for such systems, however, we first turn to the
deterministic (noiseless) case, T = 0.

3.1 Noiseless recurrent networks

Let us forget for the moment about the pathological case where for certain
system states the postsynaptic potentials 4; can become zero. In such cases,
hi(t) = 0, we would have to take the limit T — 0 in the stochastic laws,
which means that o;(t + A) is chosen at random from {—1, 1} with equal
probabilities. The dynamical rules now reduce to:

parallel: o;(r + A) = sgn( Z Jijoj(t) + z9i> (Vi) (3.6)
J

choose i randomly from {1,..., N}

sequential: it + A) = Sgn(ZJijCTj(t) n 191,) (3.7)
J

For parallel dynamics we now generate a deterministic chain of successive
network states

0(0) = 0(A) = 0d(2A) > 0 (BA) — ---

Since the number of different configurations is finite (2V), at some stage
we must obtain in this chain a configuration ¢* that has already appeared
earlier. Because the process is deterministic, the configurations following o*
will be exactly the same as those that followed o* after its earlier occurrence.
Thus the deterministic network with parallel dynamics will always evolve
into a limit cycle with period < 2V,

For sequential dynamics with random selection of the neuron to be
updated, the above statement will not be true: a repeated occurrence of
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any state o* does not permit more than probabilistic statements on the
expected future path of states. However, if we were to choose the neurons
to be sequentially updated in a fixed (as opposed to random) order, the
dynamics once more becomes deterministic, so that the reasoning above
applies and the system must evolve into a limit cycle with period < 2V,

Simple model examples with parallel dynamics

We start by inspecting (and solving) a number of simple recurrent model
examples with parallel dynamics, of increasing complexity. The system
will be prepared in some initial microscopic state ¢ (0). For simplicity
we choose A = 1 (the duration of the elementary time-steps), so that
tef0,1,2,...).

Example 1. J,’j = O, Y # 0
The dynamics (3.6) now becomes:

oi(t+1) =sgn(@;) (Vi) (V1 =0)

which gives the trivial solution o;(¢) = sgn(®%;) (V¢ > 0). In one time-step
the system moves into a unique fixed point attractor. Associated with an
attractor is an attraction domain D: the set of all initial configurations o (0)
that are attracted by it. The size |D| is the number of configurations in D.
Here D = {—1,1}", so |D| = 2V. The dynamical flow corresponding to
the present example is depicted schematically in the following diagram:

N
ZN

Example 2. Jij = J/N, 9 =0
We choose the system size N to be odd (so that the average activity can
never be zero), and J # 0. The dynamics (3.6) now becomes:

oi(t +1) =sgn(J) sgn(% Zq(t)) (Vi) (vt > 0)
J

We introduce the average neuronal activity m(r) = N~ 3" joi(0 e -1,1],
in terms of which the dynamics simplifies to

m(t + 1) =sgn(J) sgn(m(t)) (Vi) (vt =0)
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We have to distinguish between the two cases J > 0 and J < 0:

J >0: m(t) =sgn(m(0)) vVt > 0)
J <0: m@) = (=1"sgn(m(0)) (vt > 0)

Note that m(r) = 1 implies that 6(¢r) = (1,...,1), whereas m(t) = —1
implies that () = (—1,...,—1). Hence, for J > 0 the system moves
in one time-step into one of two fixed point attractors: o™ = (1,...,1),
with DY = {0 € (-1, }¥ N1 Y, 0; > O}, and 0~ = (—1,...,—1), with
D™ ={o € {-1,1}"V | N1 Y ;0i < 0}, as illustrated in the following
diagram:

RPN N

For J < 0, on the other hand, the system is seen to move in one time-step
into a unique period-2 limit cycle attractor,6t - 6~ - 0T -0~ — ---,
with D = {—1, 1}V, as depicted below.

/<o N NS
AN

y

Example 3. J,'j =J/N,% =0 #0
In order to make sure that the thresholds #; will not completely dominate
the behaviour, we choose || < |J|. The dynamics (3.6) now becomes:

oit+1)= sgn(% Zaj(t) + 19) Vi) (vt > 0)
J

In terms of the average activity m(f) = N1 Zj o(t) we then find:
m@+1)=sgn(Jm@)+ ) ¥Vt =>0)
Let us again distinguish between J > 0 and J < 0:

m(0) > —9/J: m(t > 0) =1

7> 0: m(t+1) = sgn(m@®) +9/J) {m(O) <—9/J: m(t>0)=-1
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For J > 0 the system once more moves in one time-step into one of
two fixed point attractors: ¢ = (1,...,1), with attraction domain
Dt =0 e -1, 1IN | N3, 0; > =0/}, and 0~ = (—1,...,—1),
with D~ = {0 € {(-1,1}¥N|N"13 . 0; < —1¥/J}. Note, however, that
the boundaries and relative sizes of the two attraction domains are now
controlled by the quantity #/J. Only for # = 0 do we recover the previ-
ous situation, where the two attractors were equally strong. The following
diagram illustrates the situation:

N e

For J < 0, on the other hand, we find:

J <0:

m(0) > ¥/|J]: m(t >0) = (=1)

m(t +1) = —sgn(m(t) — 9/|J1) {m(O) <o/ m(t > 0)= (—1)+

For J < 0 the system again moves in one time-step into the period-2 limit
cycle attractor 67 - 6~ — ot - 6~ — ..., with D = {—1,1}". The
only difference with the previous example is that we are now more likely
to enter the attractor in one point than the other, to an extent controlled

by ¢/J.

J <0 \< %
/ £
Example 4. J,’j =J/N,V; € {—9,0}, 0 # 0
In order to make sure that the thresholds will not completely dominate the
behaviour, we choose || < |J]|. For simplicity we assume that one half of

the neurons in the system have ©¥; = @, and the other half have ©¥; = —9.
The dynamics (3.6) now becomes:

oit+1) = sgn(% Zaj(t) + 191') Vi) (Vt > 0)
J
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In terms of the average activity m(f) = N1 Zj o(t) we then find:

mi+1) = %sgn(]m(t) + ) + %sgn(Jm(t) —1) (Vt>0)

As before we distinguish between J > 0 and J < 0:

70 0= 1 D 1 )
>0: m(i+1)= Esgn (m(t) + 7) + zsgn (m(t) - 7)
m(0) > |¢/J]: mt) =1 @>0)
m@0)| < |9/J]: m@) =0 (¢>0)
m0) < —|9/J|: m@)=-1 (> 0)

Note that for the stationary situation m = 0 we find from the dynamic
laws that o; = sgn(?¥;) for all i (a microscopic fixed point, to be denoted
by ¢°). We conclude that for / > 0 the system moves in one time
step into one of three fixed point attractors: ¢t = (1,...,1), with
Dt = {6 € (-L,UNINY 00 > |9/J]}, o0 with D = (¢ €
(—LON|INTIY 04l < 19/J]},and 0~ = (=1,...,—1), with D™ = {o €
(-1, 1}V | N Y ;0i < —|9/J|}. The boundaries and relative sizes of the
three attraction domains are now controlled by the quantity ©/J; the two
m = +1 attractors are always equally strong. For ©# — 0 the attractor ¢
is removed, and we return to the previously studied case with only two
attractors.

]>0: —_— e —_— e _

NN N
AN

For J < 0, on the other hand, we obtain:

1 D 1 )
J<0: mi+1) = —Esgn (m(t) + 7) — zsgn <m(t) — 7)

m(0) > |9/J:  m@)=(-=1)" (¢ >0)
Im©)| < |9/J|: m(t)=0 (t >0)
m(0) < —|9/J|: m@) = (=D ¢ >0)

Here we see that the system moves in one time-step either into the period-2
limit cycle attractor 6™ — 0~ — ¢t - 07 — .-, with D = {0 €
(-1, 1}V N3 .0 > [9#/J]}, or into the fixed point attractor o0, with
DY = (o e (-1, 1}V ||N? > ;0il < |9/J]}. The boundaries and relative
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sizes of the two attraction domains are again controlled by the quantity ©/J.
For ¥ — 0 the attractor ¢° is removed, and we return to the previously
studied case with only the limit cycle attractor. In a diagram:

J <0: ;4 ;Lé ;&4
e SN

Example S. J,‘j = %(fl — %’j), % =0

For simplicity we choose & € {—1, 1} for all i such that half of the neurons
in the system will have & = 1 and the other half will have § = —1. We will
write § = (£1,...,&n). The dynamics (3.6) now becomes:

1 1 .
oi(t+1) = sgn(éiﬁ Zaj(t) ~ 5 ZS;G;(I)) (Vi) (vt =0)
J j
The relevant macroscopic quantities to inspect now turn out to be
1 1
() = Zo,-(r) ma(t) = = Zs,,oj(z)
J J
in terms of which we can write, for all ¢+ > 0:
(+1) =~ > sgn(Emi(t (1))
m - . _
1 N 2580 §imy(t) —my
4

1 1
= 5sgn(m1(t) —m (1)) — Ssgn(m1(t) + ma (1))

1
ma(t+1) = = 3 sgn(mi (1) — Ema (1))
1 1
= 55gn(m1 (1) = ma(1)) + 55gn(m1 (1) + ma (1))

At this stage it is convenient to switch to new variables:

m (1) = mq(t) £ma(1)
which leads to the simple equations:

mi(+1) =sgn(m_(1))  m_(t + 1) = —sgn(m+ (1))
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From this it follows, in turn, that:
my(t +2)> __ (snlmy ) _ (mG +4)> _ (sgn(m (1))
m_(t+2)) sgn(m_(1)) m_(t+4))  \sgn(m_(1))
N my(t+8)\ (my(t+4)
m_(t+8)) \m_(t+4)

In at most four time-steps the system will have entered a period-4 limit cycle
solution. If m, (0) # 0 and m_(0) # 0, this solution is

) (-0~

When translated back into m1 and m>, this implies:

my\ 1 N 0 N -1 N 0 N 1 o
my )’ 0 1 0 -1 0
Note that mq = +1 means that ¢ = 6 = +(1,..., 1), whereas m, = £1

means that 0 = +£. As a result we find that at the microscopic level we
have the following period-4 limit cycle attractor:

+ +

0" > & >0 > —¢ 50" >
The remaining periodic solutions, obtained when at least one of the m(0)

is zero, turn out to be unstable. The resulting picture is therefore as follows:

Nl N
SN N

Example 6. J,‘j = 371(1'),1', % =0
Our final simple example illustrates the occurrence of even larger periods.
Here 7 is a mapping on the set of neuron indices:

a: {1,...,N} = {1,...,N}
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The dynamical rules (3.6) reduce to
oi(t +1) = sgn(ozi)(?)) = o)) (Vi) (V& > 0)

At each time step each neuron i determines its new state by simply copy-
ing the present state of some specific colleague 7 (i). One can find quite
a wide range of periods, by variation of the index operation 7. Some
examples are:

e (i) = k (Vi): Here all neurons copy their new state from the same
location k. This leads to

oi(t +1) = or(t) (Vi) = 0i(t) = 0x(0) (Vi) (V1 > 0)

The system thus ends up in one of two fixed point attractors: ¢+ =
(1,...,1), with attraction domain DT = {o € {—1,1}"¥ | 04 (0) = 1} and
o =(-1,...,-1),withD™ ={o € (-1, 1}V | 0x.(0) = —1}.

e (i) = N + 1 —i (Vi): Note that the mapping = now obeys (7 (i)) =
(N +1—1i) =i (Vi). As a result the dynamics is itself 2-periodic, since
for each i we find

(41— ® oi(t) = d;(0) (Yt > 0 even)
G 0i(t) = oy 41-4(0) (¥t > 0 odd)
There are many fixed points (corresponding to those states with
0;i = oni1-; for all i), and period-2 cycles, which together cover the
whole state space {—1, 1}V.
e 7(i) =i+ 1 (mod N) (Vi): This is just an N-periodic index shift. One
simply finds for all i (where we define indices periodically, that is, i is
taken mod N, for simplicity):

oit + 1) = 0121(1) = 0i(1) = 0144(0) (V¢ > 0)

Here we find many limit cycles with periods up to N. Some have smal-
ler periods, due to periodicities in the initial state ¢ (0) (for instance,
o(0) =(1,...,1) gives a period-1 solution).

3.2 Synaptic symmetry and Lyapunov functions

It is clear that the diversity in the possible modes of operation in these
recurrent systems is quite large. If we were to repeat the above exercise
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of solving simple models for the case of sequential dynamics, we would
again find qualitative differences. We clearly need some tools for classifica-
tion. It turns out that a relevant feature for distinguishing between various
systems is whether or not the matrix of synaptic interactions is symmetric,
that is, whether or not J;; = Jj; for all (i, j). As always we exclude the
pathological cases where local fields h; (o) can be exactly zero.

Proposition. If the synaptic matrix J is symmetric, that is, if J;; = Jj; for
all (i, j), then the quantity

L(G)=—Z‘2Jij0'j+l9i —ZO’,‘Z% (3.8)
i J i

is a Lyapunov function for the deterministic parallel dynamics

oi(t+1) =sgn(2],~joj —{—1%) (Vi) (3.9)
J

and the system will evolve either towards a fixed point or into a period-2
limit cycle.

Proof. Clearly L(0) is bounded from below: L(a) > — >, [Jij| =23, [9i].
The non-trivial part of the proof is to show that it decreases monoton-
ically with time, and that it implies evolution towards a period-2 limit
cycle (of which a fixed point is a special case). Consider a transition
o — o', described by the dynamical rules (3.9). The resulting change in L is
given by:

AL = L(o') — L(0)

Z—Z‘Z.’UJ}—FI?,‘
i J

IR RS IACEEA
i J i

We first use (3.9) to rewrite the second contribution,

AL:—Z‘ZJ,']'GJ/-—I—I%
i J
:—Z‘Zfijo’jl-—l-ﬁi
i J

+ ZG{(Z Jijoj + 15‘1') + Y iloi — o))
i Jj i

+ ZO’;JU'U]' + Z 191'0’1'
ij i
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and then exploit the interaction symmetry, to obtain

ALZ_Z Zjij"]/""ﬁi +ZUL‘JUGJ/-+Z§,-U,~
i ij i
Z_Z Zjijoj,“i_ﬁi +Zoi(zfij0}+l?i>
i ; r

J
= —Z Z Jijo'j/' + [1 — 0 sgn(ZJijaj’- + l?i>] < 0.
i J J

(3.10)

Note that AL # 0 implies that AL < —k, where

>0

K=2minmin‘ E Jijoj + v
o i -
J

Since L is bounded from below, the number of iteration steps for which
one observes AL # 0 must be finite. So L decreases monotonically, until at
some time * < oo a stage is reached where L(o(t + 1)) = L(o (¢)) Vt > t*.
From then on it follows from (3.10) that

Vi) (V> 1*): o) = sgn(Z Jjoi(t+1) + 1?,») —0i(1 +2)
j

a condition characterizing either a fixed point or a period-2 limit cycle. This
completes the proof. O

For sequential dynamics we find that, apart from requiring synaptic
symmetry, we need to impose an additional requirement to construct a
Lyapunov function, namely: J;; > 0 (Vi). Under these conditions we can
prove the following;:

Proposition. If the synaptic matrix J is symmetric, that is, if J;; = Jj; for
all (i, j), and if J;; > 0 for all i, then the quantity

1
L(G)Z_z Zo‘i.lijo‘j—ZO'il?i (3.11)
ij i
is a Lyapunov function for the sequential dynamics

oi(t+1) = sgIl(Z Jijoj @)+ ﬂi) (3.12)

J
ot +1) =op(t) (Vk #i)
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and the system will evolve into a fixed point. The sites i (r) to be updated at
the various times ¢ can be drawn either at random or in a fixed order; the
order is not relevant for the proof.

Proof. Clearly L(o) is bounded from below: L(o) > —% Zij [Jij 1= 19il.
If the neuron to be updated at a given time step does not change its state,
thatis, if o/ = oy, then L will obviously remain the same. On the other hand,
consider a transition ¢ — ¢, described by the dynamical rules (3.12), in
which ¢/ = —0;, so that

o] = sgn(Z Jijoj + 19,') = —0; o, =0 forallk #i (3.13)
J

The resulting change in L is then given by:
1
AL = L") = L(o) =—3 %: Jke(o(o] — ox00) — Xk: (o] — ox)

=0; Y Juor+0i Y Jkox — 2Jii + 20
¢ k

Using both interaction symmetry and the sign restriction on self-interactions
J;; one obtains

-2Jii<0 (3.14)

AL = 207(2 Jijaj + 19,') —2Jii = —Z‘Z Jij(fj +
j J

Note that AL # 0 implies that AL < —«, where

p =2H}’inrniin{‘z-]ij0’j + 0
J

+Jl~,»} >0

Again, due to L being bounded from below, it follows that only a finite
number of iterations can give AL # 0. So L decreases monotonically until
at some time * < oo a stage is reached where L(o(t + 1)) = L(o(¢))
V¢t > r*. From then on it follows from (3.14) that for every site i to be
updated: o/ = o;, which implies

(V) (V=05 oi 1) = sgn( Y Jyjoy (0 + )
j

This completes the proof. O

One might think that the need for excluding negative self-interactions
in the above proof is just an artifact of the particular Lyapunov function
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used, and that one might in principle also be able to prove that sequential
systems with negative self-interactions evolve to a fixed point (by using an
alternative method). This is not the case, as a simple example illustrates.
Consider neurons with negative self-interactions only: J;; = Jé&;;, J < 0,
9; = 0. Here one has, if at time ¢ we update the state of neuron i:

oi(t + 1) = sgn(J)o; (1) = —o; (1)
or(t+1) =ox(t) (Vk #i)

Each update will now result in a state change, for all times. Therefore, the
absence of negative self-interactions is indeed a relevant factor in determ-
ining whether or not the sequential systems will evolve towards a fixed
point.

3.3 Information processing in recurrent networks

Let us now turn to the question of how recurrent neural networks can
actually be used to process information. The basic recipe will be the creation
of attractors in the space {—1, 1}V of network states, through appropriate
modification of synaptic interactions and thresholds (i.e. through learning).
The previous model examples gave us an impression of which types of
dynamical behaviour can be obtained by making specific choices for the
system parameters. Now we are interested in the inverse problem: given a
required operation, how should we choose (or modify) the parameters?

The simplest class of attractors are fixed points. Let us first illustrate
how, through the creation of fixed point attractors, recurrent networks
can be used as so-called ‘associative memories’ for storing patterns (words,
pictures, abstract relations, whatever). The basic ideas will carry over in a
natural way to the more general case of creating limit cycle attractors of
arbitrary length, in order to store pattern sequences.

e Represent each of the p items or patterns to be stored (pictures, words,
etc.) as an N-bit vector §# = (S{L,. LLEy) € (-1, W, u=1,...,p.

e Construct synaptic interactions {J;;} and thresholds {9;} such that fixed
point attractors are created at the p locations of the pattern vectors &
in state space.

e If now we are given an input to be recognized, we choose this input to be
the initial microscopic network configuration o (0). From this initial state
the neuron state vector o (¢) is allowed to evolve in time autonomously,
driven by the network dynamics, which will by definition lead to the
nearest attractor (in some topological sense).
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Y
e T

Figure 3.1 Information storage and retrieval in recurrent neural networks through the
creation of attractors in phase space. Patterns &/ to be retrieved are marked as e. Left
picture: if the interactions J;; are chosen to be symmetric, the attractors will be fixed points
or period-2 limit cycles (the latter for parallel dynamics only). Right picture: in order to
store pattern sequences of length > 2, the interactions J;; will have to be non-symmetric.

e The final state reached o (00) can be interpreted as the pattern recognized
by the network from the input o (0).

The idea is illustrated in Figure 3.1 (left picture). It is, however, far from
clear a priori whether all this can actually be done. For such a programme
to work, we need to be able to create systems with many attractors with
nonzero attraction domains. Furthermore, in biology (and to some degree
also in engineering) we are constrained in our choice of learning rules, in
the sense that only ‘local’ rules will be realizable and/or cost-effective. Local
rules are modification recipes that involve only information available at the
junction or neuron that is updated:

AJij = F(Jij;0i50)5hi50i,0;) AY; = G(oj;his ;)

Finally, it is clear that the basic idea will in due course need some refining.
For instance, if only the p patterns to be stored are attractors, each ini-
tial state will eventually lead to pattern recognition (also nonsensical or
random ones), so we will also need an attractor that can act as a rubbish
bin, attracting all initial states that we would not like to see recognized.

To illustrate the fundamental features of the idea, let us first consider
the simplest case and try to store just a single pattern § = (&1,...,&n) €
{—1,1}" in a noiseless and fully recurrent network with tabula rasa initial
wiring, that is, J;; = 0 for all (i, j), and with uniform thresholds. A biolo-
gically motivated rule for suitable interaction modification is the so-called
Hebbian rule:

AlJij ~ &i&; (3.15)
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In other words, if two neurons are required to be in the same state (& = &;)
we increase their mutual interaction strength J;;, otherwise (i.e. when
& = —&;) we decrease J;;. This rule is also similar to the perceptron learn-
ing rule, the only difference being that in the case of the perceptron we
only modify if the system makes an error. The resulting network is (with
appropriate scaling):

1
Jij = N%‘i{;‘j V=10 (3.16)

with |#] < 1. We introduce new variables 7; = &;0; and v; = &, in terms
of which the parallel dynamical laws can be written as

Ti(t + A) :sgn(%?r{;(t)—kv;) (Vi) (3.17)

with v; € {—¥,?}. This is precisely Example (4) studied earlier, with J = 1.
If the fraction of neurons with & = 1 equals the fraction of neurons with
& = —1, we can use the result obtained for Example (4). Translated back
into the original variables o; this leads, with m = N~1 3", &0;, to:

m(0) > |9¥: mi)=1 (¢ >0)
m@0)| < |#]: m@) =0 (>0)
m0) < —|¢]: m@)=-1 (t >0)

For m = £1 we have a microscopic state where o; = +&; (Vi). Form =0
we have, according to the dynamic laws, o; = sgn(#); if furthermore we
choose ¥ < 0, we get o; = —1 for this latter state. At a microscopic level
the picture thus becomes:

1

= 2 &0 (0) > [P1: o(t)=§ (t > 0)
C1

19l < 5 D &) < Pl o) =(=1,..,=1) (r>0)

%Z&mmk—m o(t) = —¢ (t > 0)

We see that this system can indeed reconstruct dynamically and autonom-
ously the original pattern & from an input vector ¢(0). Note that the
network only reconstructs the pattern if the initial state shows a suffi-
cient resemblance; a random initial state will not evoke pattern recall,
but lead to an attractor with zero activity. We also realize, however, that
en passant we have created an additional attractor: the microscopic state

_g = (_é:l’-”a_éN)'
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The boundaries and relative sizes of the three attraction domains are con-
trolled by the threshold ©¥; the two m = +1 attractors are always equally
strong (this will be different if the fraction of neurons with & = 1 is differ-
ent from the fraction with & = —1). For ¢ — 0 the ‘rubbish bin’ attractor
(=1,...,—1) is removed. For sequential dynamics the picture is qualitat-
ively the same, the only difference being that the various attractors are not
reached in a single time-step but are approached gradually.

Finally, let us investigate what happens if we attempt to store more than
just a single pattern and apply the Hebbian learning rule (3.15) to a set of
p patterns {§*}, with §* = (Sf, . ,S,’\L,) (u=1,...,p). Letus, furthermore,
assume for simplicity that these patterns are mutually orthogonal:

1
N Z%-illéiv = 5pw
i

This obviously requires p < N. Let us also choose sequential dynamics and
remove the self-interactions (J;; — 0). The resulting neural network model
is the so-called Hopfield model (for simplicity we take ©; = 0 for all i):

1 r
Jij =51 =8ij) ZE,"S}L 9 =0 (3.18)
n=1

We can now show that all p patterns must be stationary states of the
dynamics. The Lyapunov function (3.11), which will be our tool, can here

be written as:
o) — 1 14 /1 b, 2
o) = 2p 3 E ~ Ei Fo

u=1

We can now choose the normalized pattern vectors e” = §*/+/N as ortho-
gonal and normalized basis vectors in the space RY, and then use the
general relation x2 > ° L@ -x)? to obtain a lower bound for the Lyapunov
function:
1 1.2 _ 1
L) = 3p—50"=5(p—N)

On the other hand, if we choose the state o to be exactly one of the patterns,
that is, 0 = & for some u, we see that we satisfy exactly the lower bound:

LE" =3(p-N)

Since we know that any state change must decrease the value of L (which
here is clearly impossible), we find that each of the patterns must correspond
to a fixed point of the dynamics. It will turn out that they are also attractors.
However, we will find once more that additional attractors are created by
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the Hopfield recipe (3.18), in addition to the patterns £* and their inverses
—&", which correspond to mixtures of the p fundamental patterns. These
mixtures can be eliminated by adding noise to the dynamics, as will be
shown in Chapter 21.

Simulation examples (including neuronal noise)

Here we will only illustrate with numerical simulations the functioning of
the Hopfield model (3.18) as an associative memory, and the quantitative
description of the pattern recall process in terms of so-called overlaps:

1
mu (o) = Zsi“cn (3.19)
Clearly, if m,(6) = +1 one has 0 = £, whereas randomly drawn
states o would simply give m,(6) = 0. Our simulated system is an

N = 841 Hopfield model, in which p = 10 patterns have been stored (see
Figure 3.2) according to the prescription (3.18). The state of each neuron
o; is represented by a pixel (e.g. black for o; = 1, white for o; = —1).
The two-dimensional arrangement of the neurons in this example is just a
guide to the eye; since the model is fully connected, the spatial arrangement
of the neurons in the network is irrelevant. The dynamics is taken to be
a sequential stochastic alignment to the postsynaptic potentials 4;(a), as
defined by the rule (3.5), with noise level T = 0.1.

In Figure 3.3 we show the result of letting the states of the neurons in
the network evolve in time from an initial state, which is chosen to be
a noisy version of one of the stored patterns. Here 40% of the neurons
(or pixels) were “flipped’, that is, subjected to 0; — —o;. The top row
of graphs shows snapshots of the microscopic configuration as the system
evolves. The bottom row shows the corresponding values of the p = 10
overlaps m,, as defined in (3.19), measured as functions of time; the one

Figure 3.2 Information storage with the Hopfield model: p = 10 patterns represented as
specific microscopic configurations in an N = 841 recurrent neural network.
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Figure 3.3 Dynamic reconstruction (at neuronal noise level 7 = 0.1) of a stored pattern,
following an initial microscopic network state which is a corrupted version thereof. Top
row: snapshots of the microscopic system state at times t = 0, 1,2, 3,4 iterations/neuron.
Bottom: the corresponding values of the p = 10 overlaps m, as functions of time.
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Figure 3.4 Evolution (at neuronal noise level T = 0.1) towards a spurious (mixture) state,
following a randomly drawn initial microscopic network state. Top row: snapshots of the
microscopic system state at times t = 0, 1,2, 3,4 iterations/neuron. Bottom: the
corresponding values of the p = 10 overlaps m,, as functions of time.

which evolves towards the value 1 belongs to the pattern that is being
reconstructed. Figure 3.4 shows a similar experiment, in which now the
initial state is drawn at random, rather than as a corrupted version of a
stored pattern. The system subsequently evolves towards some mixture of
the stored patterns. Note that the patterns involved are not uncorrelated;
see Figure 3.2.

The particular way of storing and recalling information described here,
which is based on association and on exploiting the actual content of the
stored patterns rather than on comparing labels (or pointers) which refer to
the physical locations where the patterns are stored in the underlying hard-
ware, is denoted as associative memory or content-addressable memory.
It will be clear from our simple simulation examples above that the idea
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of information storage in recurrent neural networks via the creation of
attractors by modification of local parameters certainly works. More rig-
orous analytical studies of the recall dynamics in these networks will be
described later, in Part IV of this book.

3.4 Exercises

Exercise 3.1. (Examples for noiseless parallel dynamics.) Consider noise-
less recurrent networks with parallel dynamics. Assume that the local
fields (or postsynaptic potentials) h; = }_; Jijo; + ¥; are always nonzero.
Consider Example (2) in this chapter, that is, J;; = J/N, 9 = 0.
Write the Lyapunov function L (3.8) in terms of the average activity
m(o) = N~'Y . 0;, and verify that L decreases monotonically. Which
values for L are obtained in the different attractors? Same questions for
Example (3): J;; = J/N, 9; = ¥ # 0. Now turn to Example (4): J;; =
J/N, ¥; € {—9,0}. Define the two sub-networks I, = {i | %; = ¢} and
I_ = {i | 9% = —9}, and assume these to be equally large: |I+| = |I-| = %N.
Define also the corresponding average activities

mi(o) = % Do m(0)= % > o

iely iel_

Calculate m () and m_(¢) for t > 0, along the lines of the analysis in the
various examples. Write the Lyapunov function L (3.8) in terms of the two
average activities m4 (o) in the sub-networks, and verify that L decreases
monotonically. Which values for L are obtained in the different attractors?

Exercise 3.2. (Examples for noiseless sequential dynamics.) Consider
noiseless recurrent networks with sequential dynamics. Choose J;; =
J/N, 9 =0 and N odd. The average activity in the system is defined
as usual: m@) = N1 > ;oi(®). Show that for J > 0: m(oco) =
lim;— oo m(r) = sgn(m(0)) (as for parallel dynamics). Show that for J < 0,
on the other hand, the behaviour is completely different from the cor-
responding system with parallel dynamics. Calculate limy_ oo m(t — 00)
for J < 0.

Exercise 3.3. (Lyapunov functions.) Next consider networks with anti-
symmetric synaptic interactions, that is, with J;; = —Jj; for all (i, j),
with ¢¥; = 0 for all i and with parallel deterministic dynamics. Show that
L(0) (3.8) is also a Lyapunov function for such networks. Prove that these
networks will always evolve into a period-4 limit cycle.
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Exercise 3.4. (Information storage through the creation of attractors.)
Consider noiseless recurrent networks with parallel dynamics: o;(t + 1) =
sgn(zj Jijoj(®)) for all i. Let the p vectors &* = (g{‘,...,g}(,) e (-1, 1}V
(u=1,..., p) represent patterns (information) to be stored and retrieved.
Assume these patterns to be mutually orthogonal and p to be finite.
We define the p pattern overlaps m,(¢) = N~1 3, ¢/'o; € [—1,1]. Choose
the synaptic interactions corresponding to the Hopfield model:

1 p
Jij = N Z 5,‘“‘5]’%
n=1

Give a condition on the initial overlaps {m, (0)} sufficient to guarantee that
o(1) = £*. Show that for N — oo all pattern vectors &* are fixed point
attractors, by demonstrating that the above condition is fulfilled for a set
of states close to these patterns. Now choose

1!

1

1

fij =+ Y el N&,-l%‘;’
n=1

Give a condition on the initial overlaps {r, (0)} sufficient to guarantee that
o (1) = &*. Show that for N — oo there exists a stable period-p limit cycle
attractor of the form &' — &> — ... > P71 5 g7 > g1 5 ..

Exercise 3.5. (Attractor networks storing patterns with unequal embedding
strengths.) Again we consider noiseless recurrent networks with parallel
dynamics: o;(t + 1) = sgn(zj Jijoj (1)) for all i, in which p orthogonal
vectors " = (§1,...,6) € (=1, 1}" (uw =1,..., p) are to be stored and
retrieved (with p finite). We now store these patterns according to a Hebbian
rule, but with different (positive) embedding strengths w,:

1 p
Jij = N Z wﬂéiﬂéjlf
u=1

Given a condition on the initial overlaps {m,(0)} sufficient to guarantee
that o(1) = £&*. Show that for N — oo all pattern vectors £* are fixed
point attractors, by demonstrating that the above condition is fulfilled for
a set of states close to these patterns. Describe the effects of having unequal
embedding strengths on the attraction domains of the p stored patterns.



Notes and suggestions for
further reading

The idea that brain operation and reasoning can be analysed scientifically,
with mathematical tools, took rather a long time to emerge. Neurons
were only discovered in 1880 by Ramon y Cajal, using a novel staining
method developed by Golgi. Until then there had been two scientific camps:
neuronists believed that the brain consisted of interconnected information
processing cells, whereas reticularists saw the brain as a continuous uninter-
rupted network of fibres only. In 1936, Turing [2] contributed significantly
to the further demystification of the concept of ‘intelligence’ and proved
statements about computability by machines. This more or less marked
the start of the field of ‘artificial intelligence’. McCulloch and Pitts [3]
were the first to introduce a very simple discrete mathematical neuron
model, in 1943, and they subsequently proved its universality. In 1949
the psychologist Hebb [4] introduced the idea that biological neural net-
works store information in the strengths of their interactions (the synapses).
Learning is then by definition the modification of synapses, for which
Hebb made a specific proposal. Rosenblatt [5] defined a learning rule in
1958 according to which a McCulloch-Pitts neuron updates its interaction
strengths on the basis of examples of input—output relations which corres-
pond to a given information processing task that the neuron is to perform.
They called their systems perceptrons, and proved the perceptron conver-
gence theorem [6]. A thorough mathematical analysis of the potential and
restrictions of perceptrons was carried out by Minsky and Papert [7] in
1969. They showed that single perceptrons could unfortunately not perform
all information processing tasks; some tasks require layers of perceptrons,
for which no learning rule was known at that time.

Minsky and Papert’s beautiful book seems to have dampened the existing
enthusiasm for neural network research, and diverted attention tempor-
arily away from the study of natural and synthetic learning machines
towards the rule-based domain of artificial intelligence. Neural computa-
tion ceased to be fashionable, and remained in that state for some 20 years.
Nevertheless, progress continued away from the central stages. In 1974
Little [8] introduced concepts from the statistical physics of magnetic
systems (such as temperature) into the study of recurrent neural networks,
building on earlier work by Cragg and Temperley [9] in 1955. The mech-
anisms underlying neuronal firing and spike transmission in real neurons
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were only firmly established in 1952, through the discovery of the relevant
dynamical equations by Hodgkin and Huxley [10]. In 1972 Kohonen [11]
and Amari [12] introduced the idea of building associative memories with
recurrent neural networks, where one creates specific stable microscopic
network states by manipulation of the interaction strengths, that is, the
synapses. In retrospect this was found to have been proposed already in
1956 by Taylor [13]. Such systems were brought into the domain of statist-
ical mechanics by the work of Hopfield [14] in 1982 (see also [15], written
in that period). More or less in parallel with these developments in the
study of recurrent neural networks, a learning rule for multilayer feed-
forward networks of graded-response neurons was derived by Rumelhart
and McClelland in 1986 [16]. The same rule, it turned out, had already been
proposed by Werbos [17] in 1974. This development coincided with a spec-
tacular increase in the power and availability of computers, which enabled
numerical experimentation on a scale that had not been possible before.
By this time, the study of natural and synthetic neural networks had once
more become very fashionable, also due to additional developments in the
application of techniques from statistical mechanics (to network operation)
and from information theory (to learning), of which more later.

Since the late 1980s, artificial neural information processing systems have
become standard tools in computer science and information engineering,
especially in dealing with real-world (i.e. messy, partly inconsistent, or
incompletely defined) tasks, where deductive logical problem solving is not
an option. Neural network models and principles have diffused across many
discipline boundaries, and the field is now paying the price of its success by
becoming increasingly disconnected. At the computer science and applied
mathematics interface, neural network type methods have merged with
more traditional Bayesian parameter estimation theory (see Chapter 6).
Here the developments have been in the direction of alternative formula-
tions of neural information processing, where the modifiable connections
between elements and specific choices of pre-processing are ‘integrated out’,
in favour of more direct representation in terms of the resulting input—
output operations (leading to the so-called Gaussian processes and support
vector machines, discussed in Chapters 7 and 8). In statistical mechanics,
attention largely shifted towards the analysis of the dynamics of learning
processes (or algorithms). In biology, emphasis now appears to be on the
study of timing aspects of neural communication (e.g. see [18] for coupled
oscillator models as such, or [19] for more recent work on the mathematical
modelling of real spiking neurons) and of synaptic modification rules, the
role of chemical modulators, and on understanding the role of specific
network architectures in specific brain regions.

Some suggestions for further reading on the developments up until,
say, the mid-1980s, are the following books. In the interdisciplinary
compilation [20] one finds reprints of original papers from 1890 to 1987;



Notes and suggestions for further reading

the volume [21] gives introductions to the various aspects of modern day
neural information processing, written by selected experts. The original
book by Minsky and Papert [7] is simply a pleasure to read, and a great
window on the spirit of the period in which it was written. Several excel-
lent textbooks were written around 1990, such as [22-25]. However, the
reader should be aware that they were produced in a period of accelerated
research activity, and that much has happened since then.
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Advanced neural
networks

In this second part of the book we expand both in breadth and in depth
the material covered so far. Apart from its first chapter (and in contrast
to most of Part I), the material presented and developed here will involve
rather novel research results, which go back less than around 10 years.

Expansion in breadth refers to the addition of new neural network classes
and new learning rules, such as competitive unsupervised learning processes
(e.g. different versions of Vector Quantization, and Self-Organizing Maps—
this material is still not too mathematical because there is little theory on
these systems), and Support Vector Machines. The latter are part of a wider
family of information processing tools referred to as ‘kernel methods’, and
we only give an introduction here to what is now a research area in its own
right.

Expansion in depth refers to a more solid statistical understanding, inter-
pretation, and also increased potential for analysis and prediction of the
most popular neural network types (e.g. Bayesian techniques in super-
vised learning, and their application to Gaussian processes). These latter
subjects, although more mathematical in nature, have generated the main
progress in industrial and commercial neural network applications over
the last 10 years, since they have removed in a rigorous way the problems
related to data noise and to the quantification of the reliability of neural
network decisions.
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Competitive unsupervised
learning processes

In this chapter, we introduce and study two so-called ‘unsupervised’ learn-
ing processes, where the problem is not to learn to associate some correct
response to each possible incoming signal (specified by a teacher or super-
visor signal, as in, for example, feed-forward networks of the perceptron or
multilayer perceptron type), but rather to build some alternative (more effi-
cient, more compact, or more structured) representation of the data vectors
fed into the system. The first two procedures to do this, vector quantization
(VQ) and soft vector quantization (SVQ), aim to achieve data reduction
for initially unknown data distributions. They find typical applications
in communication, where compact representations are obviously cheaper
to transmit than non-compact ones, allowing more signals to be communic-
ated via the same channel. Methods in a third class—self-organizing maps
(SOM), also known as feature maps or Kohonen maps—aim to create a
topologically correct but low-dimensional internal representation of a given
data distribution. This has applications in, for example, biology (the brain is
known to create such maps for sensory signals), data-base mining, medical
diagnostics, etc.

5.1 Vector quantization
Data reduction via code-book vectors

Imagine we have a source of real-valued data vectors x = (x1,...,x,) €
R", with statistics described by some probability density p(x) (with
Jdx p(x) =1, and with averages given by (f(x)) = [dx p(x) f(x)). Altern-
atively, if the data can only take values from a discrete set, we would
have p(x) representing probabilities, with > p(x) = 1 and (f(x)) =
Y, P(x) f(x); see also Appendix A on elementary probability theory. Espe-
cially if n is very large, we would like to represent the real data x by
alternative (and simpler) signals from which the x can be re-constructed,
with some loss of accuracy, but with a reduction in dimensionality. One
way to achieve this is the following;:

e We ‘cover’ the data space by a suitable (small) set of characteristic data
points, the so-called ‘code-book vectors’ m; € IR". Here i labels the
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individual code-book vectors, that is, if we have N code-book vectors
theni =1,...,N.

e We then approximate (or ‘round off’) each data point x by the nearest
code-book vector, that is, by that particular m; for which |x — m;| is
minimal.

It will be clear why in communication this might be desirable: instead of
the n real numbers (x1,...,x,) we would now need to send only a single
integer number: the index i. The price we pay for this is a reduction in
accuracy; after all we have approximated x by m;, and have thereby lost
information. We can no longer be sure of the exact value of x, since many
other data points x would have been replaced by m; (all those which are
close to m;). The amount of information lost will obviously be smaller if
we have a larger number or a more efficiently distributed set of code-book
vectors.

The above procedure gives us what is known as a Voronoi tessalation of
data space. This is a partitioning into convex subsets V;[{m}], controlled by
the choice {m} made for the N code-book vectors, which are defined as

Villm}] = {x e R" | Vj #i: [x —m;| < |x —m,|} (5.1)

(see Figure 5.1).

A good set of code-book vectors is one with the property that the density
of code-book vectors in a given region of R" is proportional to the density
of data points in that region. In other words, given the statistics of the
data and given the number N of code-book vectors we are willing to invest,

Figure 5.1 Example of a Voronoi tessalation of data space for n = 2, that is, x = (x1,x2).
The points e represent the code-book vectors. The Voronoi cell associated with code-book
vector m;, V;[{m}], is the compartment surrounding point m;.
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we aim for a set {m} such that for all i and j:

Prob(x € V;[{m}]) = Prob(x € V;[{m}]) (5.2)

In this way all code-book vectors are used equally often, and no resources
are wasted. The problem addressed by the VQ and SVQ algorithms is how
to find a proper set of code-book vectors via an adaptive process, that is,
both are based on gradually learning a proper positioning of the code-book
vectors by observing the data.

The VQ algorithm and its properties

The Vector Quantization (VQ) algorithm is defined as follows. First we
initialize the N code-book vectors m; € IR" (randomly, or according
to a recipe to be given below). Then we iterate the following stochastic
process:

step 1: pick a data point x at random, according to the probability
density p(x)

step 2: find the Voronoi cell containing x, that is, find i such that [x —m;| <
|x —mj| forall j #i
step 3: move m; towards x: m; — m; + n(x —m;)

step 4: return to 1

The parameter n > 0 is the learning rate and controls the magnitude of
the changes; one takes n <« 1 to suppress fluctuations. The uncertainty
(stochasticity) of the process is only in the realization of the sequence of data
points we draw. Note that there would be a problem with data points x
which are exactly on the border of two Voronoi cells. In practice this is
not an issue: first, the probability for this to happen is generally very small
(unless we have a pathological distribution p(x)), and second, one could
simply decide in those instances not to make a change.
The VQ algorithm can be seen to have the following properties:

(i) A code-book vector will only become mobile when we pick a data point
in its Voronoi cell, that is, sufficiently close to it. Hence the process
of moving the m; will proceed slowly in areas where the data density
p(x) is low.

(i) Unless we reduce n during the process, the code-book vectors will
continue to move stochastically, although the density of code-book
vectors in any given region should become stationary.

(1) VQ is very simple and (as we will see below) effective, and has just
three tunable parameters: N, n, and the duration of the process.
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As a consequence of (i) we also conclude that it is not necessarily optimal to
initialize the N code-book vectors randomly: those which are initialized in
regions where p(x) is zero are in danger of never being used. Alternatively
one could initialize the m; by putting them at the locations of the first
N observed data points. By construction they can then never be initialized
in regions where there are no data.

Examples of VQ in action

The figures below illustrate the functioning of the VQ algorithm for a
number of simple examples with n = 2 (i.e. where one has data points
x = (x1,x2) in a plane) and N = 100 (i.e. a population of 100 code-book
vectors), but for different choices of the data distribution p(x) and with dif-
ferent initialization strategies. First, Figures 5.2 and 5.3 show examples of
simple data distributions and random initialization, where the process is still
seen to work fine, simply because in this case no code-book vector happens
to have been initialized in data-free regions. Figures 5.4, 5.5, and 5.6 refer to
strongly non-uniform data distributions, but now with non-random initial-
ization (so that the non-uniformities cannot disrupt the functioning of VQ).
The process is again seen to work fine. In contrast, in Figures 5.7, 5.8,
and 5.9 the same three non-uniform distributions are considered, but now
with random (i.e. inappropriate) initialization of the code-book vectors. The
resulting locations of the code-book vectors illustrate quite clearly how for
random initialization and non-uniform data distributions the VQ process
fails to use its resources effectively.

5.2 Soft vector quantization
The SVQ algorithm and its properties

The SVQ algorithm, which can be regarded as a smooth version of VQ,
is defined as follows. First we initialize the N code-book vectors m; € IR”
randomly (in contrast to VQ, random initialization poses no problem for
SVQ, as we will see). Then we iterate the following stochastic process:

step 1: pick a data point x at random, according to the probability
density p(x)

step 2: calculate, for all i:

—Bx—m;)?

Fite, m) = S (5.3)
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Input data:

X2

X2

X1 X1 X1

Figure 5.2 Numerical simulation of VQ, with n =2, n = 0.5, and N = 100. Top graph:
data distribution p(x), uniform over the square [—1,1] x [—1, 1]. Bottom six graphs:
locations of the code-book vectors m; during the course of the process (i = 1,...,100), at
times ¢ = 0 (middle row, left), t = 1000 (middle row, centre), t = 2000 (middle row, right),
t = 3000 (bottom row, left), t = 4000 (bottom row, middle), and t = 5000 (bottom row,
right). Times are measured in the number of iterations. Code-book vectors are initially
allocated randomly in the square [—%, %] X —%, %].

step 3: move all m; towards x: m; — m; +n(x — m;)F;(x,{m})

step 4: return to 1

The parameter 0 < n <« 1 (the learning rate) again controls the overall
magnitude of the changes. Note that, by construction, ), F;(x,{m}) = 1
and 0 < Fi(x,{m}) < 1.

The SVQ algorithm can be seen to have the following general
properties:

1. All code-book vectors are moved towards x at every iteration step, but
those which are closest to x are moved most.
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Input data:

X2

X2

X1 X1 X1

Figure 5.3 Numerical simulation of VQ, withn =2, n = 0.5, and N = 100. Top graph:
data distribution p(x), uniform over the disk |x| < 1. Bottom six graphs: locations of the
code-book vectors m; during the course of the process (i = 1,...,100), at times t = 0
(middle row, left), r = 1000 (middle row, centre), r = 2000 (middle row, right), r = 3000
(bottom row, left), 7 = 4000 (bottom row, middle), and = 5000 (bottom row, right).
Code-book vectors are initially allocated randomly in the square [—%, %] x [—%, %].

2. Unless we reduce n during the process, the code-book vectors will con-
tinue to move stochastically, although the density of code-book vectors
in any given region should become stationary.

. SVQ is still simple, but it has one more parameter than VQ. This extra
parameter, 8, defines a characteristic distance in data space: code-book
vectors with [x —m;| > 1/,/B will move only weakly, in contrast to those
with |x — m;| < 1/4/B. Hence 1/,/B defines the distance over which
code-book vectors tend to exert an influence. Since the characteristic
distance between the code-book vectors will also strongly depend on N,
one should expect the optimal value of B to depend on N.

. SVQ has an advantage over VQ when data distributions p(x) can
(slowly) change over time. Although we can ensure in VQ, by
appropriate initialization, that the code-book vectors cannot get stuck in
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Input data:

X2

X2

X1 X1 X1

Figure 5.4 Numerical simulation of VQ, withn =2, n = 0.5, and N = 100. Top graph:
data distribution p(x), non-uniform over the square [—1, 1] x [—1, 1], with highest data
density near the borders |x1| = 1. Bottom six graphs: locations of the code-book vectors
m; during the course of the process (i = 1,...,100), at times r = 0 (middle row, left),

t = 1000 (middle row, centre), t = 2000 (middle row, right), r = 3000 (bottom row, left),
t = 4000 (bottom row, middle), and r = 5000 (bottom row, right). Code-book vectors are
initially positioned at the locations of the first 100 data points picked by the process.

data-poor regions, this will no longer be guaranteed if p(x) can change
over time: regions which are data-rich now, and which attract code-book
vectors, might become data-poor later. In SVQ the system will always be
able to adapt to the new data environment, since all code-book vectors
are updated all the time.

Let us next investigate the action of the SVQ algorithm for the two
extreme values of the new parameter 8: 8 = oo and 8 = 0.

Proposition 1. limg_,,, SVQ = VQ.
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Input data:

X2

X2

X1 X1 X1

Figure 5.5 Numerical simulation of VQ, withn =2, n = 0.5, and N = 100. Top graph:
data distribution p(x), uniform over the region % < |x| < 1. Bottom six graphs: locations
of the code-book vectors m; during the course of the process (i = 1,...,100), at times r = 0
(middle row, left), r = 1000 (middle row, centre), r = 2000 (middle row, right), r = 3000
(bottom row, left), 7 = 4000 (bottom row, middle), and r = 5000 (bottom row, right).
Code-book vectors are initially positioned at the locations of the first 100 data points
picked by the process.

Proof. Define the Voronoi tessalation of data space induced by the
code-book vectors {m}. Consider an SVQ iteration step, where we pick
data point x. Assume x € Vi[{m}], that is, x is found to be in the Voronoi
cell of code-book vector k. We again exclude the pathological cases where
x is at the boundary of Voronoi cells; see the section on VQ. Now mul-
tiply numerator and denominator of (5.3) by exp(8(x — my)?), and use the
property that |x — m;| > |x — my| for all i # k:

o Blx—m)? —(x—my)?]

lim F; = li
ﬂl)nolo l(xa {m}) ’Bi)ngo Ziv_l e*}g[(x*mj)zf(xfmk)z]

N2 2
. hm e—ﬁ[(X—mr) —(x—my)”] . 1, fOI‘ i=k
B0 ]+ Y e~ Blx—m)?—(x—mp)?] |0, fori #k
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Figure 5.6 Numerical simulation of VQ, withn =2, n = 0.5, and N = 100. Top graph:
data distribution p(x), uniform over the circle |x| = 1. Bottom six graphs: locations of the
code-book vectors m; during the course of the process (i = 1,...,100), at times t = 0
(middle row, left), r = 1000 (middle row, centre), r = 2000 (middle row, right), z = 3000
(bottom row, left), r = 4000 (bottom row, middle), and ¢ = 5000 (bottom row, right).
Code-book vectors are initially positioned at the locations of the first 100 data points
picked by the process.

The denominator in the fraction tends to one for 8 — oo for any i, because
all exponents in the sum are large and negative; the difference betweeni = &
and i # k arises from the numerator, which is one in the former case and
tends to zero in the latter. This result shows that for 8 — oo the SVQ
modification of the code-book vectors in a single iteration reduces to

mi — my + n(x — my)

m; —m; foralli £k

which is identical to that of VQ. O
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Input data:
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Figure 5.7 Numerical simulation of VQ, with n =2, n = 0.5, and N = 100. Top graph:
data distribution p(x), non-uniform across the square [—1, 1] x [—1, 1], with highest data
density near the borders |x1| = 1. Bottom six graphs: locations of the code-book vectors
m; during the course of the process (i = 1,...,100), at times r = 0 (middle row, left),

t = 1000 (middle row, centre), t = 2000 (middle row, right), r = 3000 (bottom row, left),
t = 4000 (bottom row, middle), and r = 5000 (bottom row, right). Code-book vector are
initially allocated randomly in the square [—%, %] X [—%, %]. Comparison with Figure 5.4
shows that code-book vectors initialized in data regions where p(x) is small tend to get
stuck.

Proposition 2. For 8 — 0 all code-book vectors m; will ultimately collapse
to a single point, which will fluctuate around the average data-point (x) =

[dxx p(x).

Proof. For B — 0 we find F;(x,{m}) = N~! (for any x, any i and any {m})
and the SVQ modifications simply reduce to

m; — m; + %(x —m;) foralli
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Input data:

X2

X2

X1 X1 X1

Figure 5.8 Numerical simulation of VQ, withn =2, n = 0.5, and N = 100. Top graph:
data distribution p(x), uniform over the region % < |x| < 1. Bottom six graphs: locations
of the code-book vectors m; during the course of the process (i = 1,...,100), at times 7 = 0
(middle row, left), r = 1000 (middle row, centre), r = 2000 (middle row, right), z = 3000
(bottom row, left), r = 4000 (bottom row, middle), and r = 5000 (bottom row, right).
Code-book vector are initially allocated randomly in the square [—%, %] X [—%, %].
Comparison with Figure 5.5 shows that code-book vectors initialized in data regions where
p(x) is zero tend to get stuck.

Now consider the difference between any two code-book vectors. If we
label the iterations of the algorithm by ¢ = 0,1,2,..., we find

mi(C+1) —m(e+1) = (1= ) mi(©) = m ;)]

hence

12
mi(0) = m;(0) = (1= =) [m;(0) = m;(0)]

so limg_, oo[m; (¢) —m ;(£)] = 0, as claimed.

To find out where all the code-book vectors will go collectively, we
only need to inspect the dynamics of the average m = N~' ", m; (since
limg_ 0o[m(£) — m;(£)] = 0). Writing the data point drawn at iteration £
as x(0), we get m({ + 1) = (1 — n/N)m() + (n/N)x (). Hence, upon
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Figure 5.9 Numerical simulation of VQ, withn =2, n = 0.5, and N = 100. Top graph:
data distribution p(x), uniform over the circle |x| = 1. Bottom six graphs: locations of the
code-book vectors m; during the course of the process (i = 1,...,100), at times t = 0
(middle row, left), r = 1000 (middle row, centre), r = 2000 (middle row, right), t = 3000
(bottom row, left), 7 = 4000 (bottom row, middle), and = 5000 (bottom row, right).

Code-book vector are initially allocated randomly in the square [—%, %] X [—%, %].
Comparison with Figure 5.6 shows that code-book vectors initialized in data regions where
p(x) is zero tend to get stuck.

abbreviating the factor 1 — n/N as z,
m(1) = z m(0) + %x(O)

mQ2) =z [zm(O) + %x(O)] n %x(l)
= 2m(0) + %[zx(O) +x(D)]
_.|.2 n n n
m(3) = Z[Z m(0) + Nzx(O) + Nx(l)} + Nx(Z)
— 3m(0) + %[zzx(O) +zx(1) +x2)]

-1
m() = zzm(O) + %I;ze_l_kx(k)
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We can now average over the possible choices of data, using (x(k)) = (x),
the average of the distribution p(x) (assuming this average to be finite).
Together with 3", ., z¥ = 1/(1—z), which holds generally whenever |z| < 1,
this gives us -

-1

eliglo(m(ﬁ)) = elggo (zem(O) +y ) ;Zk>
= %(1 — 27 Hx) = (x)
as claimed. =

One can show similarly that the fluctuations of m around (x) remain
finite, provided the width of the data distribution is finite, that is, (x?) < oc.

Thus VQ can be regarded as a special case of SVQ, obtained by putting
B — o0. Second we infer from inspection of the extreme case 8 = 0 that one
of the effects of the smoothing of SVQ, relative to VQ, is for code-vectors
to ‘drag one another along’.

A Lyapunov function for small learning rates

Our understanding of SVQ (and thus also of VQ) would greatly improve if
we could recognize the process as the minimization of some error measure.
For finite n this is not possible, but for n — 0 it is. Labelling the different
iterations with £ = 0,1,2,..., and writing the data point drawn at stage £
as x(£), we can cast both VQ and SVQ in the following compact form:

m;({+1) =m;() + n[x(€) —m; ()] F; (x(£), {m(£)}) (5.4)
with

e—Blx—mi)?

FYx, (m)) = (5.5)

ZN . e~ Blx—mj)?

j=

vQ _ 1, ifx e Vi[{m}]
Fi (x’{’"})_{o, otherwise (3.6)

For small learning rates we follow the procedure introduced to derive
deterministic equations for online learning in layered neural networks (see
Section 2.3), and define a new time variable t = nf. We then take the n — 0
limit and find the stochastic process (5.4) being replaced by the deterministic
equation

%mi = ((x —m;) F;(x, {m})) (5.7)
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with the average (- - -) taken over p(x) as before. Let us first look at SVQ,
SVi

Fi(x,{m}) = F; Q(x,{m}). We will show that the small 5-limit (5.7) of
the SVQ-algorithm attempts to approximate the data distribution p(x) by
a mixture of Gaussian distributions, each centred at one of the code-book
vectors,
1 e_/B(x_mi)z
= — _— 5.8
q(x|{m}) NIZ BT (5.8)

This is demonstrated by proving the following proposition.

Proposition 3. For Fj(x,{m}) = FiSVQ(x,{m}), equation (5.7) describes
a gradient descent dynamics for an error measure E[{m}] given by the
Kullback-Leibler distance between the data distribution p and the Gaussian
mixture (5.8) parametrized by the set {m} of code-book vectors:

d 1 _ p(x)
ami = _ﬁvmiE[{m}]’ E[{m}] = /dx p(x)In [m} (5.9)

Proof. We just work out the relevant partial derivatives of E[{m}]:

1
=3V Ellm)) = 5 [ dx p6) Vo Ing ol m)
—pX—m; 2
= ﬁ/dx PV . ane plx—mj)
‘ V e PE—mi )2
(x —m;)e Px— m;)*
/dx P(x)[ JErTE—.s
= ((x —m)F, VQ(x, (m)))
Comparison with (5.7) gives the desired result. O

The error measure E[{m}] in (5.9) is indeed the Kullback—Leibler dis-
tance D(p|lq) between the data distribution p and the Gaussian mixture g
introduced in (5.8). It is an information-theoretic measure of the deviation
between the two distributions. Properties of this measure will be discussed in
greater detail in Part III of this book. What is needed here is that D(p||g) > 0
for any two distributions p and g, with equality only if p(x) = g(x) (in a
distributional sense). From the inequality D(p|l¢) > 0, hence E[{m}] > O,
in combination with the gradient descent equation in (5.9) which ensures
that dE/dr < 0, we may conclude that D(p|lq) = E[{m}] introduced
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in (5.9) is a Lyapunov function for the SVQ process (5.4). Hence we can
interpret SVQ, at least for small n, as approximating the data distribution
p(x) optimally by a mixture of Gaussians of the form (5.8), via adaptation
of the centres m; of these Gaussians.

Similarly, since limg_ooSVQ = VQ and since limg_, (8/7)"/? x
e~ PE—mD® — 5(x — m;) (see Appendix F for definition and properties of
the delta distribution), we may for small 5 interpret VQ as approximating
the data distribution p(x) optimally by a mixture of delta-distributions, via
adaptation of the centres of these delta-distributions:

1 e—Blx—mi)?
n <K ]., SVQ : finds {m} such that p(x) ~ N Z W

i

1
n<kl, VQ: finds {m} such that p(x) ~ v Z(S(x —m;)

The characteristic distance which we already identified above is now
recognized as the width o = 1/,/28 of the individual Gaussians with which
SVQ aims to match the data distribution p(x). For finite (but not too large)
n we may regard SVQ and VQ as noisy versions of the above gradient
descent processes.

Finally we note briefly that the stationary state of the n—0
equation (5.7), given by ((x — m;) F;(x, {m})) = 0, translates into

Jy,tmy) 9% x p(x)
Jy,timy 4% p(x)

[ dxxFi(x, (m)p(x)

= Tdx Fx,mppe SO forvQ mi=

(5.10)

m;

For VQ we thus have the transparent result that, in equilibrium and for 5
sufficiently small, the location of code-book vector m; will be the centre of
gravity of the data distribution within its associated Voronoi cell V;[{m}].

Examples of SVQ in action

The figures on the following two pages illustrate the functioning of the SVQ
algorithm for a number of simple examples with n = 2 (i.e. where one has
data points x = (x1,x2) in a plane) and N = 100 (i.e. a population of 100
code-book vectors), but for different choices of the data distribution p(x).
Figure 5.10 shows the locations of the code-book vectors at different times,
for B = 10, where the characteristic width of the data covering Gaussians is
o =1/,/28 ~ 0.22. We observe that code-book vectors indeed no longer
get stuck in data-poor regions even if they are initialized randomly, and
that they keep a distance of the order of o from the boundaries of the data
region. Because the width of the data strip is %, here this essentially sends all
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Figure 5.10 Numerical simulation of SVQ, withn =2, = 0.1, 8 = 10, and N = 100.
Top graph: data distribution p(x), uniform over the region % < |x| < 1. Bottom six graphs:
locations of the code-book vectors m; during the course of the process (i = 1,...,100),

at times ¢ = 0 (middle row, left), t = 1000 (middle row, centre), t = 2000 (middle row,
right), t = 3000 (bottom row, left), = 4000 (bottom row, middle), and r = 5000 (bottom
row, right). Times are measured in the number of iterations. Code-book vector are initially
allocated randomly in the square [—%, %] X [—%, %].

code-book vectors to the circle |x| = %. Figure 5.11 shows the asymptotic
locations (after 10,000 iterations) of the code-book vectors for four different
values of B. The corresponding values of o are: 0 = 0.1 (8 = 50), 0 ~ 0.22
(B=10),0 ~ 0.32 (B =5),and o ~ 0.71 (B = 1). With these values one
can understand perfectly the observed clustering properties of the code-
book vectors; this underlines the power of theoretical results such as those
above (i.e. Proposition 3).

5.3 Time-dependent learning rates

We have seen that for finite 7 the processes of the type (5.4) can be regarded
as noisy versions of the deterministic equation (5.7). For SVQ and VQ the



5.3 Time-dependent learning rates

Input data:

X1

Figure 5.11 Numerical simulation of SVQ, withn =2, n = 0.5, and N = 100. Top graph:
data distribution p(x), uniform over the square [—1,1] x [—1, 1]. Bottom four graphs:
locations of the code-book vectors m; after 10,000 iteration steps (i = 1,...,100),

for different choices of the parameter : 8 = 50 (middle row, left), 8 = 10 (middle row,
middle), 8 = 5 (middle row, right), and 8 = 1 (bottom row). Code-book vector are initially
allocated randomly in the square [—%, %] X —%, %].

latter minimize a transparent and sensible error measure. In the initial stages
of these processes it is then preferable to have a finite n: the added random-
ness may prevent the system from going to a suboptimal local minimum of
the error measure. Asymptotically, on the other hand, one would prefer a
fluctuation-free and unique (reproducible) final state, that is, n — 0. It is
therefore natural to choose a slowly but monotonically decreasing time-
dependent learning rate n(¢£), where ¢ labels the iterations of the algorithm
(5.4). The question then is how to determine the optimal rate of decay for
n(£). Too fast a reduction of 1(£) might cause evolution to local minima, or
might prevent the code-book vectors from travelling over sufficiently large
distances to take up their optimal positions in the data space, whose size
we do not know beforehand. Too slow a decrease in (), on the other
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hand, might cause fluctuations and non-uniqueness of the final state to
persist too long for us to achieve the desired stationary state within the
time-scales of our experiments. We will always choose our 1(¢) such that
0 <n+1) <n) and n(0) < N. Below we show that sensible criteria to
be met by the decay of n(£) are

o0 o0
not too fast: Z n(f) = oo, not too slow: Z n2(0) <oo  (5.11)
£=0 =0

Proposition 1. The learning rate must obey Y ;2 n(¢) = oo, otherwise
there will be an undesirable a priori bound on the possible distance to be
covered by the code-book vectors.

Proof. We deduce from the following alternative way of writing
equation (5.4),

m;(¢+1) =m;(O)[1 —nFi(x(0),{mO}N] + nkF;(x(€), {m()})x (L),
together with the properties F; (x, {m}) € [0,1] and 0 < 5 < 1, that
Im; (£ + )| < [m; ()] + n(€)|x(€)]

Hence, by iteration:

-1

m; (0)] < |mi(0)] + ) nk)lx (k)]
k=0

SO
Jim (jm; (O)]) < mi (0)] + (1x1) 3 n(k)
k=0

Thus, unless Y 2, n(k) = oo, we have an a priori bound on the distance
which can be travelled by any code-book vector, which could prevent parts
of the data distribution from being reached. O

Proposition 2. If the learning rate obeys Y 32, n*(£) < oo, then we can
at least be sure that for the simplest process of the class (5.4) the uncertainty
in the location of the average code-book vector cannot diverge.

Proof. The simplest process of the class (5.4) is the 8 — 0 limit of SVQ:
Fi(x,{m}) = 1/N, so m(t + 1) = m(€) + (n(€)/N)[x(€) — m(£)], where
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m@) = N1 Y imi(£). We now write m({) = (m({)) + v(¢), so that
(v(£)) =0 and

(11O s 1O
v(+1) = (1 N )v(£)+ N [x() — (x)]

Note that v(¢) is statistically independent of all x (¢") with £ > ¢. Note also
that, since at £ = 0 there are no fluctuations yet, v(0) = 0. Hence

2 2
<¥wH»=Q—%?)w%»+wfw—uW>

Further iteration gives

2 (1 nCEDN L n©®N e+ D)
<vw+bw(} . ) O 7?)““”*(1 N )

n%(0)
NZ

n?(€+1)

(= )%

((x — (xDH +

We see that this iteration leads us to the following general expression

(0*(©) _%(1_71(5—1))2(1_77(2—2))2
(=) o N N )T
2.2
8 <1 B n(k;]r 1)) nN(ic) (5.12)

It is clear that (v2(£)) < N~2((x — (x))?) Yt_§ n*(k), from which our
claim follows immediately. One could try to go somewhat further for those
situations where N is large, and use (5.12) to infer

-1
(v () = N2 {(x — (x)?) ) 0" (k) + O(N )
k=0

Here the above-bound would also be the leading order for large N and ¢
finite.1” O

10 For ¢ — o0, so that terms of order ¢/N can no longer be discarded, matters are more
subtle: one would have to check carefully whether the leading order in N remains identical
to the above one. We will not carry out this analysis here.
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Figure 5.12 The time-dependent learning rate defined in (5.13), which meets the
conditions (5.11) on the asymptotic rate of decay to zero. The ‘half-way point’ (z, %) is
marked by dashed lines (here T = 100).

The most commonly used asymptotic form of decay for n(£) that meets
the above two requirements is n(£) ~ ¢! as ¢ — oo. For instance:

<t n0) ~n0)1—¢/7]
which obeys ¢~ 1 n(0) ~ 15(0) (5.13)
> 1 ) ~ )T/t

n(0)

0= T

This dependence is drawn in Figure 5.12.

5.4 Self-organizing maps

Any flexible and robust autonomous system, whether living or robotic, will
have to be able to create or at least update an internal map or representation
of its environment. Information on the environment, however, is usually
obtained in an indirect manner, through a redundant set of highly non-linear
sensors, each of which provide only partial and indirect information.

The system responsible for forming this map needs to be adaptive, as both
environment and sensors can change their characteristics during the sys-
tem’s lifetime. Our brain performs re-calibration of sensors all the time.
For example, simply because we grow, the neuronal information about limb
positions, generated by sensors which measure the stretch of muscles, has to
be reinterpreted continually. Anatomical changes, and even acquisition of
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new skills, such as playing an instrument, are found to induce modifications
of internal maps.

At a more abstract level, the neural system responsible for building the
internal representation is confronted with a complicated non-linear map-
ping from a relatively low-dimensional and more or less flat space (the
‘physical world’ W, with D dimensions) into a high-dimensional one (the
space of sensory signals, of which there are n >> D), and the aim is to extract
the properties of the original space YV from the sensory signals alone, that is,
to ‘invert’ the operation which maps world states to sensory signals.

world coordinates: sensory signals: internal representation:

X=(X,....,Xp)e W — x = (x1,...,x5) —> reconstruction of W?

The definition of the ‘world” depends on the specific degrees of freedom
of the system at hand, and D, for example, need not be three. The sens-
ory signals are usually non-linear functions of the world coordinates; they
are indirect and noisy, but also highly redundant to compensate for their
individual inadequacies.

The key to achieving the objective of forming an internal representation
of the world is to exploit continuity and correlations in sensory signals,
assuming similar sensory signals to represent similar positions in the envir-
onment, which therefore must correspond to similar positions in the internal
map: if X' = X + AX for small AX, then also x(X') ~ x(X) + A(X) - AX,
for some A(X) (the Jacobian matrix of the mapping X — x).

Before turning to the learning process which is to carry out the con-
struction task, we first explain in more detail the type of representation
one aims for, which is inspired by biological systems. Let us give a simple
example (see also Figure 5.13). Imagine a system operating in a simple
two-dimensional world, where positions are represented by Cartesian
coordinates X = (X1,X3), observed by sensors and fed into a neural
network as input signals. For simplicity we will consider trivial sensors,
and just put x; = X1, x2 = X;. Each neuron i receives information on
the input signals (x1,x2) in the usual way, via modifiable synapses {m;;}; its
activity on receiving input x will be y;(x) = g(m;1x1 + m;2x2), for some
monotonically increasing non-linear function g(z).

We denote the physical location of neuron i within the map-forming array
by r;. If this network is to become an internal coordinate system, faith-
fully reflecting the events x = (x1, x2) observed in the outside world—and
therefore, in the present example, with the topology of a two-dimensional
array—the following objectives are to be met:

1. Each neuron y; is more or less ‘tuned’ to a specific type of signal x;,
that is, y;(x) should be large only when |x — x;| is sufficiently small.
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Figure 5.13 Simple two-dimensional example of the internal representation (‘map’) of the
environment as built in biological systems. The brain has no direct access to the world
coordinates (X1, X3), it is only given sensory signals x1 (X1, X2) and x(X1, X2). Many
different representations of the coordinates (X1, X2) would have been possible; in the
specific one aimed for here, each indirectly observed position (X1, X3) is supposed to give
rise to a specific localized area of firing activity in a sheet of neurons. Compare this to
driving a car with blinded windows, but with electronic sensors observing the environment.
The sensory information is to be converted back into world coordinates, and to make a
light flash up in a road map inside the car, exactly at the car’s current location. This is the
information used by the driver. The question discussed in this section is how to construct
the road map, that is, the conversion of sensory to world coordinates, solely on the basis of
structure in the sensory signals x1 (X1, X2) and x2(X1, X2).

2. Neighbouring neurons in the array are tuned to similar signals, that is,
if |r; — r;| is small then |x; — x| is small.

3. External distance is monotonically related to internal distance, that is,
if |[r; —rj| < |ri —ril then |x; — x| < |x; — xi|.

How to learn a topologically correct map

It turns out that in order to achieve these objectives one needs learning
rules where neurons effectively compete to have input signals x; ‘allocated’
to them, whereby neighbouring neurons stimulate one another to develop
similar synaptic interactions and distant neurons are prevented from devel-
oping similar interactions. Let us try to construct the simplest such learning
rule (see Figure 5.14).

Initially, before learning has taken place, input signals just evoke random
firing patterns in the neuronal array. After learning we wish to see local-
ized firing patterns, as shown above. Our equations take their simplest
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Figure 5.14 [Illustration of the desired outcome of training a topological map. Before
training (left), two distinct input signals elicit random (de-localized) firing patterns. After
training (right), the same input signals produce distinct localized firing patterns in the
map-forming array.

form in the case where the input signals are normalized, so we define

(x1,x2) € [-1/+/2,1/+/2]% and add a dummy variable x3 = ,/1 — xl2 - x%,

together with a dummy synaptic interaction m;3 for every neuron. If we
write the synapses of neuron i as m; = (m;1,m;2,m;3), and normalize them
according to |m;| = 1, we simply get

yi(x) =g(m; -x), |m;i|=|x|=1 (5.14)

Learning now implies rotating the vectors m;.

By construction, since g(z) is a monotonically increasing function a given
neuron is triggered most when m; - x is maximal, which is for the input
signal x = m;. This has two important implications: one can now interpret
m; as the input signal to which neuron i is tuned, corresponding to x; in
our earlier notation; and tuning neuron i to a given signal x is found to be
equivalent to rotating m; towards x. As a result one finds that a learning
rule with the desired effect is as follows.

Starting from random (normalized) synaptic vectors m;, iterate the
following recipe until a more or less stable situation is reached:

step 1: pick a data point x with |x| = 1 at random

step 2: find the most active neuron, that is, the i such that |[m; - x| > |m - x|
forall j #i
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step 3: rotate the synaptic vector of neuron i and its neighbours in the array
towards x; rotate the synaptic vector of all other neurons slightly
away from x

step 4: return to 1

The neuron that was already the one most responsive to the signal x will
be made even more so, together with its neighbours; the other neurons are
made less responsive to x. In biology, the above is achieved via Hebbian-
type learning rules, and by having short-range excitatory synapses which
ensure that neighbouring neurons tend to be simultaneously active, and
team up in the synaptic adaptation.

We note that in the above formulation the normalization of synaptic
vectors and input vectors was introduced purely in order to retain the con-
nection with the biological picture of firing neurons, via expressions like
(5.14). For the purpose of computation and learning in synthetic systems,
on the other hand, we can move away from the firing of neurons and work
directly in terms of the {m;} only. Henceforth we will define m; simply as
the signal in input space to which neuron i is tuned; we forget about how
this is actually realized, and also ignore the issue of normalization.

Visualization of the learning process: fishing nets

The above formulation of self-organizing maps (SOMs) in terms of the {m;}
has brought us (deliberately) very close to the VQ and SVQ algorithms.
However, there is an important difference, which is the insistence that the
various code-book vectors m; are no longer interchangeable (in VQ and
SVQ we only cared about the overall distribution of code-book vectors in
input space): now each m; is associated with a specific location r; in an
array, with the condition that those (i, j) which belong to nearby locations
{ri,r;} in the array must have code-book vectors {m;,m;} which are very
similar. Hence, simply drawing the code-book vectors in input space as we
did for VQ and SVQ is no longer adequate, because it will not tell us about
the topological features of the state.

In the case of SOMs the standard visual representation of a state {m;} is
the following:

e Draw each m; as a point (or knot) in input space (as in VQ and SVQ)
e Connect with line segments all those points (i, j) which correspond to
neighbours in the array of the {r;}

We then end up with a graphical representation of the synaptic struc-
ture of a network in the form of a fishing net, with the positions of
the knots representing the signals in the world to which the neurons
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Figure 5.15 Graphical representation of the state of a SOM in the form of a fishing net.
Here r; € [0, 1]? (i.e. the neurons live in a square 2-dimensional array) and x € IR3, with
|x| = 1 (i.e. the data live on the surface of a sphere). The positions of the knots represent
the signals m; to which the neurons are tuned, and the cords connect the knots of
neighbouring neurons in the array. Left: equilibrium result of the numerical simulation of
a particular version on the SOM algorithm. Right: corresponding theoretical prediction.

are tuned and with the cords indicating neighbourship, see Figures 5.15
and 5.16. The three objectives of map formation set out at the beginning
of this section thereby translate into the following desired properties of the
graph:

(1) all knots in the graph are separated;
(2) all cords of the graph are similarly stretched;

(3) there are no regions with overlapping pieces of graph.

Note that this representation is in practice useful only for one- or two-
dimensional arrays, that is, when creating one- or two-dimensional internal
representations.

The SOM algorithm and its properties

The SOM algorithm is an abstract realization of the processes underlying
the creation of topologically correct internal representations in the higher
brain regions of humans and animals. It is defined in terms of code-book vec-
tors m;, which represent the specific signals in data space to which neurons
are tuned. It aims to create a topologically correct internal representation
of potentially non-linear low-dimensional structure hidden in possibly
high-dimensional data.

Each neuron is located in a physical array, the dimension of which will
become the dimension of the internal map to be created; the vector r; indic-
ates the location of neuron i. We define a neighbourhood function #;; as
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Figure 5.16 Example of the fishing net representation of the state of a SOM system. Upper
left: the arrangement of 9 neurons in a physical array (defining the {r;}, and hence the
notion of neighbours). Upper middle: the positioning of the nine code-book vectors m; in
data space, corresponding to the state {m; = (0,1), m) = (%, 1), m3 =(1,1), mg = (0, %),
ms = (%, %), me = (1, %), m7 = (0,0), mg = (%,O), mg = (1,0)}. Bottom left: the fishing
net graph corresponding to this state. Bottom middle: the fishing net graph corresponding
to the state obtained by exchanging code-book vectors m3 and mg. Bottom right: the fishing
net graph corresponding to the state obtained by exchanging code-book vectors m, and mg.
Note that all cases give rise to exactly the same distribution of code-book vectors, so that
the incorrect topology of the last two states can indeed only be inferred from the fishing net

graph.
follows:
hij = h <u> o >0 (5.15)
o
in which A(z) is a monotonically decreasing function, with 2(0) = 1,

h(co) = 0, and with a width of order 1. For example:

h(z) = e VDT py = = rimri)/20?

1,

O, if|r,'—rj|>o

iflri—rjl<o

h(Z) = 9(1 — Z): h,‘;‘ =

in which 0(z) is the step function (8(z > 0) = 1, 8(z < 0) = 0). The SOM
algorithm can now be defined as follows. First we initialize the N code-
book vectors m; € R" randomly. Then we iterate the following stochastic
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process:

step 1: pick a data point x at random, according to the probability
density p(x)

step 2: find the Voronoi cell containing x, that is, find i such that |x —m;| <
lx —m;| forall j #i
step 3: moveallmjtowardsx: mj; — m;+n(x—m;)F;(x,{m({)}), where

step 4: return to 1

The learning rate 0 < n < 1 controls, as always, the overall magnitude
of the changes.

The SOM algorithm can be seen to have the following general
properties:

1. All code-book vectors are moved towards x at every iteration step, but
those which are closest to the code-book vector in whose Voronoi cell
the data point is, or in other words the neuron which is triggered most,
are moved the most.

2. Unless we reduce n during the process, the code-book vectors will
continue to move stochastically, although the density of code-book
vectors in any given region should become stationary.

3. The properties of the {h;;} guarantee that neighbouring neurons team up,
and develop similar code-book vectors.

4. SOM has one more parameter than VQ. This extra parameter, o, defines
a characteristic distance in the original physical array of the neurons:
code-book vectors with |r; —r ;| < o will be the ones to feel one another’s
influence.

5. limy 0 SOM = VQ (the proof is trivial). Hence we can see the SOM as
VQ plus enforced spatial continuity.

We observe that the SOM is again of the general form (5.4), hence we can
apply our results on time-dependent learning rates also to the SOM. The
relation between the three processes discussed so far is

lim SVQ = VQ = lim SOM
B—00 o—0

It will be clear that the determination of the right value for o is del-
icate. If o is too small, the system will behave like VQ, and the correct
topology will not emerge, or be correct only locally. If o is too large, all
neurons will drag one another along, and all code-book vectors will become
identical; see also the simulation examples below. The new parameter o
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also introduces boundary effects. Since neurons drag along one another’s
code-book vectors, those neurons which are at the boundary of the array
will feel an effective force dragging their code-book vectors towards the
inner region of the array, simply because there are no neurons pulling from
the outside. This shows itself in a tendency for the boundaries of the fishing
net to keep a certain o-dependent distance from the boundaries of the data
region. In practice one therefore chooses a time-dependent o, similar to the
time-dependent learning rate, that is,

) 00
n() = TI/TW’ o(t) = 1+1/7. Ry,

Applications of the SOM include sensor fusion (in robotics), data visual-
ization and data-base mining (finding hidden low-dimensional regularities
in messy or high-dimensional data), data preprocessing, medical diagnostics
(finding causal relationships in medical data), etc.

Examples of SOM in action

Figures 5.17 and 5.18 illustrate the functioning of the SOM algorithm for a
number of simple examples with n = 2 (i.e. where one has data points x =
(x1,x2) in a plane) and a 10 x 10 array of neurons (i.e. a population of 100
code-book vectors), but for different choices of the distance parameter o
and of the time-dependence of the learning rate. Figure 5.17 illustrates
the need for having a sufficiently large range o, in order to capture the
correct topology of the data, but also the o-dependent boundary effects. In
Figure 5.18 we vary the reduction speed of the learning rate, showing that
suboptimal stationary states may result when the learning rate goes to zero
too quickly.

5.5 EXxercises

Exercise 5.1. (Soft SOM.) Define an alternative algorithm SOM2 in the
following way. Each neuron is located in a physical array whose dimension
determines that of the internal map to be created; the vector r; indic-
ates the location of neuron i. Define a neighbourhood function h;; =
h(lri — rjl/o) as in the standard SOM. First we initialize the N code-
book vectors m; € R" randomly. Then we iterate the following stochastic
process:

step 1: pick a data point x at random, according to probability
density p(x)
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X1 X1 X1

Figure 5.17 Numerical simulation of a SOM, with n =2, n = 0.5, and N = 100. Top left
graph: data distribution p(x), uniform over the strip % < |x| < 1. Other eight graphs:
system state after 20,000 iteration steps, for different values of the range parameter o

(o €{0.1, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, 1.5}, from top middle to bottom right). One clearly
observes the two effects of losing the correct topology for o too small, with only local
correctness for intermediate o, and of the code-book vectors of boundary neurons keeping
a o-dependent distance from the data boundary.

step 2: move all m; according to: m; — m; + n(x — m;)Fi[x,{m(0)}],
where

Fi(x, (m(0)}) = hyj», with j* = argmin; Y hje(x — my)*
J4

step 3: return to 1

Discuss the difference(s) between this new SOM2 algorithm and
the standard SOM. Next define a ‘soft’ version SSOM2 of the above
algorithm, by replacing the SOM2 definition of Fi[x,{m,}] with the
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Figure 5.18 Example: numerical simulation of a SOM, with n = 2, 0 = 1.5, 5(0) = 0.5,
and N = 100. Top graph: data distribution p(x), uniform over the strip % < |x| < 1. Other
eight graphs: system state after 20,000 iteration steps, for different choices of the
time-dependence of the learning rate n. Second row left: n = 0.5 (constant). Second row,
middle: n(r) = 1(0)/[1 + t/z], with t = 10. Second row, right: n(t) = n(0)/[1 + 12 /72],
with T = 10. Bottom: n(¢) = n(0) exp[—¢/], with T = 10. One clearly observes that the
system can get stuck in a suboptimal state, where the topology is only locally correct.

following:

=Bk hjx(x—my)*

Spe P Dok hok(x—my)?

Fi(x, (m(@)) = hji
J

Show that limg_, o, SSOM2 = SOM2, and that lim,_,o SSOM2 = SVQ.

Exercise 5.2. (Lyapunov functions and interpretation of SSOM2 and
SOM2.) Consider the SSOM2 algorithm defined in the previous exercise.
Consider small learning rates in the usual manner, such that in the n — 0
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limit SSOM2 reduces to the following deterministic equation

d
M= ((x —m;) F;(x,{m}))

Show that for F;(x,{m}) = FiSSOMz(x,{m}), this deterministic equation
describes a gradient descent dynamics for an error measure E[{m}], given
(unlike the case of SVQ) by the sum of the Kullback-Leibler distance
between the data distribution p(x) and a distribution g (x|{m}) parametr-
ized by the set {m} of code-book vectors, and an extra term which does not
involve the data distribution. Find g (x|{m}). What does your result imply
for the interpretation of the SOM2 algorithm?
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Bayesian techniques in
supervised learning

In this chapter, we discuss the Bayesian approach to supervised learning
from examples. Its introduction in the 1990s has been a very welcome
development, in that it contributed significantly to converting artificial
neural computation, especially learning in multilayer networks, from a
collection of interesting but ad hoc algorithms (‘invent a rule, play with
parameters, draw performance graphs, and hope for the best’) to a sound,
well grounded, and systematic scientific procedure. It also contributed to
the area becoming more mathematical in nature.

6.1 Preliminaries and introduction
Supervised learning from examples

Let us first set the scene and define our terminology. In supervised learning
from examples we are confronted with a task, defined by a collection of
questions £“, drawn randomly from some set @ € R" (with probabilities,
or probability density, p(£)), with corresponding answers #,:

questions: {&!,...,&7}, E* e QC RN

the task:
answers: {t1,...,tp}, ty €R

This task, assumed to have been generated by a teacher, is to be learned
by a student (the neural network). The student executes a parametrized
operation S: RN — R, where S(&§) = f(£;w). The parameters w determine
the details of the operation, and thus represent the ‘program’; in multi-
layer neural networks they would be the synaptic weights and the neuronal
thresholds.!! If the outputs (or targets) are binary, for example, ,, € {0, 1}
or 1, € {—1,1}, we would call the task binary classification. If the out-
puts can truly take values from a continuous set, we would speak about
regression.

1 n order not to deviate from established notation in literature we now write input vectors
as & rather than x, and adjustable parameters as w rather than J.
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Student (adaptive) S
SE) = f&w)
S = (gla---aSN)
Teacher>(oracle) )

Figure 6.1 The teacher—student scenario of online supervised learning. The student can be
any type of parametrized operation (not necessarily neural or neural-inspired).

It is assumed that the data (or answers) were not assigned randomly by
the teacher—otherwise there would be no point in learning—but that they
were generated according to some function 7:IRY — R. The student has
no direct information on the function T (the teacher is a black box, or
oracle), but has to infer T from the p input-output pairs (§¥,7,); this is
the objective of the learning process. See figure 6.1. The problem faced by
the student is made more difficult by the fact—which is rather common
in the real world—that the data are not perfect, that is, the teacher can
make mistakes, or is subject to noise. If for simplicity we assume that the
inaccuracy or noise is independent for the different outputs, that is, that the
teacher is sloppy rather than using a consistently wrong rule, we have:

binary classification: Prob[r, =T(¢")]=1—-¢, 0<e<1

regression: tw=TE") + zy, (6-1)

zu € R drawn randomly from P(z)

In the case of binary classification, the parameter € measures the amount
of noise in the data, with ¢ = 0 corresponding to perfect data. In
the case of regression we may without loss of generality assume that
(z) = [dzzP(z) = 0; a nonzero average would be equivalent to a struc-
tural modification of the underlying rule 7', and could be absorbed into its
definition. Hence the amount of noise in the data is here measured by the
variance of P(z), with perfect data given by P(z) = §(z) (see Appendix F
for details of the §-distribution).

Due to the possibility of data noise and the difference between our finite
sample {£', ..., €7} and the full set of possible questions 2, there are several
performance measures one could define. Here we concentrate on two: the
training error E; (measuring how well the student reproduces the given
answers 1), and the generalization error E, (measuring how well the
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student has learned the underlying rule T):

1 P
E = > D Eu, SEN)  Eg= /Qd’ép(&)g(T(E),S(E))

u=1

where £(z, s) is some, as yet unspecified, measure of the difference between
t and s, such as £(¢,5) = |t — s|¥ (with y > 0). Given the dependence
of the student’s operation on the parameters w, via S(§) = f(§;w), this
becomes

1 p
Ew) =~ G fEw)  Eyw) = [ dep@ET@), fEw)
n=1
(6.2)

There are three important observations to make at this stage:

e The above two error measures E,(w) and Eg(w) differ in two aspects:
(i) E, is an average only over the p available questions {£',... &7},
whereas E, involves all questions in . (ii) E; checks performance relative
to the noisy answers {,,} given, whereas E, checks performance relative to
the correct underlying rule 7. However, for E, the alternative definition
which measures the error relative to the noisy rule can also be found in
the literature, and then this second distinction disappears.

e The real objective of learning is to minimize E,(w), via suitable modi-
fication of the parameters w, since we ultimately wish to use our system
for predicting the answers to novel questions, rather than just parrot the
answers to those of the training stage.

o In the learning process, however, we have no access to E ¢(w), since we
know neither the full set Q nor the true rule T; we only have the data

(EL 1), ., (EP 1)

Many of the obstacles and problems in neural network learning in the past
(i.e. before, say, 1990) had their origin in the fact that one wished to min-
imize one object (E,), but one could only measure the other (E;), and one
tried to get away—out of necessity, it seemed—with pretending that the
differences between the two were not too important.

Conventional network types

Let us next briefly review the most common types of neural network S(§) =
f(&; w) which are used in practice for the above purpose. We first consider
regression tasks, where the outputs are supposed to be continuous:
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e Single layer neural networks (perceptrons):

&1
w1
- f(&w)
wN
Y wo
Their output is of the form
f&,w)=g(w-&+wo) (6.3)

with g(z) a monotonically increasing sigmoidal function, which saturates
for z — +o0o. Perceptrons are basically single neurons, carrying out a
(soft) linear separation in the space 2 of the input vectors &, S(§) =
g(w - & + wg). The modifiable parameters (i.e. the ‘program’) are the
synaptic weights (w1, ..., wy) and the threshold wy.

e Multilayer neural networks (or multilayer perceptrons, MLPs):

1 L-1
1 1
o o L
B e y
£ o o o 1\
o o 7 o u;: o f@; w)
Ene o . D/
o o YN,
1 L-1
YNy N

These are feed-forward processing networks of neurons of the type
described above (soft linear separators), with monotonically increasing
and saturating sigmoidal functions g(z). The overall output

Ny
fEw) =g | Y whyk@ +wf (6.4)

j=1
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is calculated iteratively from the outputs of the preceding layers, accord-
ing to

N Ny
=D gwiEi+w)) T =) ewiyi+wg) 1<e<L
= =1
(6.5)

and the modifiable parameters (i.e. the program) are the synaptic weights
and thresholds of all L layers, that is, w = {wfi, wlL , wé}. Given a suf-
ficient number of layers and units within each layer (dependent on the
problem to be solved), these networks have been proven to be univer-
sal approximators: any sufficiently well-behaved continuous function
f:IRY — R can be approximated to arbitrary accuracy by MLPs. We
will not discuss the precise conditions or the proof here.

Radial basis function (RBF) networks:

¢1§§')
&1 : \
21 \N
; ; . f(&w)
: /
En o /

om (&)

The overall output is now a linear combination of a predefined set of
functions {¢;} of the input signals,

M
fEwW) =" wigi(§) +wo (6.6)

i=1

The motivation behind the construction of these networks is also the
principle underlying the previous multilayer networks: one converts a
problem that is not linearly separable into one that is. In the previous
network the final neuron does the linear separation, and the preceding
L layers do the preprocessing. In radial basis function (RBF) networks
one chooses specific functions ¢; (€) (the ‘radial basis functions’) for the
preprocessing. These are allowed to depend only on the distance |§ — m; |
between the input vector and a code-book vector m;,

¢i (&) = ¢(1§ —m;|) (6.7)
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For the remaining scalar function ¢ several choices have been proposed;
which one to pick is crucial for performance, but unfortunately highly
dependent on the problem at hand.!? Popular choices are:

du) = e—uz/Za2

localized basis functions: 2
¢w)=@w"+0)"" (a¢>0)

. . . pu)=u
non-localized basis functions: S = +oDf (0 <p<1)
The modifiable parameters are the weights w, though sometimes one also
allows the code-book vectors m; to adapt. Note, finally, that in RBF net-
works the output does not undergo a non-linear sigmoidal operation, and
hence depends linearly on the parameters w.

Model complexity and overfitting

Systems such as those discussed above have been used (and are still being
used) as student networks S(§) = f(&;w) in the sense of Figure 6.1. The
strategy for finding the best parameters w was in the early stages of neural
computation based on performing gradient descent on the surface defined
by the training error E;(w) as given in (6.2), with a quadratic error measure
E(t,s) = %(t — 5)%:

d 1 <&
GU=VeEW)  E@) =5 ;[m — fEw)? (6.8)

with a learning rate n > 0. The objective is to find w* such that
miny E;(w) = E;(w*); the above process would at least be guaranteed
to lead us to a local minimum of E;(w), since

iE( ) = VuE (w) 4w E,(w))* <0
dz’w_ wzw~dtw— n(VyE(w))” <

d
Ew =0 VuEw) =0

12 This illustrates how in RBF networks the learning problem is, in a way, simply swept
under the carpet. For how do we now choose the function ¢ (u), the code-book vectors x;, or
the number M? And under which conditions can we be sure that the ad hoc restriction to RBF
units does not render the problem unlearnable? At least in image processing, however, one can
set up a rigorous framework, and show that all non-pathological images can be decomposed
in terms of a bundle of local expansions (derivatives of Gaussian functions), which can in
turn be constructed by adding and subtracting Gaussian functions of the type (6.7).
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One problem with this approach has been clear from the beginning: one
can end in a local rather than a global minimum. A second problem was
appreciated only some 10 years later: gradient descent is not the optimal
local process to find minima on an error surface (see the chapter on informa-
tion geometry in Part III of this book). Here we concentrate on a third
problem, called inappropriate model complexity, or ‘overfitting’.

This problem is best explained using a very simple example. Suppose we
have a task T:IR — IR defined by a teacher who calculates some func-
tion g(x). The student S:IR — IR tries to emulate the teacher by some
parametrized function f(x;w), for which we choose a finite polynomial,
that is, a truncated Taylor expansion:

fesw) =wo+wix+ - +wyx” or flyw)=w- Bx), Pe(x) =x"
(6.9)

Learning means adapting w = (wy, ..., wy). The data consist of examples
of p inputs x,, and corresponding outputs 7, (with p > M + 1). However,
the teacher is not perfect—there is a noise source in the data generation—
so 1, = g(x,) + z,, where the z,, are drawn independently according to a
zero-average distribution P(z). The training error is given by

1 p
Ew) =5 D Ity —w - @(x,))
n=1

Gradient descent learning then boils down to

IS e
Q—lg_

M

p
HACAEDD [ D ¢i(xu)e; (xﬂ)]w j

j=0"u=1

p
i = ) = w - @001 ()
n=1
p
n=1
This can be written as .pn_l(dw/dt) =u— Aw, with u; = 25:1 tu ()t
and A;; = ZZ:l (x,)"*/, with solution (provided the matrix A is invertible)

w(t) = A u + e M/PA0) — A )

The final outcome of the learning process is the weight vector w* = w(oc0) =
A~ u. Insertion into (6.9) gives the associated function extracted by the
student from the data. In Figure 6.2 we show the result for the example
glx) = % + sin(2mrx), with 0 < x < 1. For small M (e.g. M = 1
in the figure), the complexity of the student is insufficient for reducing either
training or generalization error. Increasing the complexity of the student,
that is, M, initially improves both; see, for example, the case M = 3 in the
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2.5

15 . . . .
0 0.2 0.4 0.6 0.8 1
X

Figure 6.2 Example of a simple learning process where a system learns via gradient
descent on a quadratic error measure to approximate a function g(x) = % +sin(2mx) (solid
line) by an Mth-order polynomial f(x;w) = wp + wix + - - - + wax™, on the basis of nine
noisy sample points of this function (circles). The resulting polynomials are shown for

M =1 (dashed), M = 3 (dot-dashed), and M = 9 (dotted).

15 T T T T
Eg
1.0 —
0.5 4
E;
0.0 | | | |
0.0 0.4 0.8 1.2 1.6 2.0

Time

Figure 6.3 Evolution of training and generalization errors during a learning process
defined as gradient descent on an error surface, with noisy data, in the regime where the
student is too complex and starts overfitting, that is, reproducing also the noise in the data.

figure. However, for large M the system increasingly succeeds in reducing
the training error by reproducing exactly the locations of the data points
including the noise, with the side-effect of a deterioration of generalization;
see the case M = 9 in the figure. Plotting the values of E; and E, as func-
tions of time for a student with excessive complexity (M too large) would
lead to the behaviour illustrated in Figure 6.3.
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Two commonly used solutions to the overfitting problem are cross-
validation and regularization. In cross-validation, the idea is to split the
p available data points into two subsets: a training set {(¢', 1), ..., (€, %)}
and a validation set {(¢**!, 74 1),. . ., (€7,1,)}. One then uses the training
set for learning, and the validation set to estimate the generalization error:

1< 1 &
Ew) =2 ) Ew fE;w)  Eqw)~ —— ) Ety, fE"5w))
;L:l p - ;,L:k-i—l
(6.10)

This latter estimate can be used in two possible ways:

(a) Controlling model complexity (or: finding optimal complexity).
In terms of the example of Figure 6.2: start learning by minimizing the
training error E; with a small value of M, measure the estimate of the gen-
eralization error in (6.10), and repeat this procedure for increased values
of M until E, is seen to increase.

(b) Controlling learning times (or ‘early stopping’). As suggested by
Figures 6.2 and 6.3, in this approach we minimize the training error E;
with a large value of M (a complex student) but monitor the estimate of
the generalization error in (6.10) as a function of time. We then terminate
learning as soon as E, is seen to increase.

It should be emphasized that in both cases the value of E, that one ends
up with is still a biased estimate of the true generalization error. This is
because both procedures actually try to minimize E,, by choosing either M
or the early stopping time, and so make it atypically small.

Note also that in (a), in order to reduce fluctuations in the estimate of E,
for any given M, one often considers several splits of the data into training
and validation sets. A standard way of doing this is c-fold cross-validation:
split the data into ¢ equal-sized chunks, then leave out each chunk in turn as
a validation set and use the rest of the data as the training set. This means
running the training procedure ¢ times, training each time on a fraction
(c —1)/c of the data. For each run one estimates E, from the validation set
asin (6.10) and then averages the ¢ results to get the overall estimate of E,
for the given M. The extreme version of this with ¢ = p, where the training
algorithm is run p times and only one data point is left out each time, is
also called leave-one-out cross-validation.

The method of regularization is based on the assumption that both the
function to be learned and the basis functions of the student are in principle
smooth, and that any observed irregularity and discontinuity of data must
have been due to noise. Since the only way for the student to reproduce
irregular or discontinuous functions is by having large and possibly diver-
ging components of the parameter vector w, regularization tries to prevent
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Figure 6.4 Regularization with a quadratic penalty term, as in equation (6.11), for the
example of Figure 6.2. Solid line: the function to be learned. Circles: nine noisy sample
points of this function. Dotted line: approximation by a 9th-order polynomial, without
regularization. Other lines: similar, but with regularization coefficient A = 0.001
(dot-dashed) and A = 0.1 (dashed), respectively. The » = 0.001 curve improves
generalization compared to the un-regularized one, that is, it resembles the true function
more closely. However, for A = 0.1 we observe over-regularization: the approximation
becomes too smooth.

w from becoming too large by adding a suitable penalty term to the function
to be minimized, such as:

d 1 1 &
Cw= v [E,(w) n Exwz} Eiw) = 30 £ fE5w)  (6.11)

u=1

Neither cross-validation nor regularization are ideal. In the first case we
waste data and CPU time which could have been used for learning. In the
second we must tune or guess the form of the penalty term and its coeffi-
cient A; see also Figure 6.4. In either case we cannot be sure that we arrive at
the lowest possible generalization error. The origin of the problem is clear:
we continue to minimize an object which we can easily measure (E;). This
differs from the object which we would really like to minimize (E,), but
which we cannot measure.

6.2 Bayesian learning of network weights
Ideas, definitions, and benefits

The Bayesian approach deals in a systematic way with the general prob-
lem of learning in neural networks and other parametrized information
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processing systems of the general form S(§) = f(&;w) + noise, given
the observation of generally noisy data D = {(¢',11),..., (E7,tp)}. In its
simplest form, that is, for a given model, it is based on the following three
ideas:

o Consider not just a single parameter vector w, but an ensemble of para-
meter vectors, characterized by a probability distribution p(w) which
evolves during learning.

o Assume that the data D were generated by a system of the form S(§) =
f(&;w) +noise. Try to calculate the probability p(w|D) of the parameter
vectors, given the data.

o Use the general Bayesian relation P(A|B) P(B) = P(B|A)P(A) to express
the desired object p(w|D) in terms of p(D|w); the latter can be calculated
quite easily.

Learning is regarded as a process during which the arrival of data reduces
our uncertainty about the ‘right’ parameter vector w from a prior distri-
bution p(w), reflecting prior knowledge or prejudices about the problem,
to a posterior distribution p(w|D) that reflects both prior assumptions and
the evidence provided by the data. Note that we can combine the general
statistical relations p(D|w)p(w) = p(w|D)P(D) and p(D) = [ dw p(w, D)
to obtain

p(D]w)p(w)

POID) = o pw)) p(Dw)

(6.12)

This is the core identity.
Putting the above ideas into practice, Bayesian learning works as follows:

Stage 1: definitions. Define (i) the parametrized model, assumed respons-
ible for the data, (ii) the prior distribution p(w) of its parameters, and
(ifi) the data D = {(§',71),..., (&P, 1)}

Stage 2: model translation. Convert the model definition into a standard
probabilistic form, that is, specify the likelihood of finding output ¢
upon presentation of input &, given the parameters w:

model definition in standard form: p(¢|&, w) (6.13)

Stage 3: the posterior distribution. Calculate the data likelihood
p(Dlw) = ]_[ﬁ:l p(t,|E", w), as a function of the parameters w.
From this, together with identity (6.12), follows the desired posterior
parameter distribution

pw) [1)_; P(tulE", w)

D) =
p(w|D) fdw/l’(w/)nﬁ=1 p(t,LIE“,w/)

(6.14)
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Stage 4: prediction. The residual uncertainty in the parameters w gen-
erates uncertainty in subsequent data prediction. Prediction of the
output ¢ corresponding to a new input &, given our observation of
the data D and our choice of model, thus takes the probabilistic form:

p(tlE, D) = / dw p(t[, w)p(w| D) (6.15)

This concludes the description of Bayesian learning for a single model: the
problem has in principle been reduced to doing integrals, although how
one evaluates these efficiently is quite another matter. Before we move
on to the remainder of this section, which deals with implementation and
understanding, and with the generalization of the ideas to model selection,
two comments on the expression for p(D|w) in Stage 3 are in order. (i) The
fact that we have a product of terms for the individual data points implies
the assumption that the data are independently and identically distributed
(i.i.d.) for a given w. In other words, there is nothing special about any par-
ticular data point; as a counter-example one could think of the noise level
depending on w. Also, different data points are not correlated with each
other, as could happen if data arrive, for example, in batches, with each
batch having a persistent bias towards low or high values. (ii) Strictly speak-
ing, P(D|w) as written is the probability of the outputs t1,...,1, given w
and the inputs &', ..., £P. The joint probability of outputs and inputs given
w would be Z=1 p(t, 18", w)p(E") if we make the reasonable assumption
that the input distribution is not influenced by w. Since the extra factor
]_[Z _1 p(§") is independent of w, it cancels from identities such as (6.12)
and would not change any of the results.

The Bayesian approach to learning has become very popular within a
relatively short period of time. The reason for this can be appreciated
by simply listing some of its main appeals and benefits, to be derived
below:

e It provides an interpretation of regularizers and their associated
parameters.

e It provides an interpretation of single-point error measures.

o There is no need for cross-validation, so all data can be used for learning.

o It allows for the selection of the optimal complexity within a given model
class, and for the selection of the optimal model class from a given set of
candidates.

e It provides not only predictions, but also specific estimates of our
confidence in these predictions, that is, error bars.

e Traditional learning via gradient descent training error minimization,
with regularization, is recovered as a particular approximation within
the Bayesian framework.
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Let us gain intuition on how in the Bayesian picture the arrival of data is
converted into probabilistic statements about model parameters, by work-
ing out the steps (6.13, 6.14) for some simple examples. We will write
inputs as & € R or & € R", adjustable parameters as w € R or w € R¥,
outputs as 7 € R, and data as D = {(',11),..., (&P, 1))

Example 1. Our first example describes a deterministic model with one
real-valued input and one real-valued output. Stage one in the process is

the definition of model, prior parameter distribution!3 and data, for which
we take:

1(€) = tanh(wg)  p(w) = 2m) 22 D ={(1,-1)

(one data point). Next we convert the model into the standard probabilistic
form!* (6.13):

p(tl§, w) = §(t — tanh(wé))

We can now calculate the posterior distribution (6.14):

p(w|D) = pwplgt,w) — 8(=(1/2) — tanh(w))e /2
Jdw p)p@lgtw) [ dw'§(—(1/2) — tanh(w’)ev"/2
= §(w —artanh(—%)) = 8w+ In+/3) (6.16)

Here we have used the two identities §(f(w)) = |/ (f~1O0)| 18w —
£71(0)) (see Appendix F) and artanh(z) = 1 In((1 +2)/(1 - 2)).

Before we had observed any data our uncertainty about the parameter
w was described by the Gaussian prior p(w). The arrival of the data
point (1, —%) induced a collapse of this prior to the §-distributed posterior
p(w|D) = 8(w + In+/3), without any uncertainty. This is illustrated in
Figure 6.5 (left).

Example 2. Let us now make matters slightly more interesting and replace

the one-parameter function of the first example by a two-parameter
function:

t(€) = tanh(wo + w1&)  pw) = 2m) e 2 D={1,-1)

13 Note that for any fixed choice of average and variance, the Gaussian distribution is the
maximum entropy (i.e. maximum uncertainty) distribution for real-valued random variables.
See Part III of this book, dealing with applications of information theory.

14 See Appendix F on distributions for the definition and properties of the distribution 8(z).
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The standard probabilistic form becomes

p(tl§, w) = §(t — tanh(wo + w1§))
The posterior distribution becomes:

p(w)p(n &, w)
[ dw p(w)p(t11L, w)
_ 8(=(1/2) — tanh(wo + wi))e v /2
B [dw §(—(1/2) — tanh(wE) + w/l))e—w/z/Z

p(w|D) =

S(wo + wq + alrtanh(l/Z))e_“’z/2

- S dw’ 8§(wjy + wi + artanh(1/2))e—w"/2
S(wo +wq +In «/§)e_"’2/2

- [ dw 8(wjy + w) +1In V3)ew?/2

(6.17)

using the same identities as in (6.16). Note that the posterior (6.17) is
nonzero only along the line wy + w1 = — In+/3 in the parameter plane, and
that along this line it is maximal for the choice wy = w1 = —% In+/3. This
latter result simply follows from calculating the minimum of w? along the
line wo + w1 = —In+/3, and is illustrated in Figure 6.5 (right).

Before we observed any data our uncertainty about the parameters
w = (wg, w1) was described by the Gaussian prior p(w). The arrival of the
data point (1, —%) induced a collapse of this prior to an infinitely narrow

distribution along the line wy + w1 = —In+/3, that is, a ‘slice’ of the
1.0
p(w|D)
05
p(w)
0.0 . L L
-2.0 0.0 2.0 -0.5 0.0 0.5
w wo

Figure 6.5 Left: reduction of parameter uncertainty due to arrival of data in Example 1,
from a Gaussian prior distribution p(w) to a §-peaked posterior distribution p(w|D).
Right: reduction of parameter uncertainty in Example 2, from a Gaussian prior
distribution p(wg, w1) (contour lines) to a posterior distribution p(wq, w1|D) with support
only along the line wo + w1 = — In+/3 (with its maximum at the point indicated

by + in the figure).
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two-dimensional Gaussian prior in the parameter plane. The most likely
parameter vector is wg = wq = —% In /3, but we note that in (6.17) we also
have exact quantitative information regarding the uncertainty in (wg, w1).

Note, finally, that in contrast to the above two simple examples we will
generally have to allow for data generating models that incorporate noise,
in order to retain a nonzero probability for having generated the—generally
noisy—observed data.

The link between Bayesian learning and traditional learning

At first sight it appears that Bayesian learning is quite remote from
traditional gradient descent learning on an error surface, possibly with
regularization, as in

d 1<
= VulEiw) F 2B, )] Eiw) = Y Elty — fE";w) (6.18)
u=1

in which £(u) represents a single-point error measure, the function E,, (w)
represents a regularizer, and with w € IR”. To reveal the link between the
two points of view we must turn to (6.14), which we write as

p
Inp~'(w|D) =—Inp@w) — Y In p(t,|&*, w)
n=1

p
+ln/dw’p(w') 1_[ p(t, 8", w")
n=1

Finding the most probable parameter vector wyip, given the data D, is
equivalent to minimizing In p~!(w|D), that is, to minimizing the quantity
S(w, D):

p
S(w, D) = —Inpw) — ) In p(1,|&*, w) (6.19)
n=1

Let us work out this expression for the following simple and natural class
of data-generating models: t = f(§;w) + z,

§ ——~ fEw) ——— fEw 42z
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Here f denotes some parametrized function, as performed, for example,
by the standard neural networks (MLP, RBF) that are traditionally used in
gradient descent learning of the type (6.18). Additive noise in the data is
represented by z, a zero-average random number. If this noise variable is
distributed according to P(z), one has

p(tl&;w) = Pt — f(§;w)) (6.20)

Now the function (6.19), whose minimum gives the most probable
parameters, reduces to

1 1< 1
—S(w, D) =——Y InP(t, — f(E";w)) — — In p(w)
p P p

Comparison with expression (6.18) reveals the following:

e Learning by finding the minimum on a training error surface, with regu-
larizer, as in (6.18), is equivalent to finding the most probable parameter
vector wyrp. This is also called the Maximum A Posteriori Probability
(MAP) procedure.

e Choosing a specific single-point error measure £(u) in (6.18) means
making the following assumption on the data noise statistics: P(z) ~
e_g(Z).

e Choosing a specific regularizer LE,(w) in (6.18) means deciding on

the following specific prior distribution for the parameters w: p(w) ~
o= PMEu(w).

Our previously ad hoc choices of error measure and regularizer are now
replaced by direct interpretations, and hence guides for how to make appro-
priate choices. We also learn en passant that the regularizer strength must
scale with the number of examples as A ~ p~ L.

For example, learning by minimization of the simplest (quadratic)
training error measure & (u) = %uz and quadratic regularizer, viz.

d 1 & 1
gy — — . _ nw. 2 - 2
wv= "V"’{zp MEZl[tM fE" w)] +2Aw } (6.21)

is now recognized as fully equivalent to finding the most probable parameter
vector wyp for the following type of model:

o (P 2 —Blr—f (&;w)1>/2 _(ANMP?
ptl&;w) = <27r> e p(w)—<2n> e
(6.22)
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For this choice the function (6.19) simplifies, up to an irrelevant constant, to:

p
$w,0) =5 3, — fEtwr+ Sw?
n=1

N 1 P . 2 1l o 2
—ﬁpizl;[lu—f(guaw)] +§Ew } (6.23)

This is indeed proportional to the function being optimized in (6.21) if we
identify A = a/Bp. We thus need no longer guess the value of A, but can
relate it to our assumptions about the prior and the noise level

N a 1 B !
—_ o= —F =
Bp (w%)prior <12>noise - <t>ﬁoise

Quantities such as @ or B in (6.22), which are not themselves adjustable
parameters in the sense of w, but are more global parameters which reflect
prior knowledge of the problem and influence the learning process are called
hyperparameters.

Approximation of the posterior parameter distribution

If we were to only calculate the most probable parameter vector wyp
we would gain only interpretations compared to old-fashioned training
error minimization. The power of the Bayesian techniques is that they also
provide information on the reliability of a learning outcome. This informa-
tion is embodied in the full posterior distribution p(w|D), which can be
written in terms of (6.19) as

e—S(w,D)

p(wlD) = fdw’e_s(w/’D)

(6.24)

In those cases where S(w, D) has only a single relevant local (and thus also
global) minimum wyp, the reliability of the learning outcome is mainly
coded in the local curvature (i.e. the ‘width’) of S(w, D) around wyp. We
now expand S(w, D) in the vicinity of wyp:

S(w, D) = S(wnmp, D) + F(w — wyip) - A(w — wyip) + O(|w — wwpl®)
(6.25)

928

- dw; dw;
wy

Ajj (6.26)

P
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Here A is called the Hessian matrix of S at the point wyp; linear terms are
absent in (6.25) due to wyp being a minimum. Truncation of the expan-
sion (6.25) after the quadratic term leads to a Gaussian approximation of
the posterior p(w|D):

S(w, D) — S(w, D) = S(wmp, D) + 3(w — wyvp) - A(w — wyp)  (6.27)

det A
QmM

1/2
p(w|D) — p(w|D) = [ ] e~ (W—wmp)-A(w—wyp)/2 (6.28)

Average, variance and covariance matrix of the approximated posterior
distribution p(w|D) are given by the following identities (see Appendix D)
involving the inverse of the Hessian (6.26), with the notation (f(w)) =

[ dw f(w)p(w|D):

(wy=wymp  (wiw;) — (wi)(w;)=(A"h); (6.29)

6.3 Predictions with error bars: real-valued functions

Learning and predicting the action of continuous real-valued functions from
(noisy) data examples is called regression. As we have seen in the previ-
ous section, a trained network is within the Bayesian framework described
by the posterior distribution p(w|D) for the system parameters, as given
by (6.14). Prediction then proceeds via formula (6.15), which can also be
written in terms of the function S(w, D) from (6.19) as

o—Sw,D)

Faweswm (630

p(tlﬁ,D)=/dwp(t|§,W)p(WID) p(w|D) =

This formally defines the statistics of the output to be associated with
input &; p(7|&) is also called the predictive distribution.

Mean and variance for Gaussian output noise and Gaussian priors

We now work out output average and variance of (6.30) for the simplest
class of systems (6.22), that is, a parametrized function f (&; w) with additive
zero-average Gaussian data noise:

E—— f&Gw) ———fEw) +2
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The moments (t) = [dtt p(t|&, D) and (t*) = [ dtt? p(t|&, D) become,
if we transform the integration variable by putting r = f(&;w) + z//B:

ﬂ 1/2 /2
(0 = (E) / s [ dwe P SEE2p@iD) (631
/d R8s w) + 2/y/Blp(w] D)
= [ dw 5w pwiD) (6.32)
2 p 12 2 sw)]2/2
() — (E) fd” /dw e BU=FEDP2 )1y
/dw e T2 f (& w) + 2/V/B p(w| D)
1
— 5+ / dw 128 w) p(w| D) (6.33)
The prediction variance o2 = (1) — (£)*> now follows as

=1 [aurgw (wID)—Ude(E'w) <w|D>]2 (6.34)
- /3 bl p > p *

variance due to uncertainty about system parameters

The first term, =1, represents the intrinsic uncertainty in the data gen-
eration model; the remainder in (6.34) reflects our uncertainty about the
right parameters after having learned the data. The Bayesian predicted out-
put t*(&) for the input &, and its associated error margin Ar*(§), are now
defined as (r) and o, respectively!’

(€)= / dw £ (& w)p(w|D) (6.35)

1 2
A @F = 5 + / dw (& w)p(w| D) — { f dw f (& w)p(ww)]
(6.36)

15 Note: *(&) need not be identical to f(&; wyp), where wyp denotes the most probable
parameters.
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We note briefly that the above results for (r) and (r2) can also be derived
by writing

(t") =/dw p(wlD)/dtt”p(tls,w)

Because p(t|&, w) is a Gaussian distribution with mean f(§; w) and variance
1/, the integral—or average—over ¢ gives f(£; w) forn = 1 and f2(&; w)+
1/8 for n = 2, respectively. This leads directly to (6.32, 6.33).

We assume in the following that the prior on w is Gaussian. The function
S(w, D) is then given by (6.23) and p(w|D) has the form

e—S(w,D)

_F ; 12 1 E a2
TaweSwn S0P =50 I~ fESwE 45w

u=1

p(w|D) =
In the pair (6.35, 6.36) we now have proper predictions with error bars.

Simplification for approximated posterior distribution

The above exact result (6.35, 6.36) can be simplified using the approximated
posterior distribution p(w|D) of (6.28). To get the (approximate) predicted
outputs and error bars, we need the averages (/" (€; w)) taken over p(w|D),
a Gaussian distribution with mean (w) = wyp and, from (6.29), covariance
matrix A1, We isolate the mean by writing w = wyp + u, so that u is a
Gaussian random vector with zero mean and covariance matrix (u;u;) =
(Afl),','. Even so, we cannot in general evaluate the averages (f"(&; wnmp +
u)) exactly. We therefore make one further and final approximation: if the
width of the distribution of u is small, that is, if A is large, then we can
expand

fEwvp +u) = fEwmp) +u-x@) +1u-BEu+ 0w’ (6.37)

where x;(§) = 0f(&w)/0wiluy, and Bj(§) = 9% f(&w)/dwidw,|uwyp.
We now systematically neglect all terms of order #> and higher. The average
over the zero-mean Gaussian vector u kills the third-order terms anyway,
so the first terms that we are genuinely neglecting are those of order u?,
whose averages would scale'® as A=2. We thus get

t*(&) = (f (& wwmp +u))
= f(&wwmp) + (u) - x(&) + % Z Bij(&){uju ;) + O(A™)
if

= f(&wwmp) + Ft[BE) AT+ 047 (6.38)

16 e symbolically write A=2 here to refer to terms which are quadratic or of higher order
in the elements of the matrix A~
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where the trace of a matrix is defined as usual, trC = ), C;. For the
calculation of the error bars, squaring (6.37) and retaining only terms up
to quadratic order in u gives

FHEwmp + 1) = [fEwmp) +u-x§) + Lu- BEu* + Ow?)
= (& wnmp) + 21 (& wvp)u - x (&)
+ f (& wyvp)u - BE)u + [u - x(&)]> + O@?)

Averaging over u then leads to

(F2(Ewamp +w) = F2(& wmp) + f(& wap)tr[B(E)A™!]
+x(&) - A X)) + 047

For the error bars (6.36) we need the difference between this and [£*(&)]2.
The latter is, from (6.38),

() = (& wmp) + fEwwp)[BEAN+0A47H  (6.39)

and so the approximate error bars follow as

1
[AT* (&) = FRi (f2(E; wamp + w) — (f (& wap + u))?
= % +x(&)- A‘lx(E) + (’)(A‘Z) (6.40)

For expressions (6.38, 6.40) to be accurate!” and useful—given our earlier
assumptions of Gaussian additive data noise and a Gaussian prior—we need
p(w|D) to be (i) approximately Gaussian, and (ii) sufficiently narrow. The
latter condition means, in view of (6.29), that (the elements of) A~! can
indeed be treated as small.

Models for which the above truncation is exact

In order to appreciate the nature of the approximations one would arrive
at by simply neglecting the O(A™2) terms in (6.38, 6.40), it is instructive to
determine the conditions under which they become exact. Given Gaussian
data output noise and a Gaussian prior

p(w) = (%)M/z e—ow?/2

17 In many textbooks one finds that the second term in *(&) is also neglected; this is
equivalent to retaining only the first two terms in the expansion (6.37).
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the approximation (6.28) is exact only if S(w, D) (6.19) depends quad-
ratically on w, that is, if f(&;w) depends linearly on w,

512 , M
pms;w):(g) TGP ) =S mi @) (6.41)
i=1

Here {¢; (&)} is a set of in principle arbitrary functions; RBF networks con-
stitute a concrete example. Because of the linear dependence of f(&;w) on
w, models of the form (6.41) are also known as generalized linear models.
For them, also (6.37) is exact when truncated after the term linear in z,
so B(§) = 0 and the O(A~2) terms in (6.38, 6.40) are absent. Further-
more, since S(w, D) is now truly quadratic, we can calculate x (§) and wyp

explicitly. We define ®(&§) = (¢1(£),...,0m(§)), and get

p
S(w, D) = %,3 Z[tu —w- BEN + %awz
n=1

14 p
= %/3 Dot —Bw- Y 1, ®EY) + %w CAw  (6.42)

n=1 n=1

P
Aij=asii+BY  ¢i(E"),(E") (6.43)

n=1
Since the Hessian matrix A is positive definite (provided @ > 0), the
surface S(w, D) is convex and has a unique minimum, which is cal-

culated simply by putting 9S(w, D)/dw; = 0 for all i. This reveals
Awyp = B Zizl l‘luq)(gu'), or

14
wyp = BAT Y 1, B(EN) (6.44)
n=1

One also has, from (6.37), x;(§) = ¢; (). Insertion into (6.38, 6.40) then
gives, for models of the form (6.41), the fully exact result

p
1
rE =pBE) - AT Y 1, @EY),  [ArE)) = 506" ATl
n=1
(6.45)

Estimation of hyperparameters

The predictions and error margins in (6.38, 6.40) and (6.45) obviously
depend on the choices made for the hyperparameters o and 8. We will
discuss a proper procedure for this later. A simpler and sometimes quicker
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Figure 6.6 Bayesian prediction on the basis of a 9th-order polynomial with assumed
Gaussian data noise of variance !, and a Gaussian prior of variance =1 = (0.0058)~L.
Solid line: the target function g(x) = % + sin(27x) to be learned. Circles: nine noisy sample
points of this function. Dashed line: predicted function #*(x) after learning. Dotted lines:
t*(x) £ Ar*(x), where At*(x) denotes the Bayesian prediction uncertainty. Note: the actual
noise variance corresponds to 8 = 12.

method for estimating o and B is the following. Provided the number
of data points p is not too small, it makes sense to require that the
trained system will on average (i) predict correctly the outputs for the
data points used in training, and (ii) make errors on these training data
whose magnitude is of the order of the uncertainty it associates with its
own predictions:

1< 1<
=Y M= EI=0 = (It — " ED) — [ArEDP} =0
p =1 p =1
2 28
(6.46)

These two equations can be used to determine « and 8.

Example 1. Let us illustrate the above procedures using the example prob-
lem of (6.9), which involves a parametrized function of the form (6.41),
with a quadratic regularizer term %)»wz. The non-Bayesian solution to this
simple problem—that is, minimize the training error plus regularizer—is
easily calculated and found to be

p
@) =) GiB Y ui(x), By =2pdi+ ) ¢i(x)¢(x,)
ij 7 u=1

(6.47)
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The Bayesian answer (6.45), assuming Gaussian output noise and a
Gaussian prior, would be exactly the same!® as (6.47), with A = a/Bp
and A = BB, but it would also equip this answer with the following error
estimate:

M
A (x) =72 |14 i) (B~ (x) (6.48)

ij=0

The result is shown in Figure 6.6 for a/8 = 0.005, ¢¢(x) = x* for 0 <
£ <M =9,and B € {10,20}. The actual value of the variance of the noise
on the training outputs in this example, which is unknown to the network,
corresponds to B = 12. As expected, we see again in the above graphs
that it will be very important to have a tool with which to calculate the
hyperparameters « and B.

Example 2. Our second example is also a simple linear system as in (6.41),
but now the input vectors are two-dimensional, and we will focus on finding
the hyperparameters via the conditions (6.46):

g2 )
p<r|s;w>=(5) TGP fg ) —wg (6.49)

with &, w € R?, and prior

—aw2/2

(w) = -
pw) = Zyre
In the notation of (6.41) we here have ¢;(§) = & and M = N = 2.

The data points to be learned from, four in number, are taken to be the
following:

ELn) =01,0,3) &%) =0,1,H
E,5) = (-1,0,—-1) (1) = (0,-1),—3)

For this choice of data the matrix A (6.43) becomes

S R (O R O R |

=(a+28)1

18 This is, of course, a direct consequence of our choice of a simple linear example.
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Its inversion is trivial, and hence the predictions and error bars (6.45) can be

worked out explicitly. Using A~ = (o +28)"'1 and >_* a1 € = (1,1)

one arrives at

B(&1 + &2) (AF @) = ! +$1 + &2

r&) = o+ 28 a+28

(6.50)

In order to work out the relations (6.46) for the present example we next
calculate the system’s output predictions for the four data points:

P _ I
ar2p  TE=reh=g

AP ED) = AP (ED) = ASF(ED) = A/ (EY — a+ 38
t*(&7) t* (&%) t*(&7) t* (&) ‘/—ﬂ(aJrzﬂ)

Since also Zi:l t, = 0, the first condition of (6.46) now reduces to the
trivial identity 0 = 0. The second condition of (6.46), however, gives us

a+38  1|(3 B > 1 B g
Ba+28) 4 (Z_a+2ﬁ> +<Z_a+z,s>
1, g 3. B Y
+<_Z+a+2ﬂ) +(_Z+a+2ﬂ>:|
1 [ 3a+28\* [a—28\*
32 <a+2ﬂ> +(a+2,3)

Working out this expression and putting « = A8p = 418 leads to

rEH =) =

1+ (10/3)x + (8/3)22

=24
p 1441+ 202

(6.51)

We thus have only one free hyperparameter left. Putting @ — 0 (since
p = 4 and we have just two adjustable parameters there should in principle
be little need for regularization via a prior) gives, via (6.51), the prescription
B = 24, and hence the final predictions

rE =1E+8)  ArE) =1/3Q+EE+ED (6.52)



6 : Bayesian techniques in supervised learning

This result is indeed perfectly consistent with the statistics of the train-
ing data:

actual data *(§") £ Ar*(EM)

f 3/4 12 +1/4
B 1/4 12 +1/4
;. —1/4 —1/2+1/4
42 —3/4 —1/2+1/4

From (6.50), the model is also seen to take the sensible decision to assign
increasing error bars when predictions are requested on input vectors which
are further away from the origin (around which the training data are
located).

6.4 Predictions with error bars: binary classification

Predicting binary classifications on the basis of (noisy) data examples pro-
ceeds in a way similar to regression. A trained network is in the Bayesian
picture given by the posterior distribution p(w|D) (6.14) for the system
parameters, and prediction is again based on (6.15):

p(t1E, D) = f dw p(t]&, ) p(w|D)

pw) [1)_; Pt lE", w)
Jdw p) [T/ _; pt.lE",w)

p(w|D) = (6.53)

The only difference with regression is that, in view of the requirement to
extract binary outputs from continuous parametrized functions, the output
noise can never be Gaussian.

E—— fEw Tfﬁfit?f,’id L e{—1,41)

Z

Without output noise we could define the deterministic binary operation
t(§) = sgn(f(§;w)), with the usual sign function. Adding noise implies
allowing (occasionally) for the output + = —1 even when f(§;w) >0
and for t = 1 even when f(§;w) < 0. So p(1]§,w) must be a
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monotonically increasing function of f(&;w), such that p(1/§,w) — 0
when f(&;w) - —ooand p(1]&, w) — 1 when!® f (& w) — co. A common
choice is:

p(1l&,w) = 1 + § tanh(f (&; w))
(6.54)

p(=11&,w) = 1 — Ltanh(f (& w))

Decision boundary and measure of uncertainty

Our objective is to classify new inputs £ into one of two categories. Hence
learning from data is here equivalent to deciding on the decision boundary
in input space, and to quantify the uncertainty of this decision. If we simply
combine (6.53, 6.54) we arrive at (with r = &£1)

p(t1&,D) = 3 + 5t [(§,D) (6.55)

J dw tanh(f (& w) p(w) [T),_; pt.lE", w)

I(§,D) =
&0 Jdwp) [T)_; p(t.l8", w)

(6.56)

We classify *(§) = 1 if p(1/§,D) > p(—1|§,D), and *(§) = —1 if
p(11&, D) < p(—1|&, D). Hence the decision boundary in &-space is defined
by I(¢, D) = 0. Our uncertainty is measured by

p(11&,D),  when*(&) = —1

At* (&) = Prob[incorrect classification] =
p(_llgaD)’ When t*(E) =1

Using the definition (6.56) these statements can be summarized as
(&) =sgn(I(§,D)  A*(§) =5 — 3|, D) (6.57)

At the decision boundary I(§,D) = 0 we have Ar*(§) = %, that is,
a misclassification probability equivalent to random guessing, as it
should be.

19 An implicit requirement is that the selected parametrized function f(£;w) can actually
be made to approach +oo by suitably boosting the parameters w. This, however, can always
be achieved. For example, if we initially have a bounded function g(&;w), we can add an
extra adjustable parameter wo and define f(x;w) = wog(&; w).
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Example. Let us consider a simple task involving the binary classifica-
tion of two-dimensional vectors, with a linear parametrized function and a
Gaussian prior:

EweR2  fEw) =w-§ p<w>=%e—“w2/2 (6.58)

and with the following two data points

Working out the key function I (&, D) of (6.56) for this example gives

J dw tanh(w - E)e“’”’"z/2 ]_[,ZF1 pt, &, w)

1(§,D) =
& Jdw e 2 T2y p(t,, 18", w)

_ [ dw tanh(w1§; + wzéz)e*“wz/z[l — tanh(w»)]?
B [ dw e—2w*/2[1 — tanh(w»)]2

(6.60)

The decision boundary in input space is found to be given by the line &, = 0:
if we substitute this into (6.60) we indeed find 7 ((£¢1, 0), D) = 0. Verification
of the behaviour of (6.60) for & — oo further shows that 1(§,D) > 0
(and hence t*(§) = 1) for & < 0, and I(§, D) < O (and hence *(§) = —1)
for & > 0.

The more interesting and less trivial results concern the dependence of
the error measure At*(€) in (6.57) on &. In Figure 6.7 (left panel) we show
a contour plot of the misclassification probability A7*(§) in the input plane,
for « = 1. The model (6.58) assumes for any given w a linear separation,
plus data noise, along a line perpendicular to w. Clearly, the further away
from the data points, the larger the possible impact of an uncertainty in
the direction of this linear boundary, and this is seen to be reflected in the
contours of Ar*(§).

We continue with the example model (6.58), but now we add one more
data point, namely (&3, 13) = ((1, %), —1) and study its effect on the decision
boundary and the misclassification probability:
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Figure 6.7 Bayesian binary classification of two-dimensional input vectors & = (&1, &),
using linear classifiers with non-Gaussian data noise and a Gaussian prior on w of variance
a~! = 1. Thick solid line: the decision boundary, where p(1|&, D) = p(—1|¢,D) = %; here
the prediction uncertainty Ar*(§) = % is maximal. Below this line all points are classified as
t* (&) = 1, above it as t*(&) = —1. Circles: data points & (filled: 7, = 1, open: 1, = —1).
Thin continuous curves: contour lines of the error probability Ar*(&). Left panel: p = 2.
Right panel: p = 3, that is, one further data point has been added to those of the left panel;
see the main text for details.

Working out 1(&, D) of (6.56) now gives

1(§,D)

B [ dw tanh(w ~§)e“’”"2/2 Hi:l p(t.|E", w)
[ dwemew 2P p(1,|E", w)

_ [dw tanh(w1 €1 +wr£)e %" /2[1 — tanh(wy)12[1 — tanh(wq + w2 /2)]
B [ dw e=2®*/2[1 — tanh(wy)]2[1 — tanh(w; 4 w2/2)]

The decision boundary is now no longer given by & = 0; the balance of
evidence has changed. In Figure 6.7 (right panel) we show a contour plot
of the misclassification probability Ar*(€) in the input plane for the new
situation. Compared to the previous p = 2 case we observe both a change
in the location of the decision boundary (which also is no longer a straight
line, though numerically it is very close to one) and an overall reduction of
the misclassification probability. Note that, had the new data point been
less compatible with the first two, one could also have found an increase in
the misclassification probability.
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6.5 Bayesian model selection
Bayesian model comparison

In the formalism described so far one chooses beforehand a model assumed
responsible for having generated the data, followed by an analysis of the
likelihood of parameters for this model. This picture can be generalized
to include multiple candidate models. Instead of working with the joint
distribution p(D, w) of data and model parameters, we must switch to the
joint distribution p(D,w, H) to find data D, model H, and parameters?’
w for model H. The generalized picture then becomes

o Consider an ensemble of models H with associated parameter vectors w,
characterized by a probability distribution p(H, w) which evolves during
learning.

o Assume that the data D were generated by a system of a form contained
in our ensemble of models. Calculate the likelihood p(w, H|D) of models
and their parameters, given the data.

e Express the desired objects p(w|D, H) in terms of p(D|w, H) (as before)
and p(H|D) in terms of p(D|H), where p(D|H) = [dw p(D|w, H)x
p(w|H).

Learning is a process during which the arrival of data reduces our uncer-
tainty about the ‘right’ model H and its ‘right’ parameters w from the prior
distributions p(H) and p(w|H) to the posterior distributions p(H|D) and
p(w|D, H). Note that

p(Djw, H)p(w|H)

PO ) = o pw' [ H) p(DIw', H)

(6.62)

p(D|H)p(H)

H|D) =
PUHID) = S~ DI p(H)

(6.63)

Generalized Bayesian learning, with multiple models, now works like this:

Stage 1: definitions. Define (i) the parametrized models H, assumed
responsible for the data, (ii) the prior distribution p(H) for these
models, (iii) the prior distributions p(w|H) of their parameters, and
(iv) the data D = {(&L,11),. .., (€7, 1,)).

Stage 2: model translation. Convert the model definition into a stand-
ard probabilistic form: specify the likelihood of finding output 7 on

20 Note that different models will generally have parameter vectors w with different
dimensionality.
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presentation of input &, given model H and parameters w:
model definition in standard form p(z|§, w, H) (6.64)

Stage 3: the posterior distribution. Calculate the data likelihood, given
model H and model parameters w,

p
p(Dlw, H) = [ | p(t,.|&", w, H)
n=1

From this follow the desired posterior parameter and model distribu-

tions
D(w|D. H) — pwIH) [T, _; p(tulE", w, H) 6.65)
’ Jdw pw' [ TT)_; )", w', H) '
H) [d P How, H H
D(HID) — p(H) [dw [T, _; p(1,1€", w, H)p(w|H) (6.66)

Y p(H) [dw [T0_; p(t|&", w, H') p(w|H')

Stage 4: prediction. The residual uncertainty in the choice of model H
and parameters w generates the uncertainty in predictions. Prediction
of the output  corresponding to input &, given our observation of the
data D and our choice of model set, takes the probabilistic form:

p(11&,D) = ZP(HID)/dw p(t1&, w, H)p(w|D, H) (6.67)
H

As an alternative to Stage 4, which describes the final output statistics as a
weighted average over all models under consideration, one could also simply
select the most probable model H*, defined as p(H*|D) = maxy p(H|D).
This boils down to finding

p
maxy[p(H)p(D|H)] =maXH[p(H)fdw [1 p(tulé“,w,H)p(le)]
n=1
(6.68)

or, equivalently, can be done by comparing models pairwise via the ratios

p(H|D) _ p(D|H) p(H)
p(H'|D)  p(DIH') p(H")

(6.69)

This can then be followed by the ordinary Bayesian parameter analysis for
a single model H*, as described in the previous sections.
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Application to hyperparameter selection

We note that the above reasoning can also be applied to the hyperparameter
selection problem, as systems which differ in the choice of hyperparameters
(rather than in architecture) can be regarded as different candidate models
in the sense above. For instance, to describe the family of systems (6.22)

(BN i pewrn _ (N2 w2
pekwp=(15) e pwle) = (5=) e
(6.70)

with two hyperparameters (o, 8), we can simply make the replacement
H — (a, B) in our above formulae. The specific form of (6.70), for which,
for instance p(t|€, w, «a, B) is independent of o, and p(w|a, B) is independent
of B, also generates slight simplifications:

o Consider an ensemble of models of the form (6.70), characterized by a
probability distribution p(a, 8, w) which evolves during learning.

o Assume that the data D were generated by a system of the form
(6.70). Calculate the likelihood p(w,a,B|D) of its parameters and
hyperparameters, given the data.

e Express the desired objects p(w|D,a,B) in terms of p(D|w,a,p),
and p(a,B|D) in terms of p(Dla,p), where p(Dla,f) = [dwx
p(Dlw, f)p(wla).

Learning is a process during which the arrival of data reduces our uncer-
tainty about the hyperparameters («, 8) and the parameters w from the prior
distributions p(a, B) and p(w|a, B) to the posterior distributions p(a, B| D)
and p(w|D,a, B), according to

p(D|w, B) p(w]a)
J dw’" p(D|w’, B) p(w’|at)

p(Dle, B)p(a, B)
[ da’dp’ p(Dle’, B)p(a’, B')

p('lU|D,O[,,B) =

(6.71)

p(a,B|D) =

(6.72)

Generalized Bayesian learning, including learning of hyperparameters, now
works like this:

Stage 1: definitions. Define (i) the function f(&;w) in the parametrized
model (6.70), (ii) the prior distribution p(a, B) for its hyperparameters,
and (iii) the data D = {(&',11),...,(&",1,)}.
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Stage 2: the posterior distribution. Calculate the data likelihood, given
(o, B) and w:

P
p(Dlw,p) = [ pttulE",w,B)

u=1

From this follow the desired posterior distributions

oW 2= = fE w22

p(w|D,a,p) = (6.73)

[ dw oW 2B Yy~ f (E" w2

2 p )12
P, BN aMBP [ dw e @V /2B Xy ltn =/ Ew)I7/2

[da'dB’ (e, B)y/aMBP [dw e /2 Liiaaltu =/ E"w)/2
(6.74)

p(a,B|D)=

Stage 3: prediction. Prediction of the output 7 corresponding to a new
input &, given our observation of the data D and our choice of model
family (6.70), takes the probabilistic form:

oM p }1/2

p(1l&, D) =/dadﬂ p(a,mD)[

x /dw p(w|D, a, f)e W/ 2-Bli—fEGwI2 (g 75)

Again the learning problem has in principle been reduced to calculating
integrals. However, one will now have to think about how to choose the
hyperparameter prior p(«a, B).

Model selection—Occam’s razor

The Bayesian model comparison procedure, followed by model selection
according to (6.68) or (6.69), will automatically lead to the selection of the
simplest possible model H* which can account for the data D, subject to
prejudices embodied in the prior p(H). This desirable action is referred to
as implementing ‘Occam’s razor’. 2! To see how it comes about we return
to (6.69), and remove the effect of prejudice by putting p(H) = p(H’) for

21 After a monk, William of Occam, who is claimed to have first proposed the general
philosophical principle that one should always select the simplest possible explanation for an
observed phenomenon.
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all models {H, H'} under consideration. This gives

P(HID) _ p(DIH)
p(H'ID) ~ p(DIH)

(6.76)

To simplify the argument we will take the collection of possible data
sets D to be discrete and countable. Let us compare the following three
models:

model Hi: p(D|Hy) =0
model Hy: p(D|Hy) > 0 p(D'|Hy) =0 forall D' # D

model H3: p(D|H3) >0 p(D'|H3) > 0 for some D' # D

Model 1 cannot explain the data D. Models 2 and 3 can explain the data,
but 3 is more complex than 2 because it can explain, by a suitable choice of
parameters, a greater variety of possible data other than D. Hence Model 2
is the simplest model which can account for data D. Insertion into (6.76)
reveals

p(HAID) _ p(HiID) _  p(Ha|D) _ p(D|Hp)

= = = (6.77)
p(H2|D)  p(H3|D) p(H3|D)  p(D|H3)

One now always has )", p(D'|H) = 1 because conditional distributions
are normalized, for any model H. From this it follows for the above
examples that p(D|H;) = 1 — ZD,#D p(D'|Hy) = 1 and p(D|H3) =
1 - ZD,#D p(D'|H;) < 1. Hence we find in (6.77) that p(H>|D) >
p(H3|D) > p(H1|D), and that the Bayesian procedure instructs us to select
Model 2.

Example. We close with a simple example, to illustrate the action of
Occam’s razor. The task is to learn a binary classification of the inputs
& € {0,1} to the targets t € {—1,1}. There are four such classifications
possible, that is, four possible data sets with p = 2:

DA = {(05 1)5 (13_1)} DB = {(O)_l)a (13 _1)}
D¢ ={(0,1),(1,1)} Dp ={(0,-1),(1, 1)}

Given one of these data sets, we have to choose between two deterministic
parametrized candidate models Hy and H,, without initial prejudice, that s,
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p(Hy) = p(Hp) = %:

Hyi: 1(§) = sgn(w1) (6.78)
Hy:  t(§) = sgn(wy + w§) (6.79)
with w = (wi,wz) € R As a prior parameter distribution we take

p(w) = (2n)’1e’w2/2. Clearly Model 2 is more complex than 1. We will
select our model by working out the ratio (6.69). This requires cal-
culating p(D|Hy) = [ dwy p(w1)p(Dlw1, Hy) and p(D|Hy) = [dwx

p(w)p(D|w, Hy).
First consider model Hq. Here we have t(¢§) = 1 for all £ if wq > 0, and
t(§) = —1 for all &£ if wy < 0. Hence we simply find

p(Dalwy, Hy) = p(Dplwy, H1) =0

p(Dplwi, H1) = 6(—wq) p(Dclwi, Hy) = 6(w1)
with 6 being the step function, 6(z) = 1 for z > 0, 8(z) = 0 for z < 0. This
gives
p(DalH1) =0

1

0
p(Dp|Hy) = / dwi p(wy) = 3

(6.80)
R 1
p(Dc|Hy) = / dwy p(wy) = 3
0

p(Dpl|H1) =0

Next we turn to the two-parameter model H,. Here we have 1(0) = sgn(w1)
and #(1) = sgn(wq + wy). Hence we find

p(Dalw, Hy) = 0(w1)6(—(w1 + w2))
p(Dplw, Hy) = 0(=w1)0(—(w1 + w2))
p(Dclw, Hy) = 0(w1)0 (w1 + w2)

p(Dplw, Hy) = 0(—w1)0 (w1 + w2)
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With the shorthand y = (27)~! fooo dwle_w%/2 fucf dw, e"3/2 5 0 and
using the symmetries of the prior p(w), this leads to:

oo —w1
p(DalHy) = /0 dwy f dwy p(w) = x (6.81)
0 —wq 0 wq 1
p(Dp|H>) =/ dwl/ dwy p(w) =/0 dwy [ dwy pw) =5 - x
(6.82)
0,0] o 1
p(DclHy) = /0 dwy [ dw pwy = 5~ x (6.83)
g
0 00 00 o0
p(DplH>) =/ dwq dwy p(w) =/0 dwq dwy p(w) = x
—00 —wq w1
(6.84)

Finally we combine the results (6.80) and (6.81-6.84) into the following
picture:

p(D|Hy) Lo p(D|H3)
Loty
X X
Dy Dp D¢ Dp Dy Dp D¢ Dp

It follows from (6.69) that

p(H1IDA) _ ptHIDp) _ p(HiIDE) _ p(HilDe) _ 12
p(H2|Da) ~ p(Ha|Dp) p(H2|Dg) ~ p(H2De) ~ 1/2=

We conclude that when observing data D4 or Dp we must select
model H>, which is the only candidate model to explain these data, but
that when observing data D or D¢ we must select model Hi: both
models can explain these data, but Hy wins simply because it is the simpler
explanation.
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6.6 Practicalities: measuring curvature

When learning by gradient descent on the surface S(w, D), (6.19), and using
simple expressions such as (6.40) to assign error bars to neural network pre-
dictions, one needs to know the curvature matrix A as given in (6.26) at
the minimum wyp of S(w, D). In principle this matrix can be calculated
directly from the model definitions, but for many-parameter and/or multi-
layer networks this is difficult. Here we discuss an alternative, based on the
idea that the degree of curvature around the minimum will have a direct
effect on the gradient descent dynamics at the minimum when such dynam-
ics is equipped with additive noise. As a result the curvature matrix can be
extracted from a measurement of the fluctuations.

Let us assume we have arrived by gradient descent at the minimum wyp
of S(w, D). We now replace the (discretized) gradient descent dynamics by
the following noisy version:

Wil +€) = wi(t) — € 85(8"’ + V2 (o) (6.85)

where the n;(¢) are independently distributed zero-average Gaussian ran-
dom variables, with (niz(t)) = 1, and with 0 < ¢ « 1. The parameter
dynamics is now a stochastic process. Let us define averages and covariances
of this process as

wi() = (wi(0))  Cjt) = ([wi@) —wiO][w;(®) —w;(@®)])  (6.86)

Their dynamics follow directly from (6.85):

wi(t+e)=w;(t)—¢ <M>

Bw,-
Ciit +¢€) = (wit +e)w;(t +¢€)) —w;(t +e)w;(t +¢€)

. o 0S(w, D) o dS(w, D)
_<[w,(t) E—Bwi ”:wj(t) e—awj ]>

+ 28 —wi(t +e)w;(t + €)
8S(w,D)> Bt )<8S(w D)>

dw; wj

3S(w, D 3S(w, D
—(w;j(t)———— (w ) wj(t) —(w ) + O
w

l l

=Cj;i®) +e€ {25,‘,‘ - <w,>(t)

Since € « 1, the system can only make infinitesimal excursions w = wyp +
O(/€) away from the minimum wyp, hence we may safely replace S(w, D)
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by the quadratic approximation (6.25)
S(w, D) = S(wmp, D) + 3(w — wnp) - Aw — wyp) + O(e”?)
This implies that

3S(w, D) 35
Ty~ Ay = )+ OE)

Thus:
Wt +e€) =W(t) — € AW — wyp) + O(e¥/?)

Cij(t +€) = Cji(1) + 6{251',' - <wi(t) ZAjk(wk(t) - wMP,k)>
K

+ Wi (1)) Ajr(Wi — wmp ) — <w S0 Aiw(t) — pr,k>>

k k

+Wi(0) Y AWy — pr,k>} + 0%
k

We now arrive at the simple result (using the symmetry of both A and C):
C(t+e)=C@t)+e[21—CA— AC]+ O(?) (6.87)

One can show that, provided ¢ « 1 (more specifically: provided € < 2/a;
for all eigenvalues g; of the matrix A), the leading order of (6.87) will evolve
towards the stationary state C = A~!+(,/€), and the vector w will evolve
towards wyp. Hence the desired curvature matrix A can be measured in
equilibrium, by choosing ¢ sufficiently small, according to

e=0: A=C"'  Cj= lim((w —wypillw; —wwe;l)  (6.88)

6.7 Exercises

Exercise 6.1. (Reduction of uncertainty due to data.) For Example 1 in
Section 6.2, consider the more general case where the outputs are cor-
rupted by additive Gaussian noise, which corresponds to p(t|§,w) =
(B/2m)V/% exp[—B(t — tanh(w&))?/2]. The normalization of the posterior
p(w|D) ~ p(w)p(r1]&1, w) is not easy to work out, but for getting the shape
of p(w|D) this is unimportant. Plot the unnormalized p(w|D) for a range
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of values of B and try to get an intuitive understanding of the effects of B.
In particular, for large B you should see a very peaked posterior—why,
and how does this relate to the case covered in the notes? Also consider the
opposite limit of small B—how does the posterior peak move as 8 decreases
and why, and what happens for 8 — 0?

Exercise 6.2. (Reduction of uncertainty due to data.) Consider, similarly,
the generalization of the next Example 2 to noisy outputs. Make contour
plots of the unnormalized posterior, and study the effect of 8. Also consider
what happens if a second training example (£2,1,) is added to D, and play
with the values of €2 and ;. For generic values (with || < 1) you should
see the posterior becoming concentrated on a point in the (w1, wy)-plane as
B — oo. What happens for £2 = 1,1, # —%, and why is this case special?

Exercise 6.3. (Bayesian regression.) Explore Bayesian regression with gen-
eralized linear models, as defined by (6.41), for inputs in one dimension,
that is, for x € R. Choose, for example, a sample of input points x,,, either
regularly spaced or random. Define corresponding training outputs 7, by
adding noise to some target function which you choose. Choose a set of basis
functions ¢;—powers of x are a natural choice to start with—and hyper-
parameters « and 8. Then evaluate the prediction and error bars (6.45). Play
with: «, B, the size of the training set, the complexity of the target function
(e.g. try polynomials of various order), the complexity of the model used
for learning (e.g. by varying the number of basis functions, which corres-
ponds to fitting polynomials of different orders) and the level of noise on
the training outputs. Compare also with the case of RBFs, for example,
with ¢;(x) = exp[—(x — r;)?/2¢2] where the r; are the centres of the RBF
and ¢ is their width.

Exercise 6.4. (Bayesian regression.) Continuing with the case of generalized
linear models of the previous exercise, consider the probability of the data D
given the model specified by « and g, p(Dl|a, ) = [ dw p(D|w, B) p(w|a).
The integral over w can be done explicitly because it is Gaussian; you

should find

21In p(Dle, f) = MIna + pln (B/27) — B>t — Indet(A) +¢- A "¢
n

with A defined in (6.43) and ¢ = 8 Zu 1, ®(E") = Awpp. All sums over u
run from 1 to p as usual. Verify that for p = 0, where all these sums are 0,
this expression reduces to p(D|a, 8) = 1, and explain from the definition
of p(D|a, B) why this result must hold quite generally.

Exercise 6.5. (Bayesian regression.) Consider a linear neural network which
produces an output ¢ € R for every input vector (or question) & € RY,
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subject to output noise whose strength is measured by o > 0, such that

p(t]E, w) = c,—w(ﬂ) /dz 2We) =1, W) = W(—2)

o

for some noise distribution W (z). The data used in training consist of p pairs
of questions and corresponding answers: D = {(£!,1),..., (&7, 15)}, with
all 7, € {—1,1}. Choose the Gaussian prior p(w) = (a/Zﬂ)N/ze_"‘"’l/z,
and consider data sets with orthogonal and normalized input vectors:
gH . gY =5,,. Show that

(wi)p = K1 Zm?,-”
n

1
(wiwj)p = - 8ij + K3 Y oElEt KTy nElEn
2z HFEV

where
_ [dz(1+02)" e (100%/2 (5
a fdz e—a(1402)2/2 W(z)

n

Hint: in doing w integrations it might be helpful to use input vectors as basis
vectors, by putting w = Zizl uyt, E*+v, with v-£* = 0 for all 4. Calculate
the prediction *(§) and its uncertainty Ar*(§) for the case of Gaussian
output noise: We(z) = (271)_1/26_12/2. Also calculate the prediction *(€)
and its uncertainty At*(€) for the case of binary output noise: Wy(z) =
38z — 1)+ 38z +1).

Exercise 6.6. (Bayesian hyperparameter selection.) Apply the result of
Exercise 6.4 to the problem of selecting the best values of the hyper-
parameters o and B. Ignoring the hyperprior factor p(a, B) in (6.72), we
need to maximize p(Dla, B), or equivalently 2 In p(D|a, ). Show that the
extremum condition for « is

ol D M
_,dnp@Dle,p) M 142,
107 o

0

Hint: You will need the identities (3/dc) In det(« 1+M) = tr(a T+M)~! and
(8/dc)(@T+ M)~ = —(aT+ M)~2, which hold for symmetric matrices M.

Using the properties of the Gaussian posterior, show that this extremum
condition can be written in the intuitively appealing form (w?),q) =
(w?) (w|p): the mean-squared length of w must be the same over the prior
and the posterior. Also try to derive the extremum condition for B. This
is somewhat easier if you first rewrite 2In p(D|a, B) in terms of B and
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A = a/ppB; the vanishing of the A-derivative gives you back the condition
on « found above.

Exercise 6.7. (Bayesian model selection) For the model selection example
at the end of Section 6.5, show that x = 1/8. This can be seen as follows:
in the (w1, wy)-plane, sketch the integration domain which defines x. Then
exploit the fact that the integrand p(w) = (27)~! exp[—%(w% + w%)] is
isotropic, with integral across the whole plane equal to unity. Alternatively,
transform the integral defining x to polar coordinates in the (w1, wy)-plane.

Exercise 6.8. (Bayesian model selection) Consider linear neural networks
H that produce outputs 1 € R for every input vector & € IRV, subject
to Gaussian output noise, and with the usual Gaussian priors for their
weights. The data used in training consist of p pairs of questions and
corresponding answers: D = {(El,tl),...,(’;‘p,tp)}. Choose N = 2 and
compare two models H; and H» of this type, both with @ = 1 but with
different hyperparameters S:

B1 172 2 2
Hy: p<r|s,w)=(5> e PUTOS2 p(w) = )N 2emW /2

Hy: _ (B2 pewr _ () N/2 w2
2t ptl§,w) = (Z) e p(w) = (2m) e
Assume the a priori odds to be unbiased, that is, P(H1) = P(H>). Evaluate
the ratio P(Hy|D)/P(H,|D) for the data D = {((1,0), 1), ((0,1),—2)}, and
find the most likely model for these data if 81 = 2/3 and 8, = 1. Hint: study
the properties of the function f(x) = x exp(—Kx) for x > 0.
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Gaussian processes

We return in this chapter to the general Bayesian formalism for a single
model. So far we have worked out everything in terms of the posterior
distribution p(w|D) of the model parameters w, given the data D; to get
predictions, we need to integrate over this distribution. Often the model
parameters w are not easy to interpret, so knowing their distribution is
in itself not particularly desirable. Also, it is not easy to see exactly what
prior assumptions on the input-output relation are implicit in choosing,
for example, a Gaussian prior on w. One may therefore ask oneself whether
it is possible to eliminate the parameters w and such model-specific details
as network architectures from the formalism, and recast everything directly
in terms of the relation between inputs and outputs that we are really
concerned with. We show in this chapter that the answer is yes. In fact,
it will turn out that for a large class of models such an approach leads to
easily interpretable priors, and simple explicit predictions and error bars.

7.1 The underlying idea
From model parameter statistics to input—output statistics

We begin by showing that the predictive distribution p(7|§, D) for the
output z corresponding to some test input & can be written as a ratio of prior
probabilities. The data are, as before, given by pairs of example inputs £
with corresponding noisy outputs ,,:

D= (&Y 1),..., (P 1))

Writing this out in full, the predictive distribution p(t|§,D) =
Jdw p(r|&, w) p(w| D) becomes

P(f|§,§1,- .. ,Sp,ll,. .. ,tp) = /dw p(t|§a l,U)p(W|§l,. . .,&p,lj,. .. ’tp)
(7.1)
Using the core identity (6.14) for the posterior distribution p(w|D) =
p(wl&l, &P, 1) gives

p(tIEEY, . &P 1, 1) = Jdw p(lg, w) p(w) [T, p(tul8", w)
Jdw pw) Ty p(tulE", w)
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The expression in the denominator is recognized as

14
Pyl 8 = [dwpo) [T pwletw (72

u=1

that is, the joint probability of the training outputs #1,...,1, given the
training inputs &!,...,&7, under the prior p(w). The numerator has a
similar form except that the test input and output are included. We thus
arrive at the simple and transparent expression

(. s tplE, &L, EP)
plE, &Y, &P ) =L 2
! ? p(l1,...,lp|§1,...,§p)

This is of course just Bayes’ theorem: conditioned overall on &, &', ..., &7,
the conditional probability of ¢ given #1,...,7, equals the joint probability
of t and 11,...,t,, divided by the probability of #1,...,7,. To get (7.3) one
then only needs to realize that the latter probability is independent of &.
This is clear intuitively, or can be shown formally by integrating over 7:

(7.3)

p(tla"'atplgsgls”'sgp) =/dtp(tatla'"atp|£5§l"”9§p)

p
_ / dr / duw pmg,w)( [ peales, w))p(w)
P !
= /dw( 1_[ p(tulgua w))p(w)
n=1

= plt1,.. > 1plE',. ., EP) (7.4)

Here we have used the normalization of p(¢|€, w) to do the 7-integral.

The summary so far is that knowledge of joint output probabilities of the
type p(t1,. .., tp|§1, ..., EP)—for arbitary p, {¢',..., &P} and {r1, ... SIp—
is enough to let us make predictions within a Bayesian framework. Gaussian
processes are a simple way of specifying these probabilities without needing
to refer to the prior over weights as in (7.2). Before we define them, it is
useful to separate off the effects of the noise on the data. We do this by
writing 7, = y, + 2, where y, = f(§*,w) is the ‘clean’ output corres-
ponding to £* and z,, is the noise, distributed according to some zero-mean
distribution P(z). We can then write (see Appendix F for information on
the §-distribution)

6", w) = / Ay, plial )8 (e — £, w)) (7.5)

Here the conditional probability of the noisy output given the clean one is
p(tuly,) = P(t, — y,) and is, as indicated by the notation, independent of
&" and w. Inserting these identities, one for eachof u =1, ..., p, into (7.2)
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we have

p
p(tla-":tp|§la-"9§p) = / < 1_[ dylt p(ﬁ;b’u))

u=1

p
X /dw ]_[a(yﬂ - fE", w)) p(w)
n=1

P
= / < [T dv P(fub’u))l?(yl, L yplEL L EP)

n=1
(7.6)

As could have been expected, this expresses the joint prior distribution of
the noisy #,, in terms of the joint prior distribution of the clean outputs y,,,

P
POl 80) = [dw [T = & w) pw)  (77)

u=1

by adding independent noise to each y,.

Definition of Gaussian processes

The defining property of a Gaussian process is now that the distribution
(7.7) is a multivariate Gaussian distribution, for any p and any choice of
the inputs {&',...,£”}. Note that this definition refers to the prior dis-
tribution of the y,, so Gaussian processes are one way of specifying our
prior knowledge about a problem; the noise distribution can be chosen
independently. The joint distribution of the {y1,...,y,} is fully specified
by its means and covariances. Let us work out how these will depend on
the inputs {£',...,&"}. If we denote averages over the distribution (7.7)
by (---), we have for the means

p
(V) = / (Hdyp>yup<y1,...,yp|§1,...,s")
p=1

= /dyu Y pOulEl, . ED)

= /dyu Yu P |EM)

This shows that (y,) is dependent only on &” and can be written as
some function a(§") which defines the input-dependence of the mean of
the Gaussian process. In deriving this result we have used the fact that
the distribution of y, is independent of all the inputs & 1 ... EP except
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for &*. This follows in a manner analogous to (7.4), by integrating (7.7)
over all the y, with p # p. Similarly, the average of a product y, y,,

p
(Yuyv) = / ( [ dyp>yuyup(y1,---,yp|§1,---,E”)

p=1

= /dyudyu Yy POy yolEL, .. EP)

= /dyudyv YuYv Py yvlEH,EY)

depends only on §* and &". The same is therefore also true of the covariance
(Yuw) — (u){yv), so we can write the latter as a function C(&#,&").
This is known as the covariance function of a Gaussian process. Overall,
a Gaussian process is thus fully specified by the mean function a(§) and
the covariance function C(&,£&’). It is common to work with zero-mean
Gaussian processes (i.e. a(§) = 0), for which only the covariance function
needs to be specified.

7.2 Examples of networks reducing to Gaussian
processes

Before considering the general implications of using Gaussian process
priors, we discuss two example scenarios which naturally lead to Gaussian
processes. Both have a Gaussian prior on the model parameters w and the
clean outputs are, as before, given in terms of some deterministic function
f(&; w) parametrized by w:

M2
=@ pwy = (5o) e (7.8)

Radial basis function networks

RBF (radial basis function) networks with Gaussian priors are members of
the class (7.8), with f of the form f(w;&) = w - ®(&). Here w € RM and
® (&) is a vector of M functions ¢; (§). It turns out that we do not in fact need
to put RBF-type restrictions on the ¢;, so our discussion here will apply to
all generalized linear models.

The joint distribution (7.7) can be worked out formally by using a Fourier
representation of the §-functions (see Exercise 7.1). However, it is easier
to note that the components w; of the parameter vector w have a prior
distribution (7.8) with means and covariances

(wi) =0 (wiw;) = a™18; (7.9)
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Now writing the y, explicitly,
M
Yu=w-BE) = wigi(§") (7.10)
i=1

we see that each is a linear combination of the w;, with coefficients ¢; (§*)
depending on the corresponding inputs (which we can regard as fixed, since
we are considering the distribution of the y, given the ). Since any set of
linear combinations of Gaussian random variables is again a set of jointly
Gaussian variables (see Appendix D), it follows directly that RBF networks
with Gaussian priors define Gaussian processes. The means and covariances
of the joint distribution of the y, are, using (7.9),
M
() =) (i) (E") =0
i=1
M
(Yuyn) = Y (wiw;)e; (E"); (&)

19]:1

M
=a 'Y giEGi(E) = BE") - BEY)

i=1

This shows that the covariance function of the Gaussian process prior
defined by RBF networks with Gaussian parameter priors has zero mean
and covariance function

CEE)=a'®E) - ®E) (7.11)

Linear-output two-layer perceptrons

Let us next turn to a less trivial model example, still of the form (7.8),
which is also found to reduce to a Gaussian process in a specific limit.
We take a two-layer network with sigmoidal transfer functions g(u) in the
hidden layer (of size L) and a linear output neuron, that is, f(&;w,J) =
Zle w; g(Z?’:l Jij€j). The prior distributions over the parameters w and
J are assumed to be Gaussian, and independent of each other:

L/2
_ (T arwp _ (NN s b 22
P(w)—<2n> ¢ p(J)_<2n> ¢
(7.12)

Here we have organized the input-to-hidden layer weights {J;;} into L
vectors j; of dimension N each, j; = (Ji1,Ji2,-..,Jin); this allows us
to write the overall output as

L
fEw, D= wigl; &)
i=1
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The width of the prior for the L hidden-to-output weights {w;} has been
rescaled by a factor 1/+/L, in order to find a well-defined limit L — oo
(corresponding to an infinitely large hidden layer) later. This prior has two
hyperparameters: «,, and ;.

Before we start the calculation, let us get some intuition why a Gaussian
process might result from these assumptions for L — oo. The j; are inde-
pendent of each other under the Gaussian prior (7.12). So for a given &,
the outputs g(j; - &) of the hidden units are independently distributed, and
the same is true of the weighted outputs w;g(j; - &) because the w; are
likewise independent of each other under the prior. The overall output
f(&;w, J) is just the sum of these L weighted outputs. As such, we expect
it to acquire a Gaussian distribution for L — 00, on the basis of the central
limit theorem, and it is not too surprising that this argument generalizes to
joint distributions of outputs for different §*.

To calculate the prior distribution (7.7) of a set of outputs yi,...,yp
explicitly, we replace each §-function by its Fourier representation
(see Appendix F),

S(yu — fE"w, J)) = /dﬁe—iku[m—f@“;w,h]
" > 27
= f%e_ikMYM+iku L wigf &) (7.13)
to get (with u,v=1,...,pandi =1,..., L throughout)
1 P dkll-
PO yplEls 80 = [ dwdIpw)p(D] ][5
"

e—iZ,L k;L[YH_Zi w,'g(j,-'fu)] (714)

As expected (see Appendix D), this is just the Fourier transform of the
characteristic function of the y, =Y, wig(j; - &%),

¢ (k) = (¢! 2 k) — / dw dJe Znku LiwisUid™) payp(J)y  (7.15)
The integral over the Gaussian prior on w is easily done (see Appendix D):

. " 2
o (k) = /d]e_ 2 [Z,Lkug(h'g )] /200 L p(J) (7.16)

Inserting p(J) = ]_[l.Lzl p(j;) with p(j;) = (on/Zn)l/ze_"‘/jiz/z, one sees
that this integral factorizes into L integrals over the individual j;, each one
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giving the same contribution:

L
o (k) = {/dje—[zukug(j'é'“)]z/zawL ,O(J)} (7.17)

For large L the exponent is small and we can expand the exponential and
then use that [1 4+ a/L + O(1/L*)1* — exp(a) for L — oo, yielding

. 1 . 2 _ RE
sy = {/dJ (1 N ZawL[XM:kﬂg(J 'SM)} o 2));)(,)}

1 2
L exp ( - | dj[Zkugu - £“>] p(j))
w w

= exp ( — % Zkukqu) (7.18)

m

with .
Duv = - f dj g(j - £M8( - £) p(j) (7.19)

The form of the characteristic function (7.18) tells us that the distribution
of the y, is Gaussian with zero means and with covariances (y,y,) = Dy

(see Appendix D). Formally, this follows by carrying out the Gaussian
integral in (7.14):

dk,
P()’l,---,)’p|§13---,§p):/Hz—;e Z/,Lkll-yll¢(k)
"

= /1_[dﬁe_izukﬂyﬂ_zlwk;Lka;w/z
M 2w

= [27)Pdet D] 1/2e™ v (P~ Dy /2
(7.20)
In summary, we have shown that linear-output MLPs with Gaussian

weight priors correspond, in the limit of an infinitely large hidden layer,

to Gaussian processes with zero mean. The covariance function can be read
off from (7.19):

1
CE) = f djg(- 680 - )00 (7.21)
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In the derivation above, an alternative argument for the step from (7.16)
to (7.18) would have been as follows. Because of the independence of the
Ji»> the exponent in (7.16) is an average of L independent and identically
distributed random terms. For L — oo, this average must approach the
mean of any one of these terms over its distribution, giving (7.18).

Working out the covariance matrix (7.21) of this example is hard for
arbitrary g(u). However, for data vectors & close to the origin (alternatively:
for large values of the hyperparameter «;, which force j to be small) we
may expand typical choices such as g(u) = tanh(u) as g(u) = u + Ou?>)
and find

1
CE8) = — /dj(j 6 - E)p() + OUEIIE P, IEPIED

&g

Uy

+O(&11E 13, 1E1°18']) (7.22)

Truncation after the first term is obviously exact only for g(u) = u. In this
case our MLP degenerates into a simple linear function of the inputs, and
accordingly (7.22) is of the same form as the RBF result (7.11) with the
choice ®(§) = &.

7.3 The ‘priors over functions’ point of view

So far we have shown how some of the models we are already familiar
with actually lead to Gaussian process priors once we eliminate the model
parameters w. It would also be useful to have some intuitive understanding
of the meaning of a Gaussian process in cases where we only have the mean
and covariance functions a(§) and C(&,&’) but no parametrization of the
input—output relation f(£) in terms of an underlying w.

This is achieved by regarding the Gaussian process as a prior over
functions. To see how this works, consider a simple case, where the inputs
& come from a discrete set &1,...&g. This is not as exceptional a scenario
as it may appear: in practice, even real-valued inputs are known only to
some finite accuracy, so that we are effectively dealing with a discrete set of
possible input values on a (normally finely spaced) grid. Now, with there
being only K different inputs, a function f(§) can equivalently be thought
of as the K-dimensional vector (f(&1),..., f(§x)). A prior over functions is
then just a probability distribution over K-dimensional vectors, an object
we are quite familiar with. We have a Gaussian process prior if this dis-
tribution is a K-dimensional Gaussian distribution, with means (f(&,)) =

a(§,) and covariances (f(§,)f(§p)) — (f(§))(f(Ep)) = C(§y,§p) (Where
a,B=1,...,K).
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Figure 7.1 Left: sketch of a sample ‘function’ from a Gaussian process prior, for the case
of discrete one-dimensional inputs. Right: The associated values of the covariance function
C (&4,&) with the function value f(&4) at point &4.

A pictorial representation of this view is shown in Figure 7.1 for a one-
dimensional input space and K = 7. A ‘function’ drawn at random from
a Gaussian process prior is just a list of seven numbers f(&1),..., f(&7).
Considering for simplicity the zero-mean case, we can now see the intuitive
meaning of the covariance function. C(&4,&4), for example, is the vari-
ance of f(£4) under the prior: a typical function will have f(&4) of order
+[C (&4, £4)]'/2. C(&4,&5), on the other hand, gives us the covariance of the
function values at & and &s. If this is similar to C(&4,&4) and C(&5,&5)—
assuming for simplicity that these are the same—then these function values
are strongly correlated: typical functions from the prior will change little
between &4 and &s. If C(&4,&5) is small, on the other hand, then the func-
tion typically changes significantly. Generalizing this argument, we could
imagine plotting C (&4, &) as a function of & (see Figure 7.1); in the present
case there are only seven values of this. Then the range of & where C(&4,%)
is close to C (&4, &4) tells us where functions from the prior will be roughly
constant and equal to their value at &4; their values outside this range will
be almost uncorrelated with that at &4.

7.4 Stationary covariance functions

To reinforce the intuition gained in the last section and introduce a useful
class of covariance functions, let us work out explicitly the covariance
function (7.11) of RBF networks, for the example of Gaussian basis
functions of width o, that is, ¢;(§) = 2ro?) N2 exp[-1(¢ — x;)%/0?].
This gives the following covariance function:

M

]‘ 2 ’ 2 2

C, &) = —— 2 :e—[(é—xi) +(&'—x)21/20
a2ro?) Pt
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We now imagine having a very large number M — oo of basis functions
which become distributed uniformly over IRY in this limit, and we rescale
our hyperparameter o accordingly as « = &/A ). Here Ay denotes a small
volume element in RY such that limy_ o0 Zf‘il Ap f(x;) = [dx f(x) for
any sufficiently ‘nice’ function f. We then find

1 2 ’ 2 2
lim C(.&)= —— | dxe [E—0"+E —x)71/20
Moo &%) 6:(27102)1"/ re

_ 2+ /)2] 202
gy [ e
aQuo?)N
e_(E_S/)2/40.2

= o (7.23)

This is an example of a stationary covariance function: C(§,&’) depends
only on § — &', that is, on the distance vector between the points & and &’
but not otherwise on their actual location. In fact, the covariance function
(7.23) has the further property that it depends only the modulus |§ —§’|, that
is, on the distance between the two points. Here the covariance structure
is fully isotropic in input space (i.e. invariant under arbitrary translations
and/or rotations applied jointly to & and &'). Within this subclass of isotropic
stationary covariance functions, the only remaining freedom is in the choice
of the function c¢(:) in C(&§,&") = c(|§ — &’|). Even so, however, we can
get quite a range of different Gaussian process priors. Figure 7.2 shows
examples of functions on the unit square &,& € [0,1]%, sampled from

Figure 7.2 Examples of functions on the unit square £, £’ € [0, 112, sampled from
zero-mean Gaussian process priors with stationary covariance functions. Left:

C(&,&") = Koe 57¢'17/29° with Ko = 10 and o = 0.1. Right: C(&,&') = Koe §§'/7 with
Ko =10and o = 0.1.
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Gaussian process priors with the following covariance functions:
Squared exponential (SE):  C(£,&') = Kge~|§—§'%/20
Ornstein—Uhlenbeck (OU):  C(&,&) = Kge 16-¢'1/o

(the SE covariance function is essentially the one derived above for RBFs,
except that we have replaced 462 — 202 to match standard conventions
in the literature). In both cases the values for the constants were chosen
as Ko = 10, 0 = 0.1. From the intuition developed in the previous
section, we deduce that the typical values of functions from these priors
will be of order Kol/ 2 = /10, and this is consistent with the examples in
the figure. The parameter o tells us in both cases over which typical dis-
tance |§ —&’| the covariance function is roughly constant before decaying to
zero. Correspondingly, the functions sampled from these priors are roughly
constant over regions of this size.

There is a further qualitative difference between the two cases: clearly
the function on the right of Figure 7.2 is ‘rough’ whereas the one on the
left is rather smooth. This arises from the different behaviour of the two
covariance functions for §& — &. Writing §&' — § = €, with |€| < 1, we have
for our two examples:

2
DR _ 1 € L oety g1 —q _ €]

) +O(e*)

o

Hence the OU covariance function indeed describes much faster decorrela-
tion of outputs for small differences in the inputs. More generally, one can
show that the differentiability of C(&,£’) at the point § = & determines
how many smooth derivatives functions from the corresponding Gaussian
process priors will have. The OU covariance function is not differentiable
at &' = &, due to the appearance of the |€| in the expansion above; this leads
to rough sample functions which are continuous but not differentiable. The
SE or RBF covariance function, on the other hand, is infinitely often dif-
ferentiable at &' = . The corresponding sample functions can then also be
shown to have this property, consistent with the smooth appearance of the
left part of Figure 7.2.

One can construct intermediate priors where the sample functions have
derivatives up to some finite order: for example, for one-dimensional inputs,
CE,8) =c(€ —&']), c(u) = (1 + u/o) exp(—u/o) produces sample func-
tions that are once but not twice differentiable. Note that not all functions
¢(u) lead to valid Gaussian process priors though: one has to ensure that all
covariance matrices C(§",&") (u,v =1, ..., p) of p outputs corresponding
to p inputs £',..., €7 are positive (or at least non-negative) definite. For
stationary covariance functions, one can show that the criterion for this is
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that the Fourier transform of C(§, ") with respect to §& — & is everywhere
non-negative.

7.5 Learning and prediction with Gaussian processes

Having clarified the definition and meaning of Gaussian process priors,
we now proceed to discuss how they are put to work for learning and
prediction. Recall the definition: a prior is a Gaussian process if the joint
distribution (7.7) of the clean outputs y1,. .., y, is Gaussian, for any p and
any set of inputs £!, ..., &”. The means and covariances of this distribution
are a(§") and C(§",&"), where a(§) is the mean function of the Gaussian
process and C(&,&') its covariance function. We mostly restrict ourselves
to the much more commonly used zero-mean case and only briefly indicate
the appropriate generalizations. The reason for this is that using Gaussian
process priors with nonzero mean only makes sense if—unusually—we have
quite specific prior information about the problem to be learned. Consistent
with this, all the specific examples discussed above (e.g. RBF and MLP)
indeed gave zero-mean Gaussian processes.

As we have stressed, the definition of a Gaussian process prior is inde-
pendent of that of the noise model, that is, of the distribution P(z) of the
noise variables z,, which relate noisy and clean outputs via 7, = y, + z,.
We assume in this section that the z, are Gaussian with variance 1/8,
P(z) = (B/2m)V/? exp(—PBz?/2). The advantage of this choice is that, with
the y, and z,, being Gaussian, also the #, = y, + z,, are Gaussian. This can
be formally derived from (7.6)—see Exercises 7.2 and 7.3. We therefore
only need to work out their means and covariances

(tw) = (u) +{zu) = 0+0 =0 (7.24)
(tutv> = ((yu + Zu)()’v +2y)) = (yuyu> + (yM)(Zv> + (ZM><yV> + (Z;LZV)
=CE"E)V+B 0 = K (7.25)

Here we have used the fact that the noise variables z,, are independent of
the clean outputs y, and of each other; the last equality defines the p x p
matrix K.

We now want to predict the output ¢ corresponding to a test input &,
given the data set D = {(¢!,11),..., (£7, 1,)}. The distribution of 7 is given
by (7.3). One can formally work out the ratio of the two probability distri-
butions involved, both of which are Gaussian (see Exercise 7.4). It is easier,
however, to use general relations for the properties of conditional Gaus-
sian distributions: given the &, &', ..., &", the predictive distribution (7.3)
is the conditional distribution of ¢ given #1,...,1,. The joint distribution of
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these p + 1 variables is, from (7.24) and (7.25), a zero mean Gaussian with
covariances (u,v =1,..., p):

<tutv> = K;w (7.26)
{tut) = CE", &) = ku(®) (7.27)
(t?) = C(&,8) +1/B (7.28)

The second equality defines the vector k(§). From (D.22) in Appendix D we
can thus write down directly that the predictive distribution of ¢ is Gaussian
with mean

E) = Oyt = D kuE Kty = k(&) - K~ 't (7.29)

Uy

and variance

[AFET = () 1,01p) = D)

=N+ CEE =D k@K )k ()

v

=B+ CE, &) — k@) - K 'k®) (7.30)

In these expressions, the subscript on (- - ), .;,} indicates the conditioning
on f1,...,t,. We see that prediction with Gaussian process is a good
deal simpler than using, for example, MLPs: there is no iterative learning
procedure, and equations (7.29, 7.30) give explicit expressions for the pre-
diction t* (&) and the associated error bar Ar*(§). The computational effort
is reduced to the inversion of the symmetric and positive definite p x p
matrix K; this only needs to be done once, even if we want to make predic-
tions at a number of test inputs. That such simplifications occur is all the
more striking given the fact that Gaussian processes can capture the proper-
ties of functions that would otherwise be described with an infinite number
of parameters w—recall our discussion of MLPs with infinite hidden layers
and RBF networks with infinitely many basis functions.

To generalize the above results to nonzero mean Gaussian processes, it
is sufficient to note that we can reduce everything back to the case of zero-
mean variables by replacing 7, — 1, — a(&") and y, — y, — a(&*). This
leaves the error bar (7.30) unaffected, but gives for the prediction

€ =a® + Y k@K ult —aE”)]

7Y

as the generalization of (7.29).
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We conclude by briefly commenting on the problem of evaluating the
matrix inverse K~!. The CPU time for a matrix inversion scales with the
matrix size p as O(p3), which for large datasets quickly becomes prohib-
itive. The search for efficient algorithms to overcome this problem is an
active area of research. We mention here only one basic idea which is help-
ful for online learning, where data points arrive sequentially. Rather than
inverting the matrix K afresh every time, one can build it up iteratively.
Denote the analogue of the matrix K for the enlarged set of training inputs
g',...,&P*! by Kt. Then K™ has the block form

k1

K ko

Kt = :
kp

ki k- o«

where a = K;r+1,p+l = C&P*, P + 1/8 and we have abbreviated

k(EPTY) to k. The result (E.6) from Appendix E for inverses of block
matrices then shows that the inverse of KT has the form

U1
K1 — vt V)
(KH)™' =
Up
V1 ) <o 1/b

1
v=—o K% b=a—-k'K 'k

If we know the inverse K~ ! already, we can therefore calculate the inverse
(K*)~1 of the enlarged matrix KT quite efficiently, in O(p?) operations.

7.6 EXxercises

Exercise 7.1. (RBF networks and Gaussian processes.) Show that RBFs
with Gaussian weight priors generate Gaussian processes. Start from (7.8)
and apply the Fourier transform method illustrated in (7.13) to derive expli-
citly the joint distribution p(y1,...,y, 1€L,...,&P). Youshould find that this
is a zero-mean Gaussian with covariances C(§,&"), where C(&,§) is the
covariance function (7.11). Make sure you understand how this proves that
we have a Gaussian process prior.
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Exercise 7.2. (GPs with Gaussian noise.) Prove explicitly the statement
before (7.24): for a Gaussian process prior combined with Gaussian noise,
the noisy outputs 11, ..., t, are jointly Gaussian distributed. Do this by
using equation (7.6), inserting p(t,|y,) = (,8/27'[)1/2 exp[—%ﬂ(tﬂ—yﬂ)z] for
Gaussian noise together with the Gaussian form of p(y1,...,yp €L, ... ED),
and performing the Gaussian integrals over the y,. To get to a Gaussian
distribution for the 7, with covariance matrix K, needs a bit of shuffling
around of the matrix inverses and determinants.

Exercise 7.3. (GPs with Gaussian noise.) Surprisingly, the last exer-
cise is easier if you first introduce an extra Fourier transform to
represent the Gaussian noise distributions, by writing p(t,ly,) =
)1 [ dk, explik, (t, — yu) — %kﬁ/ﬂ]. If you then do the integrals over
the y,, followed by those over the &, you should get the desired Gaussian
form of the distribution of the 7, rather more easily.

Exercise 7.4. (The predictive output distribution.) For the case of a
Gaussian process prior and Gaussian output noise, derive the predictive dis-
tribution for a new output 7 corresponding to input & by explicitly evaluating
the ratio (7.3). Exploit the fact that the numerator and the denominator are
Gaussian distributions; see also Appendix D. You should find that ¢ has a
Gaussian distribution with mean (7.29) and variance (7.30).

Exercise 7.5. (GP prediction for RBF networks.) In (7.29, 7.30) we worked
out the general formulas for the prediction and error bars in Gaussian
process regression. We know also that RBFs with Gaussian weight priors
define Gaussian processes. So (7.29, 7.30), when applied to the RBF case,
should agree with (6.45) from the previous chapter. Verify that this is
indeed the case. Suggested route: Define the matrix W by W,; = ¢;(§").
Show that K = B~ + o'WW, where (\IIT),-j = (¥);;, and therefore
that (7.29) can be written as t*(£§) = o~ 1 ® (&) - ‘I’T[,B_ll + ottt 1y,
For (6.45), on the other hand, show that A = «1 + B¥TW and hence
1*(&) = pO(&) - [a1+ YT W] 1w s, Now use, for example, the Woodbury
formula from Appendix E to show that these two expressions for t* (&) give
the same result. Proceed similarly for the error bar.
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Support vector machines
for binary classification

Support vector machines (SVMs) carry out binary classifications. They
involve a preprocessing stage which aims to transform data sets that are
not linearly separable into ones that are. First, however, we will have to
return to the properties of linearly separable problems, for reasons which
will become clear. The preprocessing will be introduced afterwards.

8.1 Optimal separating plane for linearly separable
tasks

Linear separations and stability parameters

Consider a linearly separable binary classification task, with a set of data of
the usual form D = {(¢',11), ..., (€7, tp)}, where " € RY and t, € {—1,1}.
If this problem is linearly separable, we know that

Jw e RY,wp € R: t, =sgn(w - & +wo) forall (§4,1,) € D (8.1)

We even have algorithms which are guaranteed to converge towards a
solution (w, wp) (a ‘separating plane’) of the type (8.1), for example, the
so-called perceptron or AdaTron rules. However, it is clear that in gen-
eral there are an infinite number of separating planes (w, wg) that meet the
requirements (8.1). See, for example, Figure 8.1 (left panel) for the case
N = 2; here a separating plane is any line separating all points &* with
t, = 1 (marked +) from those with 7, = —1 (marked x).

A natural question to ask is whether one can quantify the quality of the
various solutions of (8.1). This can be done on the basis of generalization
performance: a good plane (w, wp) is one which where possible keeps a safe
distance from the data points, so that detrimental effects of noise (which
might change the locations of these points slightly) are minimal. Hence
we wish to measure not only whether points are correctly classified by a
candidate separating plane, but also the distance of such a plane to the data
points. Both are given by the so-called stability parameters y,,, one for every
data point:

Yu(w, wo) = 1, (w - " + wo)/|w| (8.2)
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Figure 8.1 Left: illustration of a linearly separable task for (N = 2)-dimensional inputs.

A linear separation is here performed by any line w - £ + wg = 0 that separates all points §*
with 7, = 1 (marked +) from those with 7, = —1 (marked x). Note that there will generally
be infinitely many such lines. Right: measuring separation quality on the basis of the
distance of data points £* from the separating plane as calculated via projection; see the
main text.

These stability parameters have the following properties:

e The plane (w, wo) correctly classifies point £ if and only if y,, (w, wg) > 0.
e The distance of the plane (w, wo) to point £* is |y, (w, wo)|.

The first property is immediately obvious from (8.1). Demonstrating the
second property requires only simple geometry. We first construct a para-
metrization of the line in R" which goes through £* and is orthogonal to our
plane (see Figure 8.1, right panel): £(p) = &* + pw (p € R). Insertion into
the plane’s equation w-& +wq = 0 gives the solution p = —(w-&* +wg) /w>.
Hence the projection P&* of & onto the plane (w, wq) is given by

PE“:E“—w(w.E:jw())

Thus the desired distance |E# — P&*| indeed equals

- e = w20

= |Yu(w, wo)|

as claimed, using that |7,| = 1 for all u. As a consequence of the proper-
ties of the stability parameters we may now sharpen our requirements of
a separating plane:

all data points separated correctly and
all data points at distance > « from — yu(w,wp) >k >0 Vu
the plane
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There will be an upper limit to the values of the distance ¥ > 0 which are
compatible with correct separation, since clearly 2« cannot be larger than
the minimum distance?” between data points & with 7, = 1 and data points
&Y with r, = —1. However, if we choose a value of « such that a solution
(w, wp) of (8.1) exists, then there is an algorithm which is guaranteed to
achieve the objective. This is a straightforward generalization of the classic
perceptron learning rule, which is indeed recovered for ¥ — 0:

1) draw at random a u € {1,..., p};

(1)

(2) calculate y, (w, wop) as given in (8.2);

(3) if yu(w,wo) < k, modify parameters: w — w + 7,&¥, wo — wo + 1,3
(4)

return to 1.

The generalized perceptron convergence theorem, which was proved by
E. Gardner, states that if Jw* ¢ ]RN,w(*) € R:y,(w*,wy) > « for all
w € {1,..., p}, then the above algorithm will converge towards a solution
(w, wo) with y,(w, wp) > « in a finite number of iteration steps.

The proof will not be given here. For wo = 0 it is a simple generalization
of the original perceptron convergence proof. For wg # 0, however, the
situation is more complicated; the reason is that the threshold wg does
not occur in the denominator of the stability parameters (8.2), so that it
cannot simply be absorbed into the classic proof by adding a ‘dummy’
extra component £} = 1 to all input vectors £/

Figure 8.2 illustrates perceptron learning with stability for a perceptron
having N = 500 input nodes. A set of p = 750 input patterns &*, with
zero-mean unit-variance Gaussian random components &/, half of them
classified as 7, = 1, the other half as t, = —1, is generated and the per-
ceptron is trained to separate them according to their classification, with
stability ¥ = 0.125. The figure shows the projections of the input patterns
onto a two-dimensional space spanned by the weight vector w and a fixed
random vector orthogonal to w as learning proceeds. Before learning, no
structure is visible in this projection. After 30 complete sweeps through
the pattern set, the system has picked up the direction in which linear
separation is possible but misclassifications still occur. After 60 sweeps
the number of outright misclassifications is down to 4, but the desired
stability has not yet been reached for several more of the correctly classified
patterns.

22 We assume implicitly here and in the following that the data set does contain points
from both classes; otherwise the separation task is clearly trivial.
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Figure 8.2 Illustration of perceptron learning with stability as described in the main text.
Before learning (upper left panel) the perceptron misclassifies approximately 50% of the
patterns; no structure is visible in the projection onto a plane spanned by the weight vector
and a random vector orthogonal to it. The following panels (upper right, middle left) show
the situation after 30 and 60 complete learning sweeps through the pattern set, while the
middle right panel depicts the situation when linear separation with the desired stability is
completed after 358 sweeps. The lower two panels show enlarged central regions of the two
middle ones above them.

The optimal separating plane

We are now in a position to define the optimal separating plane (w*, wy) as
the one having the largest x. Equivalently, the smallest of the {y, (w, wo)}
(i.e. the stability parameter of the data point which is most in danger of
being misclassified when data are subject to noise) should be as large as
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possible:

Optimal separating plane (w*, wj) = arg (max)[min Yu(w,wo)]  (8.3)
w,w 13

Note that:

e If the problem is linearly separable, then definition (8.3) will produce
a separating plane with the largest distance to the closest data point.
If the problem is not linearly separable, definition (8.3) will produce a
plane which does not separate the data (since that is impossible), but for
which the largest distance from the plane among misclassified points is
minimal.

e By construction, there must be at least two w such that y, (w*, wj) =
min, y,(w*, wg) for the optimal separating plane (8.3) (see, for example,
Figure 8.1 and Figure 8.4).

Finding the optimal plane has now been reduced to a well-defined optimiz-
ation problem (8.3). The only remaining issue is that its solution (w*, wy)
is still not unique, since there remains the trivial degree of freedom relating
to overall scaling: if we multiply (w,wg) — (pw, pwo) with p > 0 we
simply get the same plane. To eliminate this freedom we nail down p by
insisting that

mﬂin ty(w-E* +wo) =1

which, given the assumption of linear separability, is always possible. This
implies that min, y,,(w, wo) = 1/|w], and that

max [min y, (w, wp)] = 1/ min_|w|
(w,wp) M (w,wo)

Hence we have now converted the initial optimization problem (8.3) into

find: min %wz subject to 7, (w- & +wp) > 1 Vu (8.4)

(w,wp)

8.2 Representation in terms of support vectors
Background: optimization theory

The optimization problem (8.4) is of the following general form. If we set
x = (w, wo) and define

f(x) = f(w,wy) = %wz cu(x) =t,(w-E" +wp) —1 (8.5)



8: Support vector machines for binary classification

we have

find: rr&in f(x) subjecttoc,(x) >0 VYu (8.6)

A direct (say numerical) attack on this problem may be possible for small
N, but becomes difficult for large N. This issue becomes even more severe
after the preprocessing considered below, where the dimensionality of the
vector w can be much larger than N (and in fact effectively infinite). It is
therefore useful to transform our problem to a version written in terms
of Lagrange multipliers; there are only p of those, one for each of the
constraints. To achieve this transformation, we need a little background
on optimization problems with inequality constraints of the type (8.6). We
assume that the functions f and ¢, are all ‘nice’, that is, at least have smooth
first derivatives.

Suppose we have found a local minimum x of (8.6). (We dispense with the
superscript “*’ for optimal quantities in the following when no confusion
can arise.) Then the value of f at a nearby point x + A is f(x + A) =
f(x)+ A - g for small A, where g = V f(x). In an unconstrained problem,
this gives us the familiar condition g = 0 for a minimum; otherwise we
could reduce the value of f by choosing A along —g. For a constrained
problem we can argue similarly, but have to consider that not all changes
A are necessarily feasible, that is, compatible with the constraints ¢, > 0.
Constraints with ¢, (x) > 0 are called inactive at x because they do not
restrict A: for small enough A, we will still have ¢, (x + A) > 0. We can
therefore focus on the set of active constraints, A = {u|c,(x) = 0}. For
every u € A, cu(x + A) = cu(x) + A-a, = A -a, for small A, where
a, = Vc,(x). Thus, a small enough change A is feasible if A -a, > 0
for all © € A. At a local minimum we must not have any such A which
simultaneously reduces the value of f, that is, which has A - g < 0. This
is the case exactly if we can write g = 3, 4 An@a, with A, > 0, a result
known as Farkas’ lemma. One direction of the proof is easy: if indeed
&€= ycarudy,then A-g =3 A A a, >0 forany feasible A, since
Au > 0and A-a, > 0. The reverse direction can be seen geometrically. The
set of vectors {v =3 .4 Apayulr, > 0Vu}is a cone. If g is not contained in
this cone, there is a hyperplane which separates g and the cone. By choosing
A proportional to the normal vector of this plane, we can thus ensure that
A - g < 0 while simultaneously A - v > 0 for all v in the cone (and thus in
particular for all @), so that A is a feasible step which reduces f.

So far, we have established that at a local minimum x of the optimization
problem (8.6) we musthave V f (x) = }° 4 A, Veu(x) with ), > 0. Wecan
extend the sum to include also the inactive constraints if we require the
associated %, to be zero. This condition can be written as A,c,(x) = 0
since ¢, (x) > O for inactive constraints, and then in fact applies to all
p because for active constraints c,(x) itself is zero. Altogether, a local



8.2 Representation in terms of support vectors

minimum x of (8.6) together with the associated 1, must satisfy
Vf(x) =) 1, Veu(x) =0and
w
cu(x) =0, A, >0, rucu(x)=0Vu (8.7)

with the sum now running over all constraints, u = 1,..., p. The condi-
tions (8.7) are known as the Karush-Kuhn-Tucker (KKT) conditions; the
A, are called Lagrange multipliers. They are familiar from the solution of
optimization problems with equality constraints ¢, (x) = 0, where condi-
tions similar to (8.7) apply but the A, can be both positive and negative.
Also as in the case of equality constraints, one notes that the first condition
in (8.7) can be written as V,L(x,1) = 0, where A = (A1,...,%,) and the
function

Lx,\) = f(x) = > hucu(x) (8.8)
"

is known as the Lagrangian.

The Wolfe dual

Based on the KKT conditions we can further transform the optimization
problem into a maximization problem. This is possible if—as it turns out
to be in our case—the Lagrangian is convex in x for any fixed A with 2, > 0
for all u; we write the latter condition as A > 0 for short. The condition
for a function F(x) to be convex (see Appendix G) is that, for arbitrary x
and x/,

F(1-60)x+6x)<(1-0)Fx)+60Fx') for0<0 <1 (8.9)

As Figure 8.3 illustrates, a convex function thus always curves upward
rather than downward. From this it also follows that it lies above any
tangent: (8.9) can be written as F(x +0(x' —x)) — F(x) < 0[F(x") — F(x)].
Dividing by 6 and taking & — 0 thus gives (x'—x)-VF(x) < F(x’)—F(x) or

Fx)Y>Fx)+x' —x)-VF(x) (8.10)

which means that F(x’) is above the tangent plane at the point x
(see Figure 8.3).

Under the assumption of a convex Lagrangian, the Wolfe dual can now be
stated as follows. A local minimum x of our original optimization problem
(8.6) together with the associated Lagrange multipliers A also solves the



8: Support vector machines for binary classification

A
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Figure 8.3 Illustration of convexity for a function F(x). The convexity criterion (8.9) says
that the linear interpolation (dashed line) between two function values, (1 —0)F(x) + 6 F (x')
must always lie above the function value F((1 — 6)x + 6x’) at the corresponding argument;
an example is shown by the open and filled circles. Alternatively, from (8.10), the function
must lie above any tangent to it, as illustrated here for the tangent at x (dotted line).

following maximization problem:

find: max L(x,A) subjectto VyL(x,A)=0, A >0 (8.11)
X

To prove this statement, assume that x* is a local minimum of (8.6); together
with the corresponding Lagrange multipliers A* it therefore obeys (8.7).
Now consider any other point x, A which obeys the constraints in (8.11),
thatis, Vo L(x,A) =0 and A > 0. Then

L(x*,A%) = f(x*) = ) 2neux™)
w

= f(x*) (KKT conditions)
> f(x*) - Z)V,ucu(x*) ()"/L >0, Cu(x*) > 0)
n
— L(x*,1)
> L(x,\)+ (x* —x)-VeL(x,A) (convexity of L, (8.10))
= L(x,A) (VeL(x,1) =0)

(8.12)

This shows that x*, A* solves the maximization problem (8.11). The first
step in the proof shows in addition that the maximal value of L equals the
minimum value of f, thatis, f(x*). In fact, convexity of L implies that all
local minima of (8.6) are also global minima and have the same value of f.
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&
&1
Figure 8.4 Illustration of SVM classification of (N = 2)-dimensional inputs (&1, &>). Points
with 7, =1 and 7, = —1 are marked by + and x, respectively. The solid line is the optimal

separating plane (which in two dimensions becomes a line). The dashed lines correspond to
w - & + wo = %1, respectively. The support vectors, marked by 0, lie on these lines as they
must; they have the minimal distance from the separating plane.

Application to SVMs

We now apply these tools to our SVM optimization problem (8.4). The
Lagrangian is, from (8.5),

1
L= sz—;,\ﬂ[m(w-gmrwo)—l] (8.13)

The first part VL = 0 of the KKT conditions (8.7) becomes V4L = 0 and
dL/0wg = 0, that is,

w=> Autu€" D Aty =0 (8.14)
2 I

This needs to be solved together with ¢, = #,(w - §* + wp) — 1 > 0,
Au = 0and Auc, = O for all p. From (8.14) we see that the optimal w
is a superposition of those input vectors &* with A, > 0. These are called
the support vectors and we denote the relevant set of data point indices by
S = {u|r, > 0}. Note that from the KKT condition A,c, = 0, we have
cu = 0 for all u € S so that the support vector set S is a subset of the set A
of active constraints. The two sets differ only in those exceptional u for
which the constraint is active (¢, = 0) but which nevertheless have A, = 0.
Geometrically, the situation is as follows (see Figure 8.4):

o All support vectors have the minimal distance from the separating plane,
since the distance for pattern u equals y, = t,(w-&"+wq)/|w|andc, = 0
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is equivalent to 7, (w - §" +wg) = 1, hence y,, = 1/|w|. There can be non-
support vectors at the same, minimal, distance from the separating plane;
these are the exceptional €* with 4 € A but u ¢ S.

e Only support vectors occur in the construction of the optimal separating
plane. All other inputs, having at least the minimal distance from the
separating plane, are classified correctly once the support vectors are.

Once we know the set of support vectors, we can in fact write down
explicit expressions for w and wg. We will need the following (symmetric
and non-negative definite) |S| x |§| matrix C:

Cuv =tut,(E" - &") for p,ves (8.15)

Using the expression for w from (8.14), the condition that ¢, = 0 for all
i € S can be written as

tu[van}(s“- §) + wo] =1 (8.16)
ves

and this system of linear equations is solved by

by =Y (€N (1 —woty) forpes (8.17)

vesS

Inserting into the second part of (8.14) then gives us the threshold wg as

ZuveS In (C_l)lw
Z,uveS tﬂ(c_l)lwtv

(8.18)

wo =

Note that the last two identities also hold if instead of the set of support
vectors u € S we consider the larger active set u € A, and a correspondingly
enlarged matrix C. This is because we only exploited the support vector
assumption through the condition ¢,, = 0, which also holds for u € A.

If we already know the optimal normal vector w of the hyperplane, we can
of course deduce wg by a simpler method than (8.18). Consider any support
vector £¥. This has ¢, = 0 and hence (using tﬁ =1)w-&"+wo =1, Thus

wo=1t,—w-& foranyues (8.19)
Alternatively, adding two identities of this type for two support vectors
(i, v) with opposite outputs, that is, t, = —1,, we could write wg = —%w .
(E" +&Y).

Next we consider the Wolfe dual form of the SVM optimization prob-
lem; the Lagrangian (8.13) is clearly convex in (w, wg) (see Exercise 8.1).
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From (8.11), we need to maximize this Lagrangian over wg, w, and A,
subject to the conditions (8.14) and A > 0. But the expression for w in
(8.14) in fact lets us eliminate w directly, and the second part of (8.14) also
removes the term involving wy, giving

2
L=%<ZAMWSM) _Z)WIM(Z)W’U'SV> -E“—ZA/WWOJFZ)‘M
o " ) " 123
= _% D hphotut € E + Y hy
wy Iz

Our Wolfe dual therefore becomes

1
find: " " (8.20)
subject to Z)wtﬂ =0, »>0
"

This achieves our original aim of having an optimization problem
containing only the p Lagrange multipliers A, independently of the dimen-
sion of the space in which w ‘lives’ (which so far is identical to the input
space dimension N but can be much larger after preprocessing as shown
below).

A simple example

Let us assume, for simplicity, that the input vectors in our data set D are
orthogonal and normalized, that is, £* - £” = §,,, (which implies also that
p < N). In this case the function to be maximized in the Wolfe dual (8.20)
becomes simply —% X Aﬁ +2_, Au> asumof p identical terms. If we ignore
the inequality constraints in (8.20) for now and take the equality constraint
into account via a Lagrange multiplier a, we get as the necessary condition
for a maximum

d 1.,
e Z(—Eku—f—ku—akutﬂ> =0
"

and hence 1, = 1 — aty. Inserting into the constraint > A, = 0 gives
Zu(tu —a) = 0, that is,

1
Ay =1—at, a:—Ztu
Py
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If there are training outputs from both classes as assumed, then —1 <a < 1
and so A, > 0. Our solution thus automatically satisfies the inequality
constraints of the Wolfe dual and is therefore the optimal solution. Because
of the very simple structure of our example, all inputs are support vectors.
To find wo, we can apply (8.19), w = > A,1,E" and &* - &Y = §,,, to get

wo=t,—w-&" =1, —t,r, =t,[1— 1 —at)]=a

Our final solution for the separating hyperplane is therefore
M 1
“’=Z(tu_w0)'§ wo=—Zl‘M
0 P

This is also known as the ‘biased Hebb rule’. The corresponding stability
parameters y, = |w|~! are all equal since u € S for all u, and explicitly
given by

-1/2
Yu = [Z% - WO)Z] = [p — 2pwj + pwil /> = [p(1 —wp)l~ '/
"

For the sake of illustration, let us show how to retrieve this solution
from (8.17, 8.18), in their versions extended to all u € A. In the present
example C,,, = 8,1, so that (8.17) becomes A, = 1 — wot,, for all u € A.
Equation (8.18) for wy also simplifies to

1
wosztu

HEA

which implies in particular —1 < wg < 1. To show that this is the same
solution as before, it remains to establish that all x are in A. This is easily
shown by contradiction. Any u ¢ A would have, by definition, ¢,, > 0 and
thus A, = 0 from the KKT conditions (8.7). But then ¢, = ,,(w-§" +wq) —
1 = t,(tyry + wo) — 1 = t,wo — 1, which clearly cannot be positive for
—1 <wp<1landr, ==+1.

The above example was chosen for ease of calculation. It is atypical
in the sense that all training inputs turned out to be support vectors.
In many applications on real-world data, it turns out that the SVM solu-
tion is sparse, that is, only a small fraction of the A, are nonzero. This is
obviously a desirable feature; it means, for example, that evaluating pre-
dictions on new data points (see (8.25)) can be relatively fast even for large
data sets.
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8.3 Preprocessing and SVM kernels
Preprocessing

Let us now turn to problems which are not linearly separable, but could
possibly be made so via suitable preprocessing. This implies that we will
no longer view the & as the input vectors, but regard them as the outcome
of some preprocessing of true input vectors x € IRY, according to & =
®(x) € RM. Here ®(x) = (¢1(x),...,¢u(x)) and usually M > N, so that
the preprocessing maps the data into a higher-dimensional space where one
expects linear separation to be easier to achieve. If we write the overall
action of our classification machine as S(x) € {—1, 1} we thus have

S(x) = sgn(w - ®(x) + wp) (8.21)

The set of preprocessing operations ¢;(x) is typically chosen to contain
non-linear functions (otherwise there would be no point in preprocessing),
such as

¢i(x)=x; fori=1,...,N
oNn4i(x) =x} fori=1,...,N

Pan+1(X) = x1x2 Pant2(X) = x1x3 Pan+3(x) = x2x3 etc.

Our previous results regarding the optimal separating plane can now be
applied directly by making the replacement £ — ®(x*) everywhere,
leading to the following representations of the optimal w and wy

W= Aut,®(x") (8.22)
w
wo =1, —w - S(xH)

=t — Y _ Mt®x") (x") foranypeS (8.23)

The support vectors are now those x* for which A, > 0, and the {1} are
determined by solving the Wolfe dual,

1 v

max [ =) ijxﬂxvzut&(x“) S (xY) + Z,\M}
find: " " (8.24)
subject to Z)‘/ﬂu =0, A>0

m
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Insertion of the above expressions (8.22, 8.23) into the machine’s operation
rule (8.21) gives the final classification recipe

Sx) = sgn( Z)Wt,ﬁb(x“) - P(x) + wo> (8.25)

"

The decision boundary in input space of our machine is then defined as the
set of all x € R" for which S(x) = 0.

At this stage one makes the important observation that neither in (8.25),
nor in the result for wg in (8.23), nor in the equations (8.24) from which
to extract A, is any ‘bare’ occurrence of the preprocessing functions ¢; (x)
retained. Instead we consistently encounter only the dot product

M
K(x,y)=®(x)  ®(y) = Z¢i (x)¢i (y) (8.26)

i=1

We therefore never need to refer to or construct the ®(x) explicitly, and
can work exclusively with K (x, y), which is called the SVM kernel.

SVM kernels—properties and examples

We have seen above how a choice of preprocessing via ®(x) leads to a
specific SVM kernel (8.26). Conversely, it turns out that ‘most’ positive
definite and symmetric kernels K (x, y) can be written in the form (8.26).
The specific conditions for this are given in Mercer’s theorem, which we will
not prove here: a symmetric kernel K (x, y) has an expansion of the form

K(x,y) =) $i(x)$i(y) (8.27)

i=1

in the function space L2(IR") if and only if
0< /dxdy g(x)K (x,y)g(y) < oo for all functions g € L>(R"Y)

The first inequality here is clearly analogous to the requirement of posit-
ive definiteness for a matrix. Mercer’s theorem shows that in general, by
choosing a kernel directly rather than constructing it from (8.26), we are
effectively using an infinite number M of preprocessing functions ¢; (x). The
recognition of the crucial role of the kernel thus allows us to treat sets of
preprocessing functions which could not be tackled by working directly in
the space of hyperplane weight vectors w. It should also be noted that the
decomposition (8.27) is not unique; for example, making a second copy of
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each function ¢;(x) and rescaling both copies by 1/+/2 would lead to the
same kernel.

To see the link between kernels and preprocessing functions more
explicitly, we consider some examples.

o Kernels generating preprocessing via polynomials:
K(x,y)=(1+x-y)/?

Expansion of this type of kernel gives:

K(x,y)=1+d(x-y)+ %d(d —D(x-y)?
1
+2dd = D(d = 2)(x )+

1
=1+d inyi +5dd=1) Z(m,-)(yiyj)
+ d(d —D(d=2) Y Ceixx) iy + -
ijk
This expression is indeed seen to be of the form (8.27), with polynomial
preprocessing functions. The expansion truncates if d is chosen to be a

positive integer; otherwise one has effectively M = oc.
e Kernels generating preprocessing via radial basis functions:

K(x,y) = K(|x — y|)

Let us consider positive definite kernels of the form K (x — y), such that
the Fourier transform K (k) of the function K (z) exists:

> _ ik-x _ dk —ik-x >
K(k)—/dxe K(x) K(x)—/—(zn)Ne K (k)

The symmetry of the kernel K(x,y) = K(y,x) implies K(x) = K(—x)
and thus also K (k) = K(—k). We can also argue that K (k) > 0 for all
k € RV, This follows from working out

/dy K (x, y)e*y = /dy K(x — y)e*Y = K (k)e'**

Thus the K (k) are seen to be eigenvalues of the positive definite kernel K,
and therefore themselves positive. To construct a set of preprocessing
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functions generating the kernel K, define

dk _ur /-
¢(x) =L(x —2) L(x):/We kx /K (k)
We work out the product
/dz¢z(x)¢z(y) =/%\/Ie(u)le(v)/dze‘i"‘("_Z)_i”‘(Y—Z)
dudv % % —iu-x—iv- iz-(u+v
= | Gy KWk y/dze” 4

du > —iu-(x—
=/ (Zn)NK(u)e >y = K(x — y)

(making use of the identity 27)~" [dz T — sy + v), see also
Appendix F). We can therefore view the kernel K as generated by prepro-
cessing functions ¢, (x), with the ‘locations’ z of these functions uniformly
spread across RV,

If, in addition, K (x) has the isotropic form K (|x|), then also K (k) =
K(k|) and L(x) = L(|x]), so that ¢,(x) = L(]x — z|) and we have
preprocessing by radial basis functions.

o Kernels generating preprocessing via sigmoidal neurons:

K(x,y) =gx-y)

Here we choose g(u) to be a sigmoidal function, such as g(u) =
tanh(au + b) with constants a,b € IR. It turns out that this kernel
cannot always be written in the form (8.27). Nevertheless, simply from
equation (8.25)—with ®(x)-®(y) replaced by K (x, y)—it is clear that we
effectively have preprocessing via a ‘hidden’ layer of sigmoidal neurons:

S(x) = sgn<ZAutﬂg(x“ -x) + wo)
n

The number of support vectors then corresponds to the number of hidden
neurons in the neural network, and the input-to-hidden weights are given
by the support vectors §* themselves.

A toy example

We close this section with an example of the application of SVMs to a
binary classification task which is not linearly separable. We generated a
data set D with p = 30 and with data points £ € R?; around half of
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Figure 8.5 Binary classification of p = 30 training examples, with two-dimensional input
vectors x/ = (x|, x5). The data points further from the origin have #, = 1 (marked by +),
the others have 1, = —1 (crosses). The data are clearly not linearly separable. Classification
is by an SVM with kernel K (x, y) = (1 + x - y)?. From top left to bottom right:

d =2,3,4,5. The thick lines represent the decision boundaries. The support vectors of the
solution are marked in each case by . They lie on the curves w - ®(x) + wo = +1

(thin lines) as they must.

these points—those located further from the origin—have ¢, = 1, the other
half have 7, = —1. We tried to separate the two classes with an SVM
using the polynomial kernel K (x,y) = (1 4+ x - y)¢ and solved the Wolfe
dual (8.24) numerically. Figure 8.5 shows the resulting decision boundaries,
together with the training examples, for different values of the parameter
d = 2,3,4,5. Note that for the kernel used here, the parameter d controls
the number M of underlying preprocessing functions. As d (and thus the
complexity of the SVM) is increased, we observe decision boundaries with
increasingly detailed class separation.
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There are clearly open issues here on how to control overfitting in SVMs,
and how to predict, for example, misclassification probabilities. Progress
can be made by integrating SVMs into a Bayesian framework; it then
turns out, for example, that the SVM kernel corresponds essentially to the
covariance function of an underlying Gaussian process prior. We also have
not discussed how to extend the SVM method to noisy data. It turns out that
this can be done relatively simply, and in fact only ends up adding the addi-
tional constraint 4, < C to the Wolfe dual (8.24); see Exercise 8.5. Here C
is a parameter that broadly defines the penalty for misclassified examples, or
more precisely those that violate the condition ¢, (w - £ +wq) > 1; the limit
C — oo then recovers the ‘hard’ SVM classification discussed throughout
this chapter.

8.4 Exercises

Exercise 8.1. (Completion of proof.) Prove that the Lagrangian (8.13) for
the SVM optimization problem is convex in (w, wy).

Exercise 8.2. (Binary classification with SVMs.) An SVM produces a binary
output t € {—1, 1} for every input vector (or question) & € R". The system
is parametrized by a weight vector w € R" and a threshold wy, such that

1(§) = sgn(w - § + wo)

The data used in training the SVM consists of a set of questions and
corresponding answers: D = {(El,tl),...,(gp,tp)}, where £ € R" and
t, € {—1,1}, and with p < N. Show that, for the case where £/ -§" = aﬁélw
(with a,, € R) the SVM solution (the optimal separating plane) is given by

p

tu/a
—wé"  wo = p

1/a

’;Nl’—‘

Exercise 8.3. (Support vectors versus active constraints.) Consider binary
classification of two-dimensional inputs &, and in particular a data set D
consisting of p = 2 examples, with §! = (0,1), 11 = 1 and g2 = (1,0),
tp = —1. For an SVM without preprocessing, use the equality constraint
in the Wolfe dual (8.20) to show that the latter reduces to maximizing
2h1 — A over A1 > 0. Hence show that both training inputs are SVs, with
A1 = A2 = 1, and that the optimal weight vector and offset are w = (-1, 1)
and wg = 0. Sketch the position of the training points, of the optimal
separating plane and the minimal-distance planes either side of it, as in
Figure 8.4.
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Now consider adding a third data point to D, with §3 = (—1,0) and
t3 = 1. Use the equality constraint to show that the Wolfe dual reduces
to maximization of 1 — (A1 — 1)2/2 — (M +2x3 — 1)2/2 over Aq,A3 > 0.
Hence show that the optimal values are A1 = 1, A3 = 0, and that the
optimal w and wy are as before. Add the third data point to your earlier
diagram: you should see that it has the minimal distance from the separating
hyperplane. It thus corresponds to an active constraint. Nevertheless, its
Lagrange multiplier A3 vanishes, so it is not an SV.

Exercise 8.4. (Preprocessing with Gaussian RBFs.) A very common choice
for preprocessing with RBFs is the Gaussian kernel K (x, y) = exp(—|x —
y|?/20%). This exercise shows that the width parameter o controls the
complexity of the SVM classifier: for large o, one essentially retrieves the
linear kernel Kj;,(x,y) = x - y, which corresponds to SVM classification
without preprocessing. For 0 — 0, on the other hand, the SVM classifier
can fit arbitrary data sets, and as a consequence may overfit and generalize
poorly.

Consider the case of large o first. In the objective function of the Wolfe
dual (8.24), expand K (x*,x") = exp(—(x* — x")2/202) to linear order
in 1/02, discarding quadratic and higher order terms in 1/02. Taking
into account the equality constraint ), A,#, = 0, rearrange the dual
objective function into the form az(zﬂ 5‘//« — % le Xuivtﬂtux“ -xV), with
Ay = hy/o?. Thus the rescaled Lagrange multipliers X, will be the same as
for SVM classification with a linear kernel. Show further that the decision
function (8.25) can be written as S(x) = w - x + Wy with W = Zu )N‘utuxﬂ§
this is again of the same form as for a linear kernel. Give an expression
for wo. How would you show that the optimal value of Wy is the same as
the optimal value of wq for classification with a linear kernel? (Hint: use
that S(x*) =1, for SVs x*.)

In the opposite limit 0 — 0, and excluding the pathological case where
two input vectors x* coincide, show that the dual objective becomes
>y — Ai/Z). Hence show that at optimality all A, = 1. This means
that all training inputs are SVs, and that all training points are correctly
classified whatever the training outputs 7,,. Write down the decision func-
tion (8.25) and show that for o — 0 it vanishes if x is not contained in the
training set. Would you expect the resulting classifier to generalize well?

Exercise 8.5. (Soft SVM classification.) Here one allows violations of the
margin constraint by writing 7, (w - " +wg) > 1—1n,. The n,, > 0 are slack
variables and measure by how much the constraint is violated. To pre-
vent large violations, one adds a term C }_ 7, to the objective function
w2 /2. The coefficient C determines how strongly violations of the margin
constraint—and the resulting misclassifications, if 7, > 1—are penalized;
C — oo recovers hard SVM classification.
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The Lagrangian for this problem is
1
L = sz +CZ77/L - Zku[tu(w-é" +wo) —1+n,]— Zﬁunﬂ
I n n

The ‘primal’ variables, denoted x in Section 8.2, are w, wo, and {1, }, while
the Lagrange multipliers are the A, and B,,. The latter serve to enforce the
constraint 1, > 0.

Derive the Wolfe dual of this soft SVM optimization problem, following
the same steps as in the derivation of (8.20). You should find that the dual
objective is the same as in (8.20), but that the constraints are now 1, > 0,
Bu = 0, ky—C+py = 0(forallu),and }° 4,1, = 0. Eliminate the g, from
the constraints to show that the only difference to hard SVM classification
is that the A, must now be in the range 0 < 4, < C.



Notes and suggestions for
further reading

In Chapter 5§ we dealt with some unsupervised learning techniques, namely
vector quantization and self-organized maps. The books by Kohonen [26]
and by Ritter ef al. [27] are good sources of further information on these;
much of the early work on self-organizing maps was done in particular by
Amari [28] and Kohonen [29]. We saw for vector quantization that this can
be thought as learning a probability distribution from data. This point of
view is rather powerful, and in fact lets one integrate unsupervised learning
with Bayesian techniques: different probability models for the data can be
given prior probabilities and these are combined with likelihood factors to
determine how likely a given model is once the data have arrived. A survey of
this approach has recently been given by Ghahramani [30]. The probability
models one might consider here can be a good deal more complicated than
the Gaussian mixture distributions which we recognized at the root of vector
quantization. To model time series data, for example, where each data point
corresponds to a segment of the series over some time interval, one needs
to account properly for temporal correlations; so-called hidden Markov
models, also described briefly in the review [30], are often used for this
purpose. Alternatively each data point could consist of answers to a set
of questions—for example ‘is the grass wet?’, ‘is the neighbour’s sprinkler
switched on?’ and ‘has it rained recently?’—and we might have to model
how these facts are related to each other. It is then often useful to constrain
the possible ways in which dependencies between the facts can arise. Such
constraints can be represented compactly in so-called graphical models; see,
for example, [31-33]. The parameters to be learned then quantify those
dependencies that are allowed by the graph. Sometimes prior knowledge
is not sufficient to determine the graph structure completely, and the latter
then needs to be learnt as well. There is much ongoing research in this area
of learning in graphical models.

The self-organizing map is a particular instance of a model which assumes
some underlying low-dimensional structure in the data. It can be gener-
alized to a so-called generative topographic mapping [34] which has the
advantage of a natural interpretation as a probabilistic data model. The
roots of such dimensionality-reduction techniques go back at least to prin-
cipal components analysis (e.g. see [35]), which finds the linear subspace
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across which the data have maximal variance. How one best finds non-
linear low-dimensional structure in data remains of significant interest, and
many different approaches have been and continue to be proposed.

The Bayesian techniques for regression and classification described in
Chapter 6 have a very long history in statistics, with a correspondingly
large amount of literature which we will not attempt to review here; see,
for example, the books by Bishop [35] and by Ripley [36]. Papers by
MacKay [37-40] contributed significantly to the recognition of the value of
these tools within the neural networks community. By now they are entirely
mainstream, with hundreds of papers on Bayesian learning methods pub-
lished every year. For numerical approaches to Bayesian inference, the book
by Neal [41] has become a standard reference; a recent and very compre-
hensive treatment of Bayesian learning within the framework of information
theory is [42].

The history of Gaussian processes also goes a long way back, at least
to the 1960s, as described, for example, in the review article [43]; the
latter also contains a very illuminating explanation of the various ways
in which Gaussian processes can be understood. Key early papers that
brought the methodology to the attention of neural networks researchers
were [44,45]; a more recent and rather more technical overview is given
in [46]. This reference also covers applications of Gaussian process prior
to other problems such as classification, which we have not discussed in
this book.

Support vector machines were proposed by Vapnik and co-workers, and
the books [47,48] provide useful and comprehensive background material;
a more recent overview is [49]. As explained in these references, the ori-
ginal motivation for SVMs came from the worst-case analysis of learning.
This approach is known variously as computational or statistical learn-
ing theory, or probably approximately correct (PAC) learning; see, for
example, [50-53]. The distinction to the statistical mechanics analysis of
learning presented in this book is that one tries to remove assumptions on,
for example, the distribution of training inputs. One then derives bounds
on quantities such as the generalization error which hold with probabil-
ity close to one even for the worst input distribution. Following work by
McAllester [54], this approach has recently also been merged with concepts
from Bayesian learning, and much research continues to be done in this
direction.

Finally, the idea underlying the preprocessing in SVMs, that is, the
replacement of dot products by kernels to allow for non-linearities, has
seen fruitful application in many other problem domains. The development
of such ‘kernel methods’ remains a very active area; recent overviews can

be found in [535, 56].



Information theory and
neural networks

Neural networks are information processing systems, so it is hardly a
surprise that, if we aim to quantify the operation of neural networks or to
systematically design appropriate architectures and learning rules, we can
use many of the tools that have already been developed for the more conven-
tional information processing systems in engineering and computer science.
Information theory is a very elegant, well founded and rigorous framework
to quantify information and information processing. It is remarkable that
this framework was to a large extent the sole project of Claude Shannon,
who more or less launched information theory with a publication in 1948,
building on work he did during the war on radar communication and on
fruitful suggestions and preparatory work of others.

In this part of the book we first explain and derive the basic ideas and
mathematical tools of conventional information theory, such as entropy,
conditional entropy, and mutual information. We include the relevant
proofs, wherever possible. This is then followed by an exposé of various dif-
ferent applications of information theory to inference problems in general,
and to the derivation and optimization of learning rules for neural informa-
tion processing systems in particular. These applications include layered
networks (e.g. unsupervised learning on the basis of information preserva-
tion criteria), recurrent networks (e.g. learning input—output relationships
in so-called Boltzmann machines), but also more fundamental issues such
as learning via ‘natural gradient descent’. The latter generalizes the more
conventional gradient descent and gives us the opportunity to explore the
basics of information geometry.
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Measuring information

Measuring information at first sight appears to be a somewhat vague
and strange concept. Although especially those of us who are reasonably
familiar with using computers will be used to thinking about information
content (in terms of bits), we will find out that measuring information is
not simply counting the number of bits in a data file but involves, somewhat
surprisingly, concepts from probability. Therefore we will start with an
introduction aimed at developing some intuition for what the relevant issues
are and why probablities enter the game. We also play with a number of
simple examples before diving into formal definitions and proofs.

One best thinks about information in a down-to-earth manner, in terms
of messages communicated between a sender and a receiver. Before mean-
ingful communication can take place, sender and receiver need to agree on
the format of these messages. This could be lines of text, numbers, bleeps
representing morse-code, smoke-signals, electric pulses, etc. We write the
set of possible messages, agreed upon by sender and receiver, as

A ={ai,az,...} with |A| elements (10.1)

Consider the example of a horse race, with five competitors. Sending
a message to reveal the outcome of the race just means sending the
number of the winning horse, so the set of possible messages is A =
{1,2,3,4,5}, with |A] = 5. Another example: sending a message con-
sisting of a single word with up to three ordinary characters from the
alphabet. Here A = {a, b, ...,z,aa,ab,ac,...,aaa,aab,aac,...,zzz}, with
|A| = 264262 +26° = 18,278. The set A could also have an infinite num-
ber of elements. If we put no a priori limit on the number of bleeps used in a
telegraphic message, the set A, being the set of all such possible telegraphic
messages, will be infinitely large. Now suppose I am sent a message a € A:
I receive a card with something written on it, or I am told the number of
the winning horse in a race. How much information have I received? Is it
at all possible to give a sensible unambiguous meaning to such a question?

10.1 Brute force: counting messages
Information content based on naive enumeration

The first approach we can take is to label all elements in A with binary
numbers (strings of bits). Let us, for simplicity, assume that the number of
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possible messages is some integer power of two, that is, |[A| = 2" and so
A={a,...,anm}:

message: n — bit string: corresponding number:

ai 0...000 0
a 0...001 1
a3 0...010 2
as 0...011 3
ajn 1...111 2m —1

The correspondence between the elements of A and the integer numbers
{0,1,...,2" — 1} is one-to-one; in other words:

n bits are sufficient to uniquely describe each a € A

n bits are necessary to uniquely describe each a € A

It appears that a measure of the amount of information communicated by
a message can be obtained by simply counting the number of bits n needed
to specify the label. In terms of the number of elements |A| = 2" in the set A
this gives the tentative expression

information content of a single message a € A = log,|A| (10.2)

This simple result has a nice self-consistency property, which any candidate
definition of information content must have. Consider the example of
having two sets of messages A and B:

A ={ai,ay,...} with |A| elements
B = {b1,by,...} with |B]| elements

Now imagine that the message being communicated is a pair of variables
(a,b), with a € A and b € B (like giving both the name of a winning horse
and the current price of your favourite CD). If the two individual variables a
and b are completely independent we must require the information content
of the pair (a, b) to be the sum of the two individual information contents
of a and b, giving the value log,|A| + log,|B|. On the other hand we can
also apply the above method of labelling messages with bit-strings to the
set C of all pairs (a, b):

C={@b)acA,beB)
C ={c1,c2,...} with |C| = |A||B| elements
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The information content in the latter case would come out as log,|C|.
We see that the two outcomes are indeed identical, since log,|C| =
log,|A| + log,|B|.

Problems with naive enumeration

However, this cannot be the end of the story. There are several ways to
show that the above definition of information content, although correct in
the case where we just communicate one single message a from a specified
set A, is not sufficiently powerful to deal with all relevant situations. First,
let us go back to the example of communicating a message pair (a, b), where
we assumed independence of a and b (without as yet specifying precisely
what this means) and subsequently found

a and bindependent: information in message pair (a, b) = log,|A|+log,|B|

Alternatively we can choose messages which are clearly related. To consider
an extreme choice: suppose a represents the number of a winning horse and
b the name of its jockey. In this case knowledge of a implies knowledge of
b, and vice versa. We gain nothing by knowing both, so in this case

a and b strongly dependent: information in message pair (a,b) = log,|A|

In general one will have a situation in between, with messages relating
to data which are correlated to some degree, for example, with a € A
representing the name of the winning horse and b € B representing its age
(assuming old horses to have on average a reduced chance of winning). Such
situations can only be dealt with properly by using probability theory.

Another way to see how probabilities come in is to compare the simple
situation of a single set of messages a € A, where we found

A ={aj,a2,a3,...} information in message a € A = log,|A|

with the situation we get when one of the messages, say a1, never occurs,
giving

A" ={ay,a3,...} information in message a € A’ = log,|A’|

= log, (A] — 1)

So far no problem. However, what happens if we have a situation in
between, where element a1 does occur but rather infrequently? If a1 can be
expected to occur on average only once every 1,000,000,000 times (e.g. a1
happens to be the name of a racing horse with three legs), we would be
inclined to say that the information content of a message a € A is closer
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to log, (JA| — 1) (corresponding to a1 simply being absent) than to log,|A|.
Again we need statistical tools to deal with real-world situations, where not
all messages are equally likely to occur.

The solution of these problems lies in realizing that communicating
information is equivalent to reducing uncertainty. Before we actually open
the envelope and read the message inside, as far as we know the envelope
could contain any of the messages of the set A. By reading the message,
however, our uncertainty is reduced to zero. In the case of the combined
message (a, b) where we have already been told what a is, it is clear that our
reduction in uncertainty on hearing the value of b is less in the case where a
and b are strongly correlated than in the case where they are independent.
Similarly, knowing that in a race with two horses the four-legged horse has
won (at the expense of the three-legged one) does not reduce our uncertainty
about the outcome very much, whereas it does in the case of two equally
fast contenders.

10.2 Exploiting message likelihood differences via
coding

Bit-count reduction due to coding

We will now demonstrate that the average information content of mes-
sages from a message set A can indeed be less than log,|A|, as soon as not
all messages are equally likely to occur, by looking at various methods of
coding these messages. We will give formal and precise definitions later,
but for now it will be sufficient to define binary coding of messages simply
as associating with each message ¢ € A a unique string of binary num-
bers (the ‘codewords’). We have already played with an example of this
procedure; we will now call the bit-string associated with each element its
codeword, and the full table linking messages to their codewords simply a
‘code’:

message: code word:

ai 0...000
a) 0...001
as 0...010
ag 0...011
an 1...111

This particular code, where the elements of the set A are enumerated and
where the codeword of each element is simply the binary representation of
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its rank in the list is called an ‘enumerative code’. All codewords are of the
same length. Clearly, enumerative coding can be used only if |A] is finite.

The key idea now is to realize that one is not forced to use a set of code-
words which are all of the same length. In the case where some messages
will occur more frequently then others, it might make sense to use shorter
codewords for frequent messages, and to accept longer codewords for the
infrequent messages. For instance, in Morse code the number of symbols
used for infrequent characters such as Q (represented by ‘— — - =) is delib-
erately chosen larger than that of frequent characters, such as E (represented
by ¢ - ’). The fact that this alternative way of coding can indeed on average
reduce the number of bits needed for communicating messages which are
not all equally frequent is easily demonstrated via explicit construction. Let
us enumerate the messages in a given finite set A as A = {ay,a2,...} and let
us write the probability that message a occurs as p(a); if all messages are
equally likely then p(a) = |A|~! for all a. Finally, the length of the binary
codeword used for element a (the number of bits) will be denoted by £(a).
Note that for enumerative codes all £(a) are the same, by construction.
For example:

1 1 1 1
A ={ai,a3,a3,a4}  pla) =5 pla)=z p@)=gz play) =3
Let us now compare the performance of enumerative coding to that of an
alternative coding recipe, a so-called ‘prefix code’, where the lengths of
the codewords are adapted to the probabilities of occurrence of the four
messages:

message: enumerative code: prefix code:
ai 00 L(a1)) =2 1 Lia) =1
a 01 Lay) =2 01 L(ap) =2
as 10 L(az) =2 001 L(a3) =3
as 11 L(ag) =2 000 L(ag) =3

The name prefix code indicates that it is constructed in such a way that no
codeword occurs as the prefix of another codeword. Since codewords are
no longer guaranteed to have a uniform length, this property is needed in
order to ensure that the receiver knows when one codeword ends and the
next codeword begins. In the present example we can always be sure that
a codeword ends precisely when we either receive a ‘1’ or when we receive
the third ‘0’ in a row.

Clearly, if we communicate just one individual message it could be that
we use more bits in the prefix code (a3 — 001, a4 — 000) than in the
enumerative code (a3 — 10, ag — 11) to do so. However, if we calculate
the average number of bits used, then the picture is interestingly different.
If we send m messages {a(1),a(2),...,a(m)}, where the message a(r) com-
municated at ‘time’ 7 is at each instance drawn at random from A according
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to the above probabilities, then the average number of bits is by definition

m
average number of bits = l Z £(a(t))
i
We can now define the code length L as the average number of bits used
in the limit m — oo, that is, L = limy_com 1 L(a(1)). Since all
individual messages a(¢) have been drawn at random from the set A, with the
specified probabilities, we can use the property that in the limit m — oo any
average over m independent trials becomes an average over the underlying
probability distribution (this is in fact one way of defining probabilities), so:

m 4
code length: L = lim_ 1 > ta) =" plat(a)
m— m
=1 i=1

which for the present example gives:

enumerative code: L:%x2+}—‘x2+%x2+%x2:2bits

prefix code: L =73 x1+3x2+¢x3+3 x3 =175 bits

We see explicitly in this example that the average information content of
messages must be smaller than log,|A| = 2, since simply by coding mes-
sages cleverly one can on average communicate the messages a € A using
less than two bits each.

One can easily generalize the construction of the above simple version of
a prefix-code to message sets A of arbitrary size. First we order the messages
a € A according to decreasing probability of occurrence, that is,

A ={ay,ay,...,ap,} plar) = plaz) = --- = plan)

We now assign to each element a € A a binary codeword C(a) €
Uxk=110, 1}X (the latter set is the union of all binary strings with one or
more symbols) in the following manner:

message: prefix code:

ai 1 Lia1) =1
a) 01 Liay) =2

as 001 L(a3z) =3

a,_1 00...01 La,_1)=n—1
a, 00...00 Llay) =n—1

The idea is simple. For i < n we take i — 1 zeros, followed by a one. For
i = n we choose n—1 zeros. Note that the code is again of the prefix type: no
codeword occurs as the prefix of another codeword, so the receiver always
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knows when one message ends and the next message begins: a message
terminates either when one occurs, or when n — 1 zeros have occurred in
a row. In a formula, which is more suitable for further analysis, we would

write:
i—1 times

——
i<n: C(a))=00...01 L) =i
i=n: C(a,)=00...00 £(a,)=n-1
n—1 times
An alternative way of viewing this particular code, and a simple way to
decode a message received, is obtained by interpreting the bits in each code-

word as representing successive answers in a decision tree. The following
tree gives the codeword C(a) for each given message a:

a=ap?
a=a?
a=as?
a=a,_1? YCWO)

0...01 0...00

Conversely, the following tree gives the message a for each given code-
word C(a):

C(a)
1st bit=1?
2nd bit = 1?
3rd bit = 12
n — 1th bit = 1? yeMO)

an—1 dn

We can now very easily calculate the code length L, that is, the average
number of bits needed to communicate a message, for arbitrary ordered
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message sets A = {ay1,az,---} with occurrence probabilities p(a1) >
p(az) > p(a3) > .... Let us for now restrict ourselves to finite message
sets, so |A] < oo:

|A]

apk — p(a refix code
L= Zp(ak)ﬁ(ak) = ];p( k) plaja) (p )
- log, |4] (enumerative code)

(10.3)

The value given for the code length L of the enumerative code, as before,
refers to the case where |A| is some integer power of 2. If this is not true,
its code length will be given by the smallest integer following log,|A|. Note
also that, while the enumerative code can only be used for finite message
sets, that is, |A| < oo, the prefix code has no such restriction.

Let us now turn to a couple of examples to illustrate the above ideas.
To simplify the notation we shall put |A| = n. The calculations involve
some simple mathematical tools which can be found in Appendix C.

Example 1. The first example is a message set A in which all messages are
equally likely to occur:

A ={ai,...,an} plap) =1/n
Working out the expression in (10.3) for the prefix code gives:

1< 1 1 1
Lprefzzgk—gzz(n—f'l)—;

For message sets with size equal to some power of two, for simplicity of
comparison with the enumerative code, this gives the following results:

n 2 4 8 16 32 -+ n—> o
Leow 1 2 3 4 5 ~log,n
1 3 7 15 1
Lpref 1 24_1 4§ 81_6 163—2 ’vzn

It is clear that for this example the prefix code is definitely less efficient,
which could have been expected since the prefix code is based on exploiting
likelihood differences. In the present example there are no such differences;
each message is equally likely to occur.

Example 2. As a second example we will choose a message set A in which
the messages are not equally likely to occur, but the likelihood differences
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are not yet too large. Specifically it is assumed that the p(ax) decrease
linearly with message index k:

2 k
A ={ai,...,an} p(ak):;(l_n—i-l)

The elements of the set A are ordered according to decreasing probability
of occurrence; that is, the message probabilities obey p(a1) > p(ay) >
.-+ > p(ay), and they decrease linearly, from p(a;) =2/(n + 1) to p(a,) =
2/n(n+ 1), such that Y ;_; p(ax) = 1.

Working out the expression in (10.3) for the prefix code now gives

2 & k 2
L. == 1— k—
pref nz( n+1> nn+1)

1,2 2
3T 3T a+ 1)

For message sets with size equal to some power of two this gives the
following results:

n 2 4 8 16 -+ n—> o0
Lenw 1 2 3 4 - ~logyn
9 11 405 1
Lpref ]. 1m 3% SW "’gl’l

Again the prefix code is generally less efficient, although to a somewhat
lesser extent. Apparently for the prefix code to beat the enumerative code
the likelihood differences to be exploited need to be significantly larger.

Example 3. As a third example we will inspect a message set A =
{ai,...,a,} in which the message probabilities decrease exponentially:

1
A=la,...,a) p(ak>=B—e—“f (> 0)

n

in which the constant B, follows from the normalization requirement (using
the tools in Appendix A to deal with the summations):

n na 1— e—}m

1—e"
Z Ak 2
Bn = ¢ =¢ 1—e* -1
k=1
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Working out expression (10.3), using the result for B,, now leads to

1 n & e—kn
LprefZB—anf k_B_n
k=1
1 n+et—1 1 o
=1_e_)h_ e)hn_l ~ 1_e_k—ne asn — &0

Here we see a dramatic difference between enumerative coding and our
prefix code. At the same time this demonstrates convincingly that for
message sets where the messages are not all equally likely the appropriate
measure of information content cannot be log,n. Even in the limit of an
infinite number of messages, n — 0o, we can still communicate them by
using on average only a finite number of bits:

) 1
lim Lppef =
n—o00 1 —e 2

The dependence on A of this result is consistent with the picture sketched
so far. For A — 0, where the messages again tend to become equally
likely, we indeed find that the average number of bits needed diverges,
lim, 00 Lpres = 00. For A — oo, where p(a;) — 1 and p(a) — 0
for k > 1 so that just one message will be communicated, we find that
lim, 00 Lpres = 1: we just communicate a single bit for messages with zero
information content.

Figure 10.1 compares enumerative with prefix codes for different message
statistics. Note that for the exponential decay, the prefix code is superior
to the enumerative code only for n > ©(10%). The location of the
crossing point depends of course on the value of A. For the power-law
statistics p(ax) ~ k=% to give a finite value Lpf in the n — oo-limit one
requires o > 2.

10.3 Proposal for a measure of information

We have seen, by investigating examples of message sets and coding
schemes, that the information content of messages must be dependent on
the probabilities of the various messages that can occur in a given setting.
However, we have not given the precise recipe yet to express the informa-
tion content in terms of these probabilities. The hypothesis emerging from
our investigations is that the measure of information should indeed depend
on these probabilities and only on these probabilities.
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Figure 10.1 Codelengths L of enumerative code (circles) and prefix codes for 4 different
message statistics, as functions of |A| = n. (i) p(ax) = const. as in Example 1 (squares),
(i) p(ax) linearly decreasing as in Example 2 (diamonds), (iii) p(ax) decreasing
exponentially as in Example 3, with z = e™* = 0.9 (left pointing triangles), and (iv)

plag) ~ k™ for @ = 2.5 (triangles). The three panels cover the regions of small,
intermediate, and large n, respectively. The lines connecting the markers are just guides to
the eye.

A sensible, unique and—as shown in the following chapter—workable
measure of the information content of a set A of messages in terms of codes
is then obtained by defining information content as the average number
of bits needed to communicate the messages from set A when using the
optimal, that is, shortest possible, code. The examples above have shown
that this optimal code will be different for different message sets. Needless
to say it is anything but straightforward to infer from this definition the
resulting expression for the measure of information in terms of the set of
probabilities { p(ax)} involved; the bulk of Chapter 11 will be devoted to its
derivation. Here we only quote the result, and briefly explore its properties
for the examples that we inspected above.

Proposition. The information content of a set A = {ay,a2, ..., a,} of
messages, occurring with probabilities p(ay), is given by the entropy
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H = H[p]

Hlpl=—>_ plax)log, p(ay) (10.4)
k=1

associated with the probabilities.

This is Shannon’s celebrated source coding theorem. Entropy as defined
by equation (10.4) is one of the key concepts of information theory.
We shall establish its relation to optimal codes in Chapter 11. Thereafter,
in Chapter 12, we go on to explore its properties along with those of a num-
ber of useful related concepts, and finally in Chapters 13 and 14 we apply
these concepts to problems in statistical inference and neural networks,
respectively.

For the remainder of this introduction, however, we will restrict ourselves
to briefly showing what (10.4) predicts as the value for the entropy of the
specific examples we discussed earlier.

Our first example had uniform message probabilities: p(ax) = 1/n for
k=1,...,n. Here we get

n

1 1
H = —l; ;logzz =log, n (10.5)

which is precisely the length of the enumerative code.
Our second example was the message set with linearly decreasing
probabilities, p(ax) = (2/n)(1 — (k/n + 1)). In this case the entropy is

2 & k 2 k
T3 () N O I

k=1

Asymptotically, that is, for n > 1, we can replace the sum in this expression
by an integral, by putting x; = k/(n + 1) and Axy = 1/(n + 1) — dx; with
log,z =Inz/In2 one gets for n > 1:

In

1
H:—Z/ dx (1 —x) [1—log2n+%ln(l—x):|
0

1
=—1+log2n+m~log2n asn — 0o

For our third example, with message probabilities decreasing exponentially,
that is, p(ax) = e **/B,, one finds

1 & 1 Ak
H:—— —)nkl . _
5 2 o (5) i)
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Asymptotically this gives:
A
H=—10g2(€A—1)+E;—_1 asn — o0
This result is shown in Figure 10.2, together with the limit n — oo of the
code length of the simple prefix code, Lyt = 1/(1 —e™), for comparison.

We observe that always L,,..¢ > H (as it should). The two graphs appear to

H, Lpref

Figure 10.2 Code length L. of simple prefix code (dashed curve) versus information
content H (solid curve) of infinitely large message set (i.e. n = co) with exponentially
decaying message probabilities p(as) ~ e~*¢, as a function of the decay rate A.

2 4 6 8 10°0 20 40 60 80 100
n n

Figure 10.3 Shannon entropies for four different message statistics, as functions of |A| = n.

(i) p(ax) = const. as in Example 1 (squares), (ii) p(ax) linearly decreasing as in Example 2

(diamonds), (iii) p(ax) decreasing exponentially as in Example 3, with z = ¢ = 0.9 (left

pointing triangles), and (iv) p(ax) ~ k~* for a = 2.5 (triangles). The two panels cover the

regimes of small and intermediate n, respectively. The lines are only guides to the eye.
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touch at A =In2 = 0.693.. ., which is indeed true since

1 n2 2
A=In2: Ly j=-—-—=2 H = —log,(2 — 1) + —— —
S L ) e R

This shows that the prefix code is optimal for A = In 2.

Finally, Figure 10.3 compares the values of Shannon’s entropy (10.4) for
four different types of message statistics (the examples studied earlier), as
functions of the size n of the message sets.



Identification of entropy
as an information measure

In this chapter, we will use coding theory to prove that the entropy does
indeed represent the information content of a set of messages generated
according to a set of prescribed probabilities. We will first do this by
showing that the average number of bits used per message is equal to the
entropy H, if we use the optimal code to represent the possible values of the
messages (i.e. the one with the smallest average length of codewords). There-
after, we shall also present the main line of reasoning of Shannon’s elegant
original proof, which is based on a few basic assumption about properties
of a sensible measure of information, and does not refer to optimal codes.

11.1 Coding theory and the Kraft inequality

For simplicity we will restrict ourselves to binary codes, that is, to those that
use only symbols from the set {0, 1}. Generalization of the theory to families
of codes which employ a larger alphabet of symbols is straightforward.

Definitions

To get our vocabulary in place, we begin with a number of definitions about
codes and their properties:

e A binary code C : A — |J;-{0, 1}1 is a mapping from the set A of all
messages to the set of all binary strings of nonzero length. It associates
a codeword C(x) € |J;-110, 1}X to each message x € A.

e A non-singular binary code C is a binary code with the property that
if x, x’ € A, with x # x/, then C(x) # C(x). Different messages
are always given different codewords, so each individual codeword is
uniquely decodable.

e The length £(x) of codeword C(x) is defined as the number of symbols
in the string C(x), that is, £(x) = £ if and only if C(x) € {0, 1}*.

e The code-length L[C] of a binary code C is the average length of its
codewords: L[C]1 = )", .4 p(x)€(x).

e A prefix code is a non-singular binary code C with the property that no
codeword C(x) is the prefix of another codeword C(x’), where x,x’ € A

and x # x'.



11 : Identification of entropy as an informationmeasure

e The extension C* : A" — [J;-4{0,1}F of a binary code C : A —
U;=110,1}F is a mapping from the set A" of all groups (xi,...,x,)
of n messages to the set of all binary strings of nonzero length. The
codeword C*(x1,...,x,) which C* assigns to a group of n mess-
ages (x1,...,x;) € A" is defined simply as the concatenation of the
codewords C(x;) of the n individual messages: C*(x1,x2,...,X;) =
Cx1)C(x2),. .., C(xn).

e A uniquely decodable binary code C is one with the property that its
extension C* is non-singular for any n. Note that this also implies that
C must be a prefix code.

Note that the definition of the extended code C* precisely covers the situ-
ation where one sends several codewords C(x), one after the other. C* being
non-singular then means that (i) the original code C is non-singular (so the
individual codewords C(x) are uniquely decodable), and in addition (ii) the
receiver of a string of codewords C(x) can always tell when one codeword
ends and the next codeword begins.

To give an example, let A = {x1, x2,x3}, and

C(x1) =00, Clxp) =01, Ckx3)=1

Then:
C*(x1,x1) = 0000
C*(x1,x2) = 0001
C*(x1,x3) = 001
C*(x2,x1) = 0100
C*(x1,x2,x3) = 00011

After these preliminaries, we are in a position to state in informal terms
how entropy H will be established as the proper measure of information.

First, it is clear that a proper measure of information ought to constitute
a lower bound for the length L[C] of any (binary) code C: H < L[C].
In fact it is suggested to define the measure of information precisely as the
length of the optimal code, given the statistics of the message set. Our next
steps then will be (i) to prove the so-called Kraft inequality, which states
that every binary prefix code C satisfies ) .4 (%)K(x) <1, (ii) to show that
H < L[C] for any prefix code, and (iii) that, given a message set A with
probability assignment p(x) for x € A, there exists a prefix code which
satisfies L[C] < H + 1, finally (iv) to argue that the ‘extra bit’ in the last
inequality can be avoided on a per-message basis by using optimal codes
for large groups of messages.
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The Kraft inequality

We now turn to the first step in our line of reasoning—the Kraft inequality
for codeword lengths {¢(x)}—and first prove that it will hold for any prefix
code, and conversely that, if a set of proposed codeword lengths {£(x)}
satisfies the Kraft inequality, then there always exists a prefix code C with
precisely these codeword lengths {£(x)}.

Proposition 1 (Kraft inequality). Let A denote a message set. Any prefix
code C characterized by a set of codeword lengths {£(x); x € A} satisfies the

xeA

Proof:

e In order to prove this inequality, we first build a tree representation of
all possible binary strings, in the following way:

root

Level 1: 0o__— T—__1
Level 2: 0 /\1 0 /\1

Level 3: 0’/\1 0’/\1 O/\l 0/\1

°
000 001 010 011 100 101 110 111

This tree extends downward towards infinity. To each branch point in
this tree we associate a binary string, which simply represents all bits one
runs into if one follows the directed path (see arrows) from the root to
that particular branch point. For example, at level 1 in the tree we find
the branch points 0 and 1; at level 2 in the tree we have 00, 01, 10, and
11; at level 3 in the tree one finds 000, 001, 010, 011, 100, 101, 110,
and 111, and so on.

e At level n, the binary stings associated with the nodes are (from
left to right) just the binary (base-2) representations of the numbers
0,1,...,2" — 1.

e Those strings that actually occur among the codewords of a prefix code
C under consideration are marked with a e (in the example above, the
codewords occurring up to length 3 are 00, 01, and 100).

o Since C is a prefix code we know that, once a branch point is selected to
correspond to a codeword (marked by a o), there can be no other code-
word further down along the sub-tree rooted in that particular branch
point.
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e Weights are associated with the branch points of the tree as follows. Start
with weight 1 at the root. The two nodes at level 1 each carry weight %,
the four nodes at level 2 each carry weight }‘, and so on, that is, the
2k nodes at level k each carry weight 27*. This construction ensures that,
irrespective of the level k, (i) the total weight of all 2% nodes at that level
adds up to 1, (ii) the total weight of the complete set of descendants of
anode at level £ < k (containing 2¥~¢ elements) is 27¢, that is, the weight
of the originating node.

o Now, at each level n > 1 one can divide the set of nodes into three disjoint
groups: (i) nodes that are blocked and may not be used for codewords,
because they are descendants of a node that has been used as a codeword
C(x) atalevel £ = £(x) < n; by construction their total weight adds up to
27t™) | (ii) nodes that are used as codewords at the level n in question,
and (iii) nodes that are unused (and may or may not represent the first
n bits of further codewords of length m > n).

o Labelling the nodes at level n by their associated bitstrings ¢, € {0,1}",
and recalling that the weight w(c,) of a node associated with ¢, (atlevel n)
is w(c,) = 27", we thus have for all n > 1:

g 3 0 20 2 0

Cn ¢y blocked ¢y used ¢y unused
1 E(x) 1 E(x) 1 n
= =)+ =)+ =
2 (2) (2) 2 (2>
xeA; L(x)<n xeA; L(x)=n ¢p; unused

=1
By omitting the weights of the unused nodes from the sum we thus get
1\ @
Yn > 1: = <1
vzt Y (3) =
x€A; L(x)<n

From this result immediately follows, by taking the limit n — oo:

1 E(x)

— <1
x(3) -
XeA

which completes our proof. O
Conversely, we have the additional

Proposition 2. If a set of codeword lengths {£(x)} satisfies the Kraft inequal-
ity (11.1), then there exists a corresponding prefix code that has the {£(x)}
as codeword lengths.
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Proof. This is proven by explicit construction of a code.

o We first order the codeword lengths—writing ¢; = £(x;)—according to
increasing length:

bh<b=<t3=<--

Codewords are then constructed in terms of the binary tree introduced
above (and reproduced below) as follows:

root

Level 1: OA/\l
Level 2: N 0~

Level 3: 0 1 OAl O/\l OAl

000 001 010 011 100 101 110 111

Choose for the first codeword C7 the leftmost branch point at level ¢; in
the tree. That is

C1=00...0 (1 zeros)

Then iterate:
— If ;51 = ¢ C;iq is branch point to the right of C;.

—If¢i11 > € Cipq is leftmost available?? node at level ¢; 1.
-i—>i+1

e There is a concise algebraic representation of this iterative scheme in
terms of arithmetic in base-2 representation, viz.

Ci1=0
Ciag =270 5 (Ci 1), P21

where it is understood that the binary representation of C; uses ¢; bits—
allowing as many leading zeros as necessary to achieve this, if C; < 2% —1,
and indicating failure of the construction if C; > 24 — 1.

e This construction could only fail if we find ourselves having allocated a
codeword to the rightmost node at some level n at a stage where there
are still further codeword lengths waiting to get a codeword. In terms of
the categorization of the codewords at level n this means that they are all
either blocked (by codewords assigned at levels higher up in the tree) or

23 Note that a branch point is available if it is not a descendant of a codeword used earlier
and therefore blocked.
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used, and no unused ones are left (hence all nodes further down the tree

would be blocked), so
1\

However, in this situation we must have allocated all codeword lengths
¢; to codewords C;, since otherwise the Kraft inequality would have been
violated. This completes our proof. O

In order to develop further intuition for the above formal results, let
us turn to a number of explicit examples. We will illustrate the construc-
tion of prefix codes, described in the previous proof, from a given set
of desired codeword lengths, focusing on the crucial role of the Kraft
inequality.

Example 1. We first choose the set of codeword lengths {¢;} = {1,2, 3, 3}.
This set saturates the Kraft inequality, since

() -1 (3) ) -

The construction recipe for the corresponding code gives:

construction: result:
C1=0 0
Cr=2x(C1+1)=2 10
C3=2x(Cr+1)=6 110
Cis=C3+1=7 111

This is indeed a prefix code, with the required codeword lengths. The fact
that a codeword consisting entirely of 1s appears as the last entry indic-
ates that the rightmost node at level 3 has been reached, so that all nodes
further down the tree are blocked, or equivalently that the Kraft inequality
is saturated as an equality.

Example 2. Next we choose the set {¢;} = {2,2,3,3,4,4}. This set also
satisfies the Kraft inequality:

6

0 =00
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The construction recipe for the corresponding code gives:

construction: result:
Cc1=0 00
C,=Ci+1=1 01
C3=2x(Cr+1)=4 100
Cs=C3+1=5 101
Cs=2x(Cs+1)=12 1100
Ce=Cs+1=13 1101

This is again a prefix code, with the required codeword lengths.

Example 3. Our third example illustrates how the construction fails when
the Kraft inequality is not satisfied. Let us choose the set {¢;} = {1,2,2,2}.
This set violates the Kraft inequality:

4 4 2
1\" 1 1 5
ZH(z) =z+3(5) =37

Now our construction recipe generates the code:

construction: result:

C1=0 0

Cr=2x(Ci+1)=2 10

C3=Cr+1=3 11

Cs=C3+1=4 (=100, not a 2-bit string!)

We see that a prefix code with codeword lengths {¢;} that violates the Kraft
inequality cannot be constructed. Once C3 is found, the rightmost node at
level 2 has been reached (C3 consists only of 1s); the tentative C4 constructed
via the algebraic iteration scheme does not allow a 2-bit representation as
required. Another way to see the failure of the construction is to note that
C, is a prefix of the tentatively constructed Cj.

11.2 Entropy and optimal coding
Bounds for optimal codes

We will now prove two important theorems. The first one states that no
uniquely decodable code C will allow us to communicate messages x € A
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in such a way that the average number of bits used is less than the entropy:
L[C] > H[p], an inequality which we had argued should be satisfied by any
sensible measure of information. The second theorem, on the other hand,
states that for every message set A with prescribed probabilities p(x) for the
occurrence of x € A there exists a uniquely decodable code that comes very
close to this bound: L[C] < H[p] + 1. Note that every uniquely decodable
code must be a prefix code.

Proposition 3. Every prefix code C to encode messages x € A obeys L[C] >
H|[p], with equality if and only if £(x) = log,[1/p(x)] for each x € A.

Proof. Subtract the two sides of the inequality to be established:

LICI = HIp] = ) p(E(x) + log, p(x)] = ZP(X)log2< Pt )

XeEA XEA (1/2)£(X)
Z A p(x) )
> | _LoxeA P V7
= (; p(x)> ng(zxeA (1/2)Z(x)
1 E(x)
()"
xeA

Here the first inequality follows from an inequality related to convexity,
which we prove in Appendix G, the so-called the log—sum inequality (LSI).
The second inequality follows from the Kraft inequality (KI). Full equality
is obtained only if both the LSI and the Kraft inequality simultaneously

reduce to equalities, so:
1)\ @
x() -
2

xXeA

1 K(x)
LSI: 3A > 0: pkx) = k(i) R KI:

Combination of these two conditions gives A = 1, so indeed p(x) = (%)@(x)

for each x € A. Equivalently: ¢(x) = log,[1/p(x)] for each x € A. This
completes the proof. O

Proposition 4. For every message set A with prescribed probabilities p(x)
for the occurrence of the messages x € A there exists a prefix code C with
the property L[C] < H[p] + 1.

Proof. The proof is based on the explicit construction of a code with the
stated properties. It is clear from the previous theorem that efficient codes
are those which approach the relation £(x) = log,[1/p(x)]. However, since
each £(x) must be an integer the ideal situation is not always achievable.
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Thus we attempt to get as close to achieving this condition as possible within
the integers by choosing

€(x) = ceil [log, (1/p(x))]
where we define
ceillzl =minfn e N |n>z} = z<ceillzl]<z+1

These lengths obey the Kraft inquality, since

1)\ (™ 1\ ceil tlogy (1/p ()]
() =)

xeA xeA
log, (1/p(x))
1\ log2
< —_
=3 (5)
x€eA
= Zzlogz p(x) _ Z p(x)=1
x€A X€EA

Here we used ceil[z] > z. Proposition 2 now guarantees that there exists
a prefix code with the codeword lengths ¢(x) = ceil [log, (1/p(x))]; it even
provides a construction. This code will then have the following code-length:

LICI =) p(x)ceil [logy(1/p(x))]

X€A
<Y pllogy(1/p(x)) + 11 = Hp] + 1
X€A
where ceil[z] < z + 1 was used. This completes our proof. O

At this point it is appropriate to summarize our present knowledge about
the relation between codes and entropy in a compact way. If we define
the optimal code (or most efficient code) for a given ensemble of messages
(described by the message set A and the message probabilities {p(x),x € A})
as that uniquely decodable code C which has the smallest codelength L[C],
we get the following proposition.

Proposition 5. The optimal code C to encode messages for a given ensemble
of messages (described by A, {p(x),x € A}) uses an average number L[C]
of bits per message which obeys

H{p] < LIC] < H[p] + 1 (11.2)
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Proof. This theorem follows directly from the previous two propositions;
note once more that uniquely decodable codes are always of the prefix type.
O

Killing the final bit

One notes that the “+1’ contribution on the right-hand side of (11.2) is
purely due to the fact that the ideal values ¢(x) = log,(1/p(x)) cannot
always be realized in practice, but have to be rounded off to the nearest
integer. Equation (11.2) is thus in itself adequate proof that the aver-
age information content of messages x € A generated with probabilities
{p(x)} is indeed the entropy H[p] given in (10.4).

In what follows, we briefly demonstrate that the extra bit by which
the optimal code may exceed the entropy of an information source can
in a certain sense be eliminated. This is obviously not just a challenge of
purely academic interest but would be very useful for any high throughput
communication system.

The key observation to achieve this elimination of the final bit is based
on the fact that nowhere in the line of reasoning leading to (11.2) did we
in any essential way make use of the fact that the messages to be encoded
were single-component messages.

Thus to eliminate the final bit, one would use codes which are optimized
in such a way as to encode groups of n messages, independently gener-
ated from a message set A with probabilities {p(x)}. That is, denoting by
x = (x1,X2,...,%;) with x; € A the n-component messages, generated with
probabilities p,(x) = []/_; p(x;), and by C, the optimal uniquely decod-
able code used to encode these messages, we know that the inequality (11.2)
of the previous proposition generalizes as follows.

Proposition 6. The optimal code C, to encode messages for a given
ensemble of n-component messages generated from A, with p,(x) =
]_[?:1 p(x;) uses an average number L[C,] of bits per n-component message
which obeys

Hlpn]l = LICy] < Hpa]l+1 (11.3)

Using the fact that H[p,] = nH[p], since the n messages are drawn inde-
pendently, we thus find that the number of bits of code used on average per
message satisfies

H[pl <n 'L[C,] < H[p]+n"! (11.4)

which can be as close to H[p]—the average information per message gen-
erated according to the prescribed probabilities—as desired, if coding is
optimized for large groups of messages.
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The various practicalities of the approach to coding via coding of message
sets are themselves of some intrinsic interest, leading to the notion of #ypical
and atypical message sets and and the idea of using enumerative codes
to code these message sets separately, granting an additional bit for the
information to which group a message belongs. However, we shall not
deal with these issues here and refer instead to the specialized literature for
further details.

11.3 Shannon’s original proof

Let us finally give a brief outline of Shannon’s elegant original proof that
entropy H[p] is the proper measure of information of an ensemble of mess-
ages generated according to a set of prescribed probabilities p; = p(a;),
with a; € A.

The proof is based on three assumptions about properties which a good
measure of information should have, thus rendering Shannon’s approach
to information axiomatic.

1. H[p]l = H({p;}) should be continuous in the probabilities p;.

2. For uniform probabilities p; = 1/n,i = 1,...,n, the information

H(l,...,l)EF(n) (11.5)

n n

is a monotonically increasing function of n (i.e. of the number of
possibilities to choose from).

3. Information is additive. More specifically: if a message set can be
grouped and messages can accordingly be identified by first identifying
the group to which they belong, and then by identifying which member
of a group they are, these pieces of information must add up. Form-
ally, if p; denotes the probability of a message to belong to group j and
pi|j denotes the conditional probability that it is the ith member of the
group, given that the group is j, then

H({pij}) = H{pijjp;h) = HAp;) + Y _ piH{pi;) (11.6)
J

Thus the total amount of information equals the information about
group membership plus the weighted average over the groups of the
information concerning choice within groups.
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Since one can always decompose a choice of s™ equally likely possibilities
into a series of m choices of s equally likely possibilities, one has according
to assumption 3:

F(s™) =mF(s)

for the function F, which is the measure of information for uniform prob-
abilities as introduced in assumption 2. This functional relation is seen to
be satisfied by

F(x) =klnx,

for some k > 0, and since the relation is supposed to hold for all integers
s and m, one can show that this choice is unique (up to the prefactor k).

Similarly, given a set of n equally likely messages which is decomposed
into groups containing n; equally likely messages (n = }_; n;), so that the
probabilities p; = n;/n of belonging to the various groups are rational,
one can use assumption 3 and the definition of F to write

F(n)=H({p;)+ > pjF(nj)
J

For the form (11.3) of F obtained above we find

H({pj) =F@m) =Y pjF(n;)=—kY pjlnn;/n)=—k) pjlnp,
J J J
(11.7)

as the expression for the information in case of rational probabilities. By
the continuity assumption, the same expression must hold for any choice
of real p;. This completes Shannon’s original proof that entropy is the
proper measure of information. The constant k appearing here obviously
only affects the unit in which it is measured. The standard choice is k =
1/In 2, corresponding to information being measured in bits.

It is very satisfactory to observe that the earlier proof involving the
optimal code did not involve any of the above axioms, and that, conversely,
Shannon’s proof does not involve coding. The two proofs are thus quite dis-
tinct, yet both confirm the validity of the central result that (10.4) represents
the correct information measure.



Building blocks of
Shannon’s information
theory

In this chapter, we explore properties of entropy and of related measures
of information theory, which will be useful for later applications of the
framework. The chapter has the character of a compilation of key results
(and proofs); it may thus also be taken as a reference.

We will find it useful to formulate the results in terms of the concept
of random variables X characterizing information sources. A random vari-
able X is specified by the set A of values x that the random variable X
can assume, and a probability assignment {p(x);x € A}. Instead of writing
H|[p] for the entropy—thereby emphasizing the dependence of information
on probabilities—we shall thus often write H(X), thereby indicating both
the range of values that X can assume and the probability assignments.

We begin by developing the framework for discrete random variables,
in which case probabilities are assigned to individual elements of A.
Continuous random variables will be treated later on. Elementary concepts
of probability theory in as much as they are needed for what follows are
gathered in Appendix A.

12.1 Entropy

The entropy H(X) of a discrete random variable X, measured in bits, is
defined as follows:

H(X) ==Y p(xlog, p(x) (12.1)

X€EA

We assume that p(x) > 0 for all x € A, which can always be arranged
via the definition of A, unless stated otherwise (in the latter cases we define
0log, 0 = lim, g€ log, € = 0). As demonstrated in the previous chapter,
the entropy represents the average information content of messages x from
the set A with the specified probabilities p(x) of occurrence.
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General properties

Property 1. H(X) > 0, with equality if and only if x is a constant.
Proof. Use the property p(x) < 1 for all x € A:

1
H(X) = Z p(x)log, [—] > Zp(x)logzl =0 (12.2)

xeA p(x) X€EA

Equality implies that p(x) = 1 (Vx € A). Since also ), ., p(x) = 1, this
forces x to be a constant. Conversely, if x is a constant then the equality

indeed holds. O

Property 2. H(X) < log,|A|, with equality if and only if p(x) = |A|~! for
all x € A.

Proof. Define auxiliary probabilities ¢(x) = |A|~!, and use the log-sum
inequality (G.5) (to be referred to as LSI in what follows):

log |Al — H(X) = ) p(x)llog, p(x) + log,|A[]

xX€A
(x) Y cea P(X)
_ | p_} 1 [L] -0
erAp(X) ng[q(x) > [erAp(X)] I S Swpwes

Equality holds if and only if it holds in the log-sum inquality, so

(3x > 0): p(x) = Ag(x). Since Y .4, p(x) = > ,.c4q(x) = 1 the constant
A must be 1, so p(x) = |A|~! for all x € A. O

Property 3. H(F(X)) < H(X), with equality if and only if F is invertible.

Proof. Define the new random variable Y = F(X) with y € Ay, with non-
overlapping domains Dy, = {x € A| F(x) = y} which obey Uyca, Dy = A,
and associated probabilities

P =D ) Y py =Y. > pm =Y p)=1

xeDy yeAy y€Ay x€Dy x€eA
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Now work out the difference between the two entropies:

H(F(X) — H(X) == Y p(»logy p(y) + Y _ p(x)logy p(x)

yeAy xeA
== Y [plogy h(») = Y p(logy p(x) |
yeAy xeDy
== D plog [Zx <0, P )}
Y€EAy x€Dy ( )
== 2 P(X)logz[l w2 p(x/)} <0
y€Ay xe€Dy x'(#x)eDy

Note that equality implies that each of the terms 3 /(,yep, P(x') van-
ishes, which happens if and only if (Vy € Ay): |D,| = 1. This is precisely
the condition for invertibility of the operation F. O]

Examples

Example 1. Let us see how these three properties surface in the calculation
of the entropy for specific choices of random variables. We first inspect
the simplest non-trivial discrete random variables x, the ones which can
take only two values: A = {0, 1}, with p(1) = p and p(0) = 1 — p (with
p € [0,1]). Here we obtain from: (12.1):

H(X) = —plog,p — (1 — p)log,(1 — p) (12.3)
This expression has the following properties (note: log,z = Inz/In2):
(i) H(X)p = H(X)1—p forall p € [0,1].
(1) H(X)p=0=H(X)p=1 =0, HX)p=1/2 = 1.
(iii) dH(X)/dp > 0 for p € [0, %), dH(X)/dp <O for p € (%, 11,
with dH(X)/dp =0 for p = % This follows immediately from:

=
dp In2dp

=log,(p™' = 1)

1 1-—
A lnp 4= pind - pl= 2 n (_”)
In2 p

These properties have straightforward explanations in terms of information
content: (i) states that the information content is invariant under 0 <> 1
(alternative coding), (ii) + (iii) state that the information content is maximal
for uniform probabilities p(1) = p(0) and decreases monotonically with
increasing probability differences, until it vanishes at p € {0,1} (where
x reduces to a constant). Figure 12.1 shows the dependence of H(X) on p
in a graph.
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Figure 12.1 Entropy H (X) for a binary random variable x € {0, 1}, with probabilities
p(1) = p and p(0) = 1 — p, as a function of p. See equation (12.3). The maximum value
H(X) =1 for the entropy (i.e. for the information content) is obtained for p = % (indicated

by dashed lines).

Example 2. Our second example concerns the information content of mess-
ages conveying events in a casino, where a coin is thrown until the first
head (h) occurs, as opposed to tails (t) only. The random variable M
represents the number of times the coin is thrown (i.e. the number of throws
needed for the first head to show up), so A = {1,2,3,...} with |A| = oc.
The probabilities p(m), m € A are obtained by inspection of the various
scenarios:

p(1) = Prob(h) = %
p(2) = Prob(th) = % . %
p(3) = Prob(tth) = % . % ) %

.p(m) = Prob(t...th) _ (3)"

With the help of the simple tools in Appendix C to deal with the summation,
the entropy (12.1) now comes out as

non == 3 (3) tos(5)" = Xn(3)" = g, X

B d 1 . Z

— - = —— — =2bit
zillr}zzdz 1-z z—l>rlr}2 (1-2)? 1s
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On average such messages therefore convey just two bits of information.
Note that for this example the prefix code is optimal:

Cm)= 00...01 £(m) = m: L:Zp(m)ﬂ(m):Zm(%)mzH

m—1 times m=>1 m>1

Example 3. Our third example is an illustration of how the information
content of a random variable is reduced if it undergoes a non-invertible
operation. Let us choose the event set A = {0,1,2,3,4,5,6,7} and the
following operation: F(x) = cos(mx). Equivalently (at least for the present
event set): F(x) = 1 for x even, F(x) = —1 for x odd. This example is quite
typical of real-world communication via imperfect channels, such as poor
telephone lines. Here the only information delivered at the receiving end of
the communication channel is whether the original message variable x was
even or odd. The new random variable ¥ = F(X) has the following set of
possible values and associated probabilities:

p(=1) = p() + p3) + pS) + p(7)
p(1) = p(0) + p2) + p(4) + p(6)

The information content of the two types of messages, before and after the
operation F, is given, respectively, by

y €Ay ={-1,1} (12.4)

H(X)=—) plog, p(x)
erA ’ (12.5)

H(F(X)) = —p(=Dlog, p(—1) — p(D)log, p(1)

The outcome of the information reduction AH = H(F (X)) — H(X) due to
the non-invertible operation (the poor communication medium) will thus
depend on the choice made for the probabilities p(x).

In the simplest case where all messages x are equally likely, that is, where
p(x) =1 forall x € A, we obtain p(—1) = p(1) = % which results in

H(X) =log,|A| = 3 bits
H((F(X)) =log,|Ay| = 1 bits AH = -2 bits

Only one-third of the original information content survives the opera-
tion F. Alternatively we could inspect a situation where the events in
A have different probabilities of occurrence. Let us choose the following
probabilities:

x 0 1 2 3 4 S5 6 7

1 1
64 128 128

ool —
—_

cxl"‘
=

Nl
INTEN

p(x)
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According to (12.4) we now have p(—1) = % and p(1) = 8758, so that we
find for the two entropies (12.5):

H(X) = 2 ~ 1.984 bits

43 43 85 85 .
SO
AH ~ —1.063 bits

Here about one half of the original information content survives the
operation F. This example illustrates that for a given type of message
deterioration (i.e. for a given operation F, which could also involve a
probabilistic element) the information loss is dependent on the various
probabilities of occurrence of the individual messages.

12.2 Joint and conditional entropy

The joint entropy H(X,Y) of a pair of discrete random variables (X, Y),
measured in bits, is defined as follows:

HX,Y)=— Y p(x,ylog, p(x,y) (12.6)
(x,y)€eA

where A = Ax ® Ay. The joint entropy represents the average information
content of messages (x,y) from the set A with the specified probabilit-
ies of occurrence p(x,y). As before: 0 < H(X,Y) < log,|Al|, with zero
occurring only when (x,y) is constant, and log,|A| occurring only when
p(x,y) = |A|7!. The proofs of these statements are identical to those
for H(X). Generalization of the definition of joint entropy to messages
consisting of n random variables H(X1, ..., X,) is also straightforward.

The conditional entropy H(Y|X) of a pair of discrete random variables
(x,y) € A, measured in bits, is defined as follows:

H(Y|X)=— Y p(x,ylog, p(ylx)
(x,y)€EA
=Y p@[ = Y pOllog poi) | (12.7)
x€Ax YEAY

The conditional entropy represents the average information content of
message component y of a combined message (x, y) from the set A, given
that one knows the other component x already. Generalization of the defini-
tion of conditional entropy to messages consisting of more than two random
variables, giving objects such as H(X, Y|Z), is again straightforward.
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General properties

Property 1. The entropy H(X,Y) of a pair of random variables (X,Y),
with (x,y) € A = Ax ® Ay € R? satisfies: H(X,Y) < H(X) + H(Y), with
equality if and only if X and Y are independent.

Proof. Subtract the two sides of the proposed inequality and use the defin-
itions of the marginal distributions, p(x) = Zye Ay P(x,¥) and p(y) =

ZXEAX p(x,y):

HX,Y) = H(X) = HY)=— " %" p(x,y)log, p(x,y)

xXeAyx yEAy

+ > plog, p(x)

X€EAx

+ Y p(log, p()

YEAy

Z Z p(x,y)log, [p()z)f)g)]

xEAX yEAy

We now use the LSI (G.5) and obtain:
H(X,Y) — H(X) — H(Y)

= [ > > P(x,y)]log2 {ZXEAX 2 yeay P(x)p(y)} _

xeAyx yeAy ZXEAX ZyEAY p(x,y)

Equality is obtained if and only if (3A > 0): p(x,y) = Ap(x)p(y) for all
(x,y) € A. We can then sum over all (x,y) € A and obtain A = 1. We
conclude that equality holds if and only if the two random variables X and
Y are independent. O

Property 2. H(Y|X) > 0, with equality if and only if there exists a function
F such that y = F(x) for all (x,y) with p(x,y) > 0.

Proof. Using

p(x,y) p(x,y) p(x,y)
( ) ZyeAy p(-x )’) p(xay)_l_Zy’(;éy)eAy P(xa)") -

p(ylx) =

one obtains

HYIX)= ) p(x,y)logz[

(x,y)eA

] > > px,ylogy1=0

(x,y)eA

1
p(y[x)

Equality requires p(x,y) = p(x) for all (x,y) € A, or Zy/(#y)eAY p(x,y) =
0. In other words: there can for each x € Ay be just a single y € Ay for
which p(x,y) # 0. This means that y can be written as a function of x for
all allowed pairs (x, y). O
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Property 3. H(F(X)|X) = 0.
Proof. This identity is included in the proof of Property 2. O]

Property 4. H(X|F (X)) > 0, with equality if and only if F is invertible.

Proof. We simply apply Property 1 to the random variables X and Y =
F(X), according to which H(X|Y) > 0, with equality if and only if there
exists a function G such that x = G(y) = G(F (x)) for all x with p(x) > 0,
which requires F to be invertible. O

Property 5. H(Y|X) < H(Y), with equality if and only if x and y are
statistically independent.

Proof. Upon evaluating the difference H(Y) — H(Y|X) and using the LSI
(G.5) one obtains:

HY)—HYIX)= ) plx,log, pylx) = D p(ylog, p(y)
(x,y)€A yeAy

= Y p,ylog, [M]
(p)eA pxX)p(y)

ZI: Z p(xsy)]10g2|: Z(XJ)EAP(X,)’) :|:O

(x,y)€A Z:(x,y)eA px)p(y)

Equality holds if and only if it holds in the log—sum inequality,
so (3x > 0): p(x,y) = Ap(x)p(y). Since D, y)ca P(X,¥) = D (1 yyea P(X)
p(y) = 1 the constant A must be 1, so p(x,y) = px)p(y) for all
(x,y) € A. O
Property 6 (Chain rule).?* H(X,Y) = H(X) + H(Y|X).

Proof. Simply use p(x,y) = p(y|x)p(x):

HX,Y)=—= Y px,log, pte,y) =— Y plx,ylog[p(ylx)px)]
(x,y)€A (x,y)eA
=— Y plog piylx) — Y plx,y)log, p(x)
(x,y)€A (x,y)€EA
=H(Y|X) = Y p(x)log, p(x)
X€EAx

= H(Y|X) + H(X)

which completes the proof. O

24 Note that this identity was part of the set of assumptions (viz. the additivity property 3)
required for any good measure of information, in Shannon’s proof of the source coding
theorem. No wonder therefore that we recover it as a property of the (joint) entropy.
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Property 7. H(X,Y) > H(X), with equality if and only if there exists
a function F such that y = F(x) for all (x, y) with p(x,y) > 0.

Proof. The result follows by combination of Properties 2 and 6. O

Property 8 (Conditioned chain rule). H(X,Y|Z) = H(X|Z) + H(Y|X, Z).
Proof. This result follows from the identity
p(x,¥,2) p(x,2)

p(x,y]z) = b0 pQ) = p(ylx,2)p(xlz),

from which one infers

H(X,Y|Z)=—= )" p(x,y,2log, p(x,ylz)
(x,y,2)€A

=— Y p,y,0log [pOylx,2)px|2)]
(x,y,2)EA
= H(Y|X,Z) + H(X|Z) .

Examples

Example 1. Our first example serves to illustrate the above properties,
and to demonstrate that in general H(Y|X) # H(X|Y). We consider the
stochastic variables X and Y with Ax = Ay = {1,2,3,4} (and A =
Ax®Ay), and with joint probabilities p(x, y) as given in the following table:

y
1 1 1 1
1 8§ 16 32 32
) L 1 1 1
16 8 32 32
3 L 1 1 1
16 16 16 16
4 1 0 0 o0
The marginal probabilities p(x) = ZyeAy p(x,y) and p(y) =
Y reay Px,y) follow as:
* 1 2 3 4 y 1 2 3 4

ool —
ool —
N

B—
B—=
NI

p(y)

D=
A=

p(x)
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If we simply insert the appropriate probabilities in the various definitions,

we obtain for the individual entropies H(X) and H(Y) and for the joint
entropy H(X,Y) the following results:

H(X) ==Y p(x)log, p(x) = 1% bits

xeAyx
H(Y)=— > p(ylog, p(y) = 2 bits
YEAY
3.
H(X,Y)=— Y p(x,ylog, p(x,y) =33 bits
(x,y)€A

After careful bookkeeping (summing over all nonzero entries in the table
of the joint probabilities) we obtain the conditional entropies H (Y |X) and
H(X|Y):

3.
HX|Y) == > px,ylog, plxly) =13 bits
(x,y)€eA
5.
HY|X) == ) px,ylog, p(ylx) =17 bits
(x,y)eA

Thus the average amount of extra information contained in x if we already
know y need not be identical to the average amount of extra information
conveyed by y if we already know x. There is no symmetry in that sense.The
present example obeys the following inequalities and equalities:

0<HY|X) < HY) < HX,Y)

0 < HX|Y) < H(X) < H(X, Y)
H(X,Y) = H(X) + H(Y|X)
H(X,Y) = HY)+ H(X|Y)
H(X)— H(X|Y) = H(Y) — HY|X)

The first four lines indeed confirm the general properties derived earlier in
this section. The bottom line points at a property to be built upon in the
subsequent section.

Example 2. Our second and trivial example is the one with a non-
invertible operation we inspected earlier (Example 3 of the previous
section), F(x) = cos(x) with Ay ={0,1,2,3,4,5,6,7}. We introduce the
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variable Y = F(X), with Ay = {—1,1}. The joint probability distribution
p(x,y) now becomes
p(x,y) = p(x)dy F(x)

with 8, = 1 if and only if n = m and zero otherwise. Here we obtain the
following expressions for joint and conditional entropies:

HX,Y)=— Y p,ylog, p(x,y)
(x,y)EAXx®Ay

=— ) pnlog, p(x) = H(X)

XEAX

HX|Y)=— > p(x,ylog, p(x|y)
(x,y)€EAX®Ay

= Y p&,ylog, p(y) —log, p(x, )]
(x,y)EAX®Ay

—H(X,Y)— H(Y)=H(X)— H(Y)

HY|X)=— Y plx,ylog p(ylx)
(x,y)EAX®Ay

= Y. pylog, p(x) —log, p(x, )]
(x,y)€AxQAy

= H(X,Y)—H(X)=0

Such results make perfect sense. The additional information conveyed by
learning the value of y = F(x) is zero if we know x already, so H(Y|X) = 0.
In contrast, learning the precise value of x does convey additional informa-
tion if previously we knew only y = F(x) (i.e. whether x is even or odd).

12.3 Relative entropy and mutual information

The relative entropy D(p||q), measured in bits, of two discrete random vari-
ables X and X’ with Ax = Ay’ = A described by probability distributions
p(x) and g(x), respectively, is defined as

p(x)}

D = lo 12.8
(pllg) XEEA p(x)logy [q(x) (12.8)
with the usual convention Olog, 0 = lim¢|gelog, e = 0. The relative

entropy is alternatively often called cross-entropy, or ‘Kullback-Leibler
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distance’, a term which has to be used with some care since D(p||q) can-
not play the role of a true distance as D(p|lq) # D(ql||p) in general. As
we will demonstrate shortly it does, however, have the nice property that
D(p|lg) > 0 for any pair of distributions p and ¢, with equality if and only
if p(x) = g(x) for all x € A.

It is only natural to introduce also a measure which is similar to the
relative entropy but symmetric in the two probability distributions p(x)
and g (x):

J(pllg) = D(pllg) + D(qllp) (12.9)

which is called Jeffreys’ divergence. Its properties of course follow trivially
from those of the relative entropy.

An important object, especially in the context of neural networks as we
will see, is the so-called mutual information 7(X,Y) of a pair of random
variables X and Y, with values (x, y) € A, defined as

(12.10)
pxX)p(y)

I(X,Y)= Y plx,ylog, [

(x,y)€A

Note that I(X,Y) = I(Y, X) and that for independent variables X and Y
one would find I(X,Y) = 0.

Similarly one can define the conditional mutual information (X, Y|Z)
involving three random variables as

p(x, ylz) ]
e = »yalogy | —Po 12.11
(X,Y|Z) (x,yg):eAP(x y,2)log, [p(xlz)p(y|z) ( )

This conditional mutual information is also symmetric in its first argu-
ments, I(X,Y|Z) = I(Y, X|Z) and for conditionally independent variables
X and Y, for which p(x, y|z) = p(x|z) p(y|z), one finds I(X,Y|Z) = 0.

General properties

Property 1. D(p|lq) > 0 for any pair of distributions p and ¢, with equality
if and only if p(x) = g(x) for all x € A.

Proof. Use the LSI (G.5) and the normalization ), p(x) =), q(x) = 1:

D(pllg) = Zp(x)logz[ } (3 po]ioss [%jﬁfﬁﬂ

xeA xX€A

Equality holds if and only if it holds in the LSI, so if 31 > 0): g(x) =
Ap(x) for all x € A. Normalization of p and g subsequently dictates that
A =1. O
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Property 2. I(X,Y) > 0 for any pair of random variables with values
(x,y) € A, with equality if and only if X and Y are independent.

Proof. Note that I(X,Y) = D{p(x, V}HI{p(x)p(»)}) and use Property 1.
Ll

Property 3. 1(X,Y) = H(X) — H(X|Y)

Proof. Substitute p(x,y) = p(x|y)p(y) in the definition of (X, Y):

I(X,Y)= > p(x,ylog, [

(x,y)eA

p(x,y) ]
pX)p(y)

> p(x,y>logz[”(x'”]=H(X)—H<X|Y> -
(peA px)

Note that from I(X,Y) = I(Y,X) it immediately follows that also
I(X,Y) = H(Y) — H(Y|X) (see Example 1 in the previous section). Note
further that Property 3 allows us to attach a clear meaning to mutual inform-
ation: 1(X,Y) is seen to be the average amount of information in messages
x minus the residual average information that is left after we have learned
about y. Since the reduction was entirely due to the revelation of y we find
that (X, Y) is the average amount of information that y reveals about x,
and vice versa (the ‘vice-versa’ simply follows from I(X,Y) = I(Y, X)).
This interpretation follows alternatively from the following statement:

Property 4. I(X,Y)=HX)+ HY)—- H(X,Y)

Proof. Use the chain rule H(X,Y) = H(Y) + H(X|Y) (Property 6) of
Section 12.2 in combination with Property 3 above:

[(X,Y) = HX) — HX|Y)

=HX)-[HX,Y)-HY)]=HX)+ H(Y) - H(X,Y)
O

Property 5. 1(X, F(X)) < H(X), with equality if and only if F is invertible.

Proof. Combine Property 3 with Property 4 of Section 12.2:
I(X,F(X)) - HX)=-HX|F(X)) <0

with equality only if F is invertible. O

In particular we find that (X, X) = H(X), that is, the average amount
of information that x conveys about x is simply the average amount of
information in x (as it should).
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Property 6. 1(X,Y|Z) > 0, with equality if and only if p(x,ylz) =
p(x|z2) p(y|z) for all (x,y,z) € A (i.e. if x and y are conditionally
independent).

Proof. Write

IX,Y12)= ) P(X,y,Z)logz[

(x,y,2)€A

- Z p(xsy;Z)lng[ p(x,y,z) :|
(x,y,2)€A px|2)p(y|2)p(2)

p(x,y]z) }
p(x|z)p(ylz)

and use the LSI (G.5) to conclude

I(X,Y|Z)Z[ > p(x,y,z)]logz
(x,y,2)€A

|: Z(X,y,z)eA p(x,y,2) :| o

Z(x,y,z)eA p(x12)p(¥12) p(2)

Equality holds only when it holds in the LSI, which requires that
@r > 0): p(x,ylz) = Ap(x|z)p(y|z) for all (x,y,z) € A. Normalization
forces the constant A to be one. So indeed p(x, y|z) = p(x|z)p(y|z) for all
(x,y,2) € A. O

Property 7 (Data processing inequality). If three random variables X, Y, Z
with values (x,y,z) € A are related by a Markov chain X — ¥ — Z,
that is, p(x,y,2) = pz|y)p(y[x) p(x), then I(X,Y) > I(X, Z).

Proof. Show that I(X,Y) — I(X,Z) = I(X,Y|Z):

p(x,y)p(x)p(z)}

I(X,Y) - [(X,Z) = I
XN -1X,2)= ) p(x,y,2) ng[p(x)P(y)P(va)

(x,y,2)€A

= . P(xay,z)logz[M}zl(X,mz)
(x,y,2)€A p(x|2)p(y)

where in the last step the Markov property was used in the form p(x, y,z) =

p(y,2)p(x,y)/p(y) whichentails p(x, y)/p(y) = p(x, y|z)/p(y|z) The asser-
tion then follows from Property 6 (which states that I(X,Y|Z) > 0). O

The data processing inequality shows explicitly that no processing of the
random variable y (converting it into a new random variable z), whether
deterministic or probabilistic, can increase the information that it contains
about the random variable x. This obviously makes sense.
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Examples

Example 1. As usual we try to facilitate the digestion of all this via expli-
cit examples. Let us first illustrate the relative entropy by considering the
simplest non-trivial discrete variables X and X’ with values in A = {0, 1}.
We compare two probability distributions, p(x) and ¢(x), where

pO=1-p p)=p qO)=1-0 g)=0

with 0 < p,o0 < 1. Inserting the above probabilities into the definition
(12.8) we obtain the following expressions for the relative entropies D(p||q)
and D(q||p):

D(pllg) = (1 — p)log,[(1 — p)/(1 — )] + plog, (p/o)
D(qllp) = (1 — o)log,[(1 —0)/(1 — p)] + o log, (o/p)

We can find the minimum of, for instance, D(p||q) by calculating its
derivative with respect to the parameter o for a given value of p:

ad 1 o—p
gD(PHQ) “mlod—o)

from which it can be concluded that the (unique) minimum is obtained at
o = p, giving D(p||p) = 0 (as it should).

The asymmetry in the definition of D(p||q) is clearly seen by working out
the difference

1—-0

D(plig) — D(glip) = 2 — p — o)log, (ﬂ) + (o +)log, (£)

which is nonzero except for p = 0.

Example 2. Our second example serves to illustrate that in general
I(X,Y) # I(X,Y|Z), and that there is even no inequality to order the
two. Consider the triple (X, Y, Z) of stochastic variables with Ax = Ay =
Az =1{0,1} (so A = {0,1}3), and with joint probabilities p(x, y, z) as given
in the following table:

(x,y,2)  (0,0,0) (1,0,0) (0,1,0) (1,1,0) (0,0,1) (1,0,1) (0,1,1) (1,1,1)

px,y,2) /4 0 0 1/4 0 1/4 1/4 0

By summing over one of the random variables we obtain from
these the marginal probabilities p(x,y) = > .4, P(x,5,2), p(y,2) =
Y veay P(x,¥,2) and p(x,2) = ZyeAY p(x,y,2), which for this example
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all come out to be the same:

P(Xay):P(X,Z):P(y,Z):% forall(x,y,z)eA

The marginal probabilities p(x) = Y reay PEY), PO = Y ca, P(52)
and p(z) = > yeay P(,2) are similarly identical:

p(x) =p(y) =p) =% forall(x,y,z) €A

If we calculate for the present example the mutual information I1(X,Y)
(12.10) and the conditional mutual information (X, Y|Z) (12.11) we find:

(x,y) 1
IX,Y)= Y plx,ylog, [p—} <= D log1=0
(x,y)eAx®Ay P)p(y) 4 (x,y)eAx®Ay
(x, yl2)
1(X,Y|Z) = Ly, o)l P ]
XXiZ)= 3, P50 ng[ *)p(12)

(x,y,2)€A

= Y pEy2log [w] =log,2 =1
(x,y,2)€A p(x,2)p(y,2)

At first sight it seems somewhat strange to find simultaneously
I[(X,Y|Z) >0 and I(X,Y) = 0. Apparently y reveals nothing about x
if we do not take z into account, but y does reveal something about x
when in addition z is known. The explanation is as follows. If we inspect
the probability distributions p(x,y), p(x), and p(y) we see that X and Y
are independent, so I(X,Y) = 0 (as it should). However, if z is known
the situation changes considerably. From the table of p(x, y, z) we infer the
following. If z = 1 we know that (x,y) € {(0,1),(1,0)}, so that knowing
one means knowing the other. If z = 0 we know that (x, y) € {(0,0), (1, 1)},
and we have a similar situation. This explains why I(X,Y|Z) > 0.

Now we will show that the opposite situation can occur as well, with
I(X,Y) > 0 and I(X,Y|Z) = 0. We change the table of the joint
probabilities in the following way:

(x,y,2  (0,0,0) (1,0,0) (0,1,0) (1,1,0) (0,0,1) (1,0,1) (0,1,1) (1,1,1)

p(x,y,2) 0 172 0 0 0 0 1/2 0

By summing over one of the random variables we obtain from these the mar-
ginal probabilities p(X, y) = ZZEAZ p(X, Vs Z), p(ya 7) = ZxEAX p(X, Vs 2)
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and P(X, Z) = ZyGAy P(Xa ya Z):

(x,y) (0,00 (1,0) (0,1 (1,1 (2 (0,00 (1,0) (0,1) (1,1)

p(x,y) 0 12 12 0 py,z) 12 0 0 12

(x,2) (0,00 (1,00 (0,1) (1,1

p(x,2) 0 1/2 1/2 0

The marginal probabilities p(x) = - 4, P(x,¥), p(Y) = Xca, P(¥52)
and p(z) = ZyeAy p(y,z) again come out the same:

p(x)=p(y) =p) =% forall (x,y,2) € A

If we now calculate the mutual information I(X,Y) (12.10) and the
conditional mutual information I (X, Y|Z) we find:

p(x,y) }
p@)p(y)

B 2 7_,
- [(1/2>2} -

p(x,y2) ]
px|2)p(ylz)

IX,v)= Y plx,ylog, [

(x,y)EAx®Ay

IX,Y1Z)= Y p(x,y,z)logz[

(x,y,2)€A

= Y pyolog [w]zo
(x,y,2)€A " >LpG,2p(y,2)

Now the situation is reversed: y reveals information about x if we do not
take z into account, but fails to do so when in addition z is known. The
explanation is as follows. If we inspect the probability distributions p(x, y),
p(x), and p(y) we see that x and y are not independent, so I(X,Y) > 0
(as it should). However, if z is known the situation changes. If z = 1 it
immediately follows that (x, y) = (0, 1): we know everything already, and
knowing x adds nothing to what we know about y. If z = 0 it follows
that (x,y) = (1, 0): knowing x does not increase our knowledge of y. This
explains why I(X,Y|Z) = 0.

12.4 Information measures for continuous random
variables

So far we have restricted ourselves to discrete random variables. In the case
where the variables are continuous we have to be somewhat careful, since
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not all properties of our information-theoretic quantities as established for
discrete random variables survive the transition to continuous ones.

Differential entropy

Let us consider a discrete random variable X which can assume the
values x;x = kéx (for a given spacing 8x), with k = 0,+1,4+2,..., so
A= {...,—38x,—28x,—8x,0,8x,28x,38x,...}. Let p(xx) be the associ-
ated probabilities. Eventually we will consider the limit x — 0 which will
turn x into a continuous random variable. As long as dx remains finite,
however, the theory as developed so far applies, and we obtain

oo oo

HX)=—- Y plwlog p) Y pl) =1 (12.12)

k=—00 k=—00

In order to pave the way for the continuum limit we now define a probability
density p(x;) = p(xx)/8x. Transformation of (12.12) into an expression
involving this density gives

H(X)=— Y éx p(xp)log, p(x) — log, 8x > sxp) =1

k=—00 k=—00

Note that

lim )" 8x p(x)log, p(xi) = / dx p(x)log, p(x)

1) 0
x— oo

lim Z 8x p(xg) = /dx px)=1

8x—0
=0, =

provided these integrals exist. However, we observe that we cannot define
the entropy of a continuous random variable simply as the continuum limit
3x — 0 of the entropy of an underlying discrete random variable, since
limg, 0 log,(1/8x) = co. The natural adaptation of the discrete definition
of the entropy to the case of a continuous random variable described by
the probability density p(x), with [ dx p(x) = 1, appears to be restricting
ourselves to what is left after we eliminate the offending term log, (1/8x)
from the discrete expression, giving:

H(X) = —/dx p(x)log, p(x) (12.13)
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which is called the differential entropy. Since in order to arrive at (12.13) we
have subtracted a positive term from a discrete entropy H(X), we may no
longer assume that A (X) > 0. Yet, since what has been subtracted is simply
a constant which does not depend on the shape of the probability density
p(x), the differential entropy still has the property that it measures informa-
tion content. But this is now in a relative rather than an absolute sense, like
a thermometer with correctly spaced marks but without an indication of
where the zero is.

Example 1. Let us calculate the differential entropy for a block-shaped
probability density, with A = [a — %b,a + %b]:

b1, fora—%bfxfa—}—%b
px) =

0, elsewhere

For the differential entropy we find:

B 1 a+b/2
HX) = —Z/ o dx log, (1/b) = log, (b)

The result is negative for b < 1 (narrow distributions p(x)). We con-
clude that the differential entropy can indeed have negative values, even
for simple and well-behaved probability densities. We also observe that for
continuous random variables with uniform probabilities the familiar rule
H(X) = log,|A| again holds, where |A| is now defined as the size of the
interval of allowed values for x.

Generalization to multivariate densities is straightforward. Let us con-
sider x € IRY, with the set A centered at (ai,...,ay), that is, A =
[ay — 3bi,a1+ 3611 ® - ® lay — Yby,an + b ]:

N

1 1 1 :
l_lbi s forai—zbifxifai—i—zbi, i=1,...,N
px) = qi=1

0, elsewhere

For the differential entropy we now find:

N N N N
H(X1,...,XN) = — (]_[ b;l) /dx log, l_[bi_l =log, [ [bi =) _log, bi
i=1 A i=1 i=1 i=1

The result is negative for ]_[lN: 1 bi < 1 (sharply concentrated distributions).
Again we find H(X1,...,Xn) = log,|A|, where |A| is now defined as the
volume of the region of allowed values for x.
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Example 2. Our second example is a probability density with a Gaussian
shape (see also Appendix D):

e~ (r—w?*/207

PO = e

Here the differential entropy is found to be

—(x—p)*/20”
I:I(X)z—/ dx e—(x—u)z/Zalegz |:e YR/ j|

A = (=00, 00) (12.14)

o2 oV2nm
_ d.x(x — M)z —()C—/L)Z/Z(TZ _ 1 2
—/me +10g2(UV27T)— m[l+ln(2na )]

We find a negative differential entropy for sufficiently small width o of the
probability density, and an infinite differential entropy for o — oo.

There is one special property of Gaussian probability densities to be men-
tioned here, namely that they are the ones that maximize differential entropy
subject to the constraints of prescribed mean and variance. This statement
is of deep significance in connection with statistical inference, as will be
explained later in Chapter 13. It provides the second reason for the import-
ance of Gaussian probability densities in probability theory and statistics,
in addition to the key role they play in the central limit theorem.

Multivariate Gaussian distributions, where x € RY, pose no funda-
mental problems, although the calculations are slightly more involved.
The fundamental properties one always uses are normalization and the
expression for the second order moments (see Appendix D):

o~ (/D@ (X)) Ax—(x))

Q)N 2det— 172 A (A7 D = {0 = () ) — (x;)

p(x) =

(12.15)

Let us denote the (real and positive) eigenvalues of the (symmetric)
covariance matrix A~! as {¢;}. Inserting (12.15) into the definition (12.13)
of the differential entropy and explicitly working out the log, p(x) in that
expression gives:

A(X1,..., Xy) = —/dxp(x)logmx)

1
=315 / dxp(x)(x — (x)) - A(x — (x))
+ log,[2m)V/2det1/? A]
1 N
= 375 2 Au(0i = D)y — ()

ij=1
+ log, [(2m)N/?det™1/2 A]
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Thus, using (12.15) and det 'A=detAa ! = [ 1; ci, we finally obtain
3 1
H(X1,. 0 XN) = 57— g[l +InQwe)] (12.16)

The simplest type of covariance matrix is a diagonal one, describing inde-
pendent variables {x;}: ((x; —(x;)) (x;—(x;)) = al.Z(Sl-j, and A;; = al._zé,-.,- (with
the variances o; of the individual variables x;). Here the differential entropy
reduces to the sum of the differential entropies of the N individual x;, as it
should:

3 1 Y N o
H(X15.. 0, Xn) = 575 ) [T+ InQrof)] =) (X))
i=1 i=1

Differential mutual information

Let us next consider two discrete random variables X and Y, which can
assume the values x; = k8x (for a given spacing 8x), withk = 0,+1,+2,...,
and y; = €8y (for a given spacing §y), with £ = 0,+1,+2,..., respectively.
The associated joint probabilities are p(xx, y¢), with marginal probabilities
PO = Y02 o POy ye) and p(ye) = D32, p(xk, ye). As long as both
dx and 8y remain finite, the theory for discrete random variables applies,
and we obtain

o0 A o
1,7 =Y plu,yolog, [M] .Y by =1
P P(xk) p(ye) kim0

(12.17)
As in the section dealing with the differential entropy, we now define joint
and marginal probability densities p(xi,ye) = p(xk,ye)/8x8y, as well as
POw) = Y02 o Pk, ye) /8x and p(ye) = Y32 plxe, yo)/8y. Here the
transformation of (12.17) into an expression involving only densities does
not generate diverging terms; the spacing parameters §x and 8y cancel in

the argument of the logarithm and we find

e P Xk, ye) ] =
IX,Y) = 3 8x8ypCu, yology | 22| 3" 5x8yp g, ye) = 1
( ) *OIP (ks ) 08 [P(xk)l?(ye) x0yp (ks ye)

k=—00 kl=—00

We can now simply define the mutual information of two continuous
random variables as the continuum limit $x — 0, §y — 0 of the mutual
information of a pair of underlying discrete random variables, that is, as

p(x,y) }

(12.18)
px)p(y)

[(X,Y) = /dxdy p(x,y)logz[
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provided this integral exists. I(X,Y) is called the differential mutual
information. Since the differential mutual information can be obtained by
taking a limit of a discrete expression for mutual information, we are now
guaranteed that 1(X,Y) > 0.

Examples

Example 1. Let us work out the mutual information of two (possibly
correlated) Gaussian variables x and y with zero averages (for simplicity),

that is, (x) = (y) = 0, and with variances (x?) = ¢ and (y?) = 03:
—a()-a x)
G )zeXp[ W )<y) (y | A_1:<o*3 <xy>)
Py 2 det 24 ’ () o}

with the marginal probability densities

efxz/ZUX2 efyz/lo)c2

px) = m p(y) = W

For the differential mutual information we now find:

2 2
[(X,Y) = 21 5 [ dxdy p(x,y) Lz %_C)A(;)}
x y

+ log, (oy0yVdet A)

2
: (2 -2 Ai_leji> + log, (0xoyVdet A)

~ 22 Z
i,j=1
= log, (oxoyVdet A)
1 (xy)?
=55 (1 303) (12.19)

Example 2. Our second example is a pair of random variables (X, Y) which
are only allowed to take values from within the square Ax ® Ay, where
Ax = Ay = [—1,1], with joint probability density:

(X, J’) ¢ [_191]2: p(x,y) =0

P _ k+0(xy)
(x,y) e [-1L,1]%: px,y) = 20kt D
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The parameter k > 0 controls the degree of dependence of the two variables.
For k — oo the two random variables become statistically independent; for
k = 0 we find a strong coupling, since x and y are forced to have the same
sign. The marginal probability densities are obtained by integration:

ok+omy) 1
x,yE[—l,l]- p(x)_/;ldym_z

B 1 k+0(xy) 1
p(y)_/_1dxz(2k+1) ~2

The differential mutual information can be calculated easily:

. 1 k4 60(xy) 2[k + 6 (xy)]
I(X,Y)_/_ldxdy 2(2k+1)logz[ 1 }

_ kD (242Y ko 2%
“2k+1 B2\ 2k 11) T2+t B2\ 2k 11

This result makes sense. For k — 0 we get I(X,Y) — 1; here the two
variables are forced to have identical sign, so they do indeed convey exactly
one bit of information about one another. For k — oo we get 1(X,Y) — 0
because the two variables are independent.

Example 3. As a third and final example we will calculate the differential
mutual information of two (possibly correlated) Gaussian variables which
are themselves vectors, rather than scalars: x € RY and y € RM with zero
averages (for simplicity), (x) = (y) = 0. The joint probability distribution
for the pair (x, y) must then be

i v S 0

Q) N+M/2 det ™12 A oo

p(x,y) =

with the matrices:

Ci = (xixj), G =(uyp), G =xp), ] =iy

and with the marginal densities

e X (€7 1x/2 Y€ y/2

) p(y) =
Q2m)N/2 det/? ¢ Qm)M/2 det'/? €Y

px) =
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For the differential mutual information we find:

[(X,Y) = /dxdy p(x, y)log, [M]

p(x)p(y)
/dxdyp(x y) [x € e +y-(Cc)!

21 2
— (x) A (x)] + = log,[det C*Ydet C**det A]
y y 2
N+M
xx rxxy—1 Weoyvy—1 A A—l
212 UZ_:C (€5, +”Zlc €™ ,,21 i

+ 3 logz[det C”det C**det A]

1 '
= zlogz[det C»det C**det A]

Equivalently:
" 1 (Cxx)fl 0 c**
I(X, Y) = —zlogzdet[( OT (ny)_1> <ny ny>]

xx\—1px
I ) Cy) (12.20)

" Jog, d
~p g det| (oo 1

in which T denotes the identity matrix, 0 is an N x M matrix containing
only zeros, and 07 is its transpose. Note that the previous result (12.19) can
be recovered as a special case from (12.20) since for N = M = 1 we obtain
TI=1,C" = (x2), C* = (y?) and C*Y = C** = (xy).

12.5 Exercises

Exercise 12.1. (Entropy.) Consider the pair of stochastic variables (X, Y),
defined by Ax = Ay = {—1,1}, and by the joint probabilities p(x,y) =
K eP*Y. Compute the normalization constant K, the marginal distributions
p(x) and p(y), the entropies H(X), H(Y), and the joint entropy H(X,Y).
Verify the inequalities 0 < H(X,Y) < H(X)+ H (Y). Determine the value(s)
of B for which H(X,Y) is minimal. Determine the value(s) of 8 for which
H(X,Y) is maximal. Explain why for the present example H(X,Y) can
never be zero.
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Exercise 12.2. (Conditional entropy and mutual information.) For the pair
of random variables introduced in the previous exercise, compute the condi-
tional information H(X|Y) and the mutual information 7 (X, Y), and verify
the identity I(X,Y) = H(X) — H(X|Y). Investigate the behaviour of the
results as functions of the parameter 8. Interpret your findings.

Exercise 12.3. (Entropy reduction by non-invertible transformations.)
Define the stochastic variable X, taking values from the set Ax =
{a,b,c,...,z} (the 26 lower-case letters of the alphabet), with the prob-
abilities p(x) = 1/26 for all x € A,. Calculate H(X), H(F(X)), and
I(X, F(X)), and verify the two statements I(X, F(X)) = H(F(X)) and
H(F (X)) < H(X) for the ‘broken typewriter’ operation

F(x)=x forx e{a,b,c,...,q}
F(x)=2z forx elr,s,...,z}

Exercise 12.4. (Differential entropy.) Given a continuous random variable
X with A = R™, that is, x > 0, compute the differential entropy for an
exponential probability density of the form p(x) = x; Le=x/x0 and invest-
igate its dependence on xg. What is the meaning of xg, apart from it acting
as a normalization constant? Compare the behaviour of H(X) with what
we derived for the Gaussian case.

Exercise 12.5. (Differential mutual information.) Consider the following
stochastic processes (i.e. time dependent random variables) X, and Z;,
all assumed to be real valued, which produce an output process Y; via
Y, =X, +0Z,. Let X, be defined as a so-called auto-regressive process:
that is, it is assumed that

Xp = \/Ext—l + V1 —aé§

in which 0 < a < 1 is a fixed parameter, and z; and &, are realizations of
independent Gaussian random variables of zero mean and unit variance.
Assuming that X is a zero mean and unit variance Gaussian, one finds
that X, and Y, are Gaussians as well, although no longer independent for
different ¢. Processes of this type are sometimes used to mimic statistical
properties of financial time series. For this setup, show that X, is a zero-
mean and unit-variance Gaussian at all #, while Y; is a zero-mean Gaussian
of variance 1 + o2. Compute correlations of the form Cy = (y;x,—¢) and
use these results to obtain the differential mutual information 1(Y;, X;_x),
which quantifies the amount of information that X, ; reveals about the
output process at a later time z.

Exercise 12.6. (Differential mutual information.) Repeat the analysis of
the previous exercise for the case that the output process is defined as a
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superposition of many input processes, Y; = ZlNzl o Xi;+0Z;, and assume
independent auto-regressive processes for each of the inputs,

Xip =aixig—1+ /1 —ai&i;

In particular, it will be interesting to investigate the dependence of the
differential mutual information 7(Y;, Xis—k) on the so-called load-factors
a; and on the set {a;} of coefficients describing the auto-regressive processes.
The results obtained are relevant for assessing the relative importance of the
Xi—k In determining the output ¥;.



Information theory and
statistical inference

This chapter deals with applications of information theoretic concepts to
problems of statistical inference, namely density estimation for a random
variable X which is not completely specified, in the sense that the full
set of probabilities {p(x);x € A} or, in the case of a continuous random
variable, the probability density function are unknown. We shall consider
two fundamentally different cases.

(1) In the first case, incomplete information about probabilities is available
in the form of a finite number of observations, that is, independent
realizations x; of X that are generated according to the underlying unknown
probability density function p. The task is to estimate p by approximating it
as closely as possible within a parametrized family {py; A € A} of functions,
using the available information. The classical method in this context is
Maximum Likelihood (ML) estimation; this approach and its relation to
minimizing a Kullback-Leibler distance are discussed in Section 13.1.

(ii) In the second case, it is assumed that information about probabilities
is available in the form of the values of averages (fy(x)) for a family { f}
of functions of X; these could, but need not, include moments u, = (x™)
of x. The task is once more to estimate p solely on the basis of the available
information, that is, the set of known averages. The method of choice here is
the Maximum Entropy (MaxEnt) principle for density estimation, which is
also deeply rooted in information theory and is discussed in Section 13.2.

13.1 Maximum likelihood estimation

Let us first discuss ML estimation of a probability density function on the
basis of finitely many independent observations of a random variable X.2°
We shall denote by

D= {x,-; i = 1,...,N}

the set of available data, that is, N independent realizations or
observations of X.

25 Throughout this section, we shall use the language appropriate for continuous random
variables; however, all identities we are going to derive have obvious analogues for discrete
random variables.
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Principal relations

Maximum Likelihood estimation attempts to approximate an unknown
probability density p from which the data set (13.1) is supposedly sampled
within a parametrized family of probability density functions, denoted by

{;msreA}, ACR” (13.1)

The starting point of the ML method is to write down the joint probability
density of the data, assuming that the set was sampled from a member p;
of the family. This is also called the likelihood of the data D for a given A,

N N
p(DIA) = 1_[ pa(x) = exp|:z In pl(xi)j| = exp[L(A|D)] (13.2)

ML estimation proposes to find the maximum of the likelihood w.r.t. the
parameter A € A and use the maximizing A as the parameter that provides
the best approximation to the unknown density p within the family. Using
the monotonicity of the exponential function, one observes that finding the
maximum of p(DJ|X) is equivalent to finding the maximum of the so-called
log-likelihood

1 1 &
LOID) = LKD) = =3 In pa(x;) (13.3)

Clearly, this task is unaffected by adding a constant (i.e. a quantity inde-
pendent of A) to the log-likelihood. By taking this constant to be the
so-called empirical entropy

1 N
Hylpl = = ) I p(x)
i=1

associated with the (unknown) probability density p, one immediately
establishes a straightforward link between ML estimation and information
theory, since we now find:

p(xi
L(A|D - — H 134
(A|D) = ; [m( )] NPl (13.4)

Maximizing the (log-) likelihood of the data over the family {p,} is seen to
be equivalent to minimizing

Dy (pllp) = lim[ pli) } (13.5)
N = Lpatx)

with respect to A. Up to a factor In 2, this quantity is nothing but an empirical
approximation of the Kullback-Leibler distance D(p| py) between the
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unknown density p and the parametrized density py. Indeed, by the law
of large numbers, it is expected that Dy (p|/px) will (up to the factor In2)
converge to the Kullback-Leibler distance D(p|| px) as the size N of the data
set D becomes large,

Dy (pllpy) — / dx p(x)ln|: p(x)
pa(x)

} —In2D(plipr), asN =|D| - oo
(13.6)

The convergence referred to in (13.6) is a convergence in probability,
meaning that limy_ o Prob[|Dn(pllpr) — In2 D(plipy)l > €] = 0 for
alle > 0.

To summarize, ML estimation attempts to approximate the unknown
probability density function p as closely as possible by a member of
the family pj, using the empirical approximation Dy(pl|lpa) to the
Kullback-Leibler distance as a distance measure. See also our earlier dis-
cussion of the interpretation of the SVQ algorithm for small learning rates.

Algorithms

Having established the above fundamental relations, let us briefly men-
tion two algorithms that allow one to improve systematically estimates of
the parameters A for minimizing (13.5). We will not go into details here,
as neural network related algorithms following similar ideas are described
and analysed at some length elsewhere in this book.

A first possibility that comes to mind is iterative gradient descent
improvement of parameters, viz.

A(t +€) = A1) —eVaDn(plpr) (13.7)

For sufficiently small learning rate € this process is guaranteed to reduce
Dy (pllpy)- Indeed, taking the limit € — 0 we obtain

d
—A=-V,D
i rDn(plipr)

and thus

d d 5
EDN(P”PX) = VaDn(plipa) - E)” = —[VaDn(plip)]= <0

This process is of the batch learning type, as it uses the complete data set D
for each iterative improvement. Asymptotically, the algorithm is expected
to converge as (13.6) states that Dy (p| pa) converges to a multiple of the
Kullback-Leibler distance, which is bounded from below. Without going



13 : Information theory and statistical inference

into any detail, a note of caution may be appropriate at this point, however:
for finite N, due to the fact that the convergence (13.6) is defined in a prob-
abilistic sense, boundedness of Dy (pl/pa) and hence also convergence of
the algorithm are not guaranteed.

An alternative approach that goes under the name of stochastic approx-
imation consists in updating parameters sequentially as the data points x;
come in, according to

Ais1 = hi— éVxln[ pixi) } =M+ ——Vap () (13.8)
pr(xi) pr(xi)

Following the line of reasoning described in, for example, Section 2.3,
one may also formulate a continuous-time limit of stochastic approxima-
tion. This presupposes that an infinite sequence of data points x; can be
generated, and in the continuous-time limit it does in fact amount to a
gradient descent algorithm on the Kullback-Leibler distance proper. Filling
in the details of this argument is left as an exercise to the reader.

13.2 The maximum entropy principle

We are now going to discuss the problem of density estimation for the
case where information about probabilities is incomplete in the sense that
information is available only in the form of the values of averages (f,(x))
for some family {f,} of functions of x. These could, but need not, include
the moments w, = (x") of X. The task is to estimate the true density p on
the basis of these averages. The method of choice here is the MaxEnt prin-
ciple for density estimation. It is worth noting that, whereas ML estimation
as discussed in the previous section was invented in the 1920s, that is, long
before the advent of information theory in the late 1940s, the MaxEnt prin-
ciple for density estimation to be discussed here makes explicit reference to
concepts and heuristics underlying information theory. We will formulate
the solution to the problem first for discrete random variables, and deal
with the continuous case thereafter.

Discrete random variables

The solution to the problem formulated above, as proposed by Jaynes in
the 1950s, is based on the observation that the entropy associated with
a random variable X,

H(X) ==Y p(x)log, p(x) (13.9)

xeA

describes the average uncertainty about actual outcomes of observations
of X, and thus is a measure of our ignorance about X. According to Jaynes,
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a consequence of that observation is that the best estimate of a set of
probabilities {p(x); x € A}, compatible with the available information
is given by an assignment of probabilities which maximizes the entropy,
that is, our ignorance about X, subject only to the constraints coming from
the available information. One thereby expects to prevent inappropriate
implicit assumptions about X, involving properties that we have in fact no
knowledge of, from sneaking into the probability assignment that is being
made. Jaynes’ MaxEnt prescription thus provides a systematic method of
being maximally unbiased in a probability estimate, subject to constraints
given in the form of a set of averages.

In order to formulate the solution in detail, we return to the convention of
making the dependence of the entropy on the distribution p explicit by using
the notation H[p]. Moreover, it will be convenient to write the entropy
in terms of natural rather than digital logarithms. With the shorthand
k =1/In2 we may put

Hlpl =~k p()Inp(x) (13.10)

x€eA

The problem to be solved can now formally be stated as follows. Let X be
arandom variable, with the set A of possible realizations given. It is assumed
that the only information available about the probabilities {p(x); x € A} is
given in terms of a set of averages

(fa) =Y p(O) ful®) = four fa €M (13.11)
x€eA

with M = {f,} denoting a given family of functions. This family will
always have to include the function fy(x) = 1, whose average gives the
normalization constraint

(fo) =) px)=1 (13.12)
xeA

which must always hold. Other functions may, but need not be included
in M. Let p* denote the best estimate of the probability distribution com-
patible with (13.11). Then p* is found according to the following MaxEnt
principle:

H[p"] = max{H[p]} subject to {fu(x)) = Jar fa € M (13.13)
or, equivalently

p* = argmax{H[p]} subject to (f,(x)) = fu, fu € M (13.14)
p

The MaxEnt principle requires us to find the maximum of a function subject
to a set of constraints on its variables { p(x); x € A}. Such a problem is solved
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by the method of Lagrange parameters (see also Chapter 8). We first explain
the method using two examples and then proceed to the general case.

Example 1. Let us first assume that nothing is known about X. Thus the
only constraint on p is that it should be normalized. So one has to solve

pF= argmaX{H[p]} subject to Zp(x) =1 (13.15)

xeA

This is done by introducing a Lagrange parameter, conveniently written as
kAo, and solving an unconstrained maximization problem for

Hyolpl = Hipl+kio( Y- pv) 1) (13.16)
XeA

Thus p* is found by solving

dH),[p]
ap(x)

aHAo[P] (Z (x) — 1) -0

= —klnpx)—k+krg=0, VxeA

The first set of equations require

p(x) = exp(to — 1) = const. (13.17)
The second imposes the normalization constraint, and entails

p*(0) = exp(ho — 1) = |A|™! (13.18)

which fixes the proper value of the Lagrange parameter 1. Since the entropy
H{p] is strictly concave, in the sense that for all 0 < r < 1:

Hlrpi + (1 —r)p2l = rH[p1l+ (1 = r)H[p2]

with equality if and only if p; = ps, and since moreover the probabilities
satisfying the constraints form a convex set, the unique stationary point
found can only be a maximum. Note that the entropy attains its maximum
possible value

H[p*] = H),[p*] = kIn|A| = log,|A] (13.19)
This is a very reasonable result as our ignorance about X is complete:
nothing apart from the normalization constraint is known.

Example 2. Here we take the average of X to be known, and given
by w1. This constitutes a second constraint, over and above the one of
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normalization. In this case one has to solve

p* = argmax{H|[p]} subject to Z p(x) =1 and Z p(X)x = 1
P

xeA xXeA

(13.20)

With the help of Lagrange multipliers as above, this translates into an
unconstrained maximization problem for

Hy o, [Pl = HIlp] + kxo(Zp(x) - 1) + kM(Z px)x — m) (13.21)

x€eA xeA

The maximizing distribution is found by solving

0H
o,r1 L] — —klnp(x)—k+krg+kix =0, VxeA
ap(x)
aH)\.O Al[p]
V) e e R —1)=0
o (ZA PO —1)
aHko A1 [P]
o (ZA PO — i)

The solution can be written as

1
pF(x) =exp(ho — 1+ Ax) = 7 exp(ii1x) (13.22)
with
Z=27ZM) =exp(l—2xy) = Zexp()»lx) (13.23)
xeA

to enforce the normalization constraint, and with A1 chosen such as to solve
the following equation (required by the constraint of the given mean):

8 *
pny = m1n Z=Y prex (13.24)

xX€A

The general case

We are now able to formulate the solution to the general case (13.13).
By following and expanding the line of reasoning from the two examples
above, and using fy = 1 and the corresponding Lagrangian multiplier A
to deal with the normalization constraint, one finds immediately that the
best estimate for the distribution p is of the form

P =exp (o= 1+ Y hafu) = 2 exp (Y hafulm)  (13.25)
a#0 a#0
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Here the factor

Z = exp(1 = 20) = ZWaizo) = Y exp (Y Aafulv)  (1326)

XeA a#0

is introduced in order to satisfy the normalization constraint. The para-
meters {Ay(0y} are chosen to solve the following system of equations that
describe the impact of the non-trivial constraints:

d
fu= G- ZBazo)) = 2 P10 fulo), o« #0 (13.27)

xeA

In the general case, as before, the concavity of H[p] in combination with the
fact that the set of constraints is formulated in terms of averages, that is,
linear functionals of p, guarantee that the MaxEnt solution of the dens-
ity estimation problem is unique, as long as the set of constraints is kept
finite.

At this point it is appropriate to point out one of the salient features of
the MaxEnt approach, namely that it gives rise to an exponential family of
distributions. Let us in particular also draw the attention to the fact that
the stationary Gibbs—Boltzmann distributions which form the central object
of study in equilibrium statistical mechanics (see Part V) are precisely of
the form obtainable from a MaxEnt principle. In the context of statistical
mechanics, the only non-trivial information available about a system is
typically that it has some average energy

E=) p)E(x)

xeA

with E(x) denoting the energy of the system as a function of the state
variable X. The Gibbs—Boltzmann distribution in that case takes the form

px)=2"1e PEW

with the Lagrangian multiplier 1 g associated with the constraint of average
energy writtenas A\ = —B, and 8 = 1/T denoting inverse temperature. The
normalization constant Z is in statistical mechanics referred to as a partition
function. It is quite remarkable that a ‘subjective’ problem such as that of
density estimation appears to be so closely related to fundamental levels of
description in the world of physics.

Continuous random variables

In the case of a continuous real-valued random variable X, the MaxEnt
argument proceeds along the by now familiar lines, except that one here
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determines the best estimate of a probability density function by maximizing
the differential entropy

Hlp] = —k/dx p(x)In p(x) (13.28)
A

subject to whatever constraints are known about the system. The only
procedural change involved is that functional derivatives with respect
to the p(x) take the role of partial derivatives. In the cases considered
here, functional derivatives are evaluated according to rules completely
analogous to those for partial derivatives (including product rules, chain
rule etc.).

In the case of a continuous version of the previous Example 2, one would
look for the unconstrained maximum of

Hi i, [pl = Hipl + kko(/Adx p(x) — 1) + kkl(/Adx p(x)x — m)

(13.29)
by solving
M0 lPY _ _j 1y pe) — k + kho + kaix =0, Vx e A
§p(x)

8];)\0,)\1 [P] _ / _ —

Ao _k< Adx pe—1)=0
M:k(/dxp(x)x—pu) =0

oA A

Note that these expressions are formally identical to the corresponding
equations in the discrete case. The solution can be written as

Prx) = %eXp(Mx) (13.30)

with now
Z=7Z(\)= /dx exp(A1x) = exp(1l — Ag) (13.31)
A

to enforce the normalization constraint, and with A1 chosen such as to solve
8 *
ui=—InZ = | dx p*(x)x (13.32)
oA A

as required by the constraint of the given mean.

Example 3. Of particular relevance to the continuous case is another
example, where both the first moment uq = (x) and the second moment
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wr = (x%) of a real random variable X, with A = R, are known. The best
estimate for the probability density p in this case is found by determining
the unconstrained maximum of

Higpy0,[p) = HIp] +k)»0< f dx p(x) — 1) + km( / dx p(x)x — m)

+ kk2</dx p(x)x* — Mz)

in which integrals extend over IR. Following the established procedures,
one finds a solution of the form

1
pH(x) = ge“"“zxz (13.33)

For this solution to make sense, that is, be properly normalizable, we must
obviously have 1, < 0. A minute of reflection then shows that the solution
can be rewritten in the form
1 5 12 93
* xX) = — e—(x—)q) /212
P =-

with A, = —%)»2 and Ay = A1/A2, and where Z is an appropriately redefined
normalization constant. The reader will immediately realize that this is
nothing but a Gaussian probability density function, and read off that

A=, )A»zzorz:pcz—,u%, and Z =V 2no?

Thus the Gaussian probability density, apart from its key role in the
central limit theorem describing the asymptotic distribution of sums of
independent random variables (of zero mean), enjoys a privileged role also
as a maximally unbiased estimator of a probability density function, sub-
ject to the constraints of given first and second moments, or equivalently of
given mean and variance.

13.3 Exercises

Exercise 13.1. (Stochastic approximation.) Show that the continuous time
limit of the stochastic approximation algorithm (13.8) amounts to a gradi-
ent descent algorithm for the Kullback-Leibler distance proper, and is
therefore guaranteed to converge, although of course not necessarily to
a global minimum.

Exercise 13.2. (MaxEnt inference for continuous random variables.) Sup-
ply detailed reasoning for the steps leading to the solution of the general
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case of MaxEnt estimation for discrete random variables discussed in
Section 13.2, at the level of detail as given in Examples 1 and 2.

Exercise 13.3. (MaxEnt inference for continuous random variables.) We
are given a continuous random variable X with event set A =[-1,1] C IR,
of which the mean is known to be zero: u1 = (x) = 0. What is the best
estimate for the probability density function p(x) on A? Use your result to
compute the best estimate for 1y = (x2).

Exercise 13.4. (MaxEnt inference for continuous random variables.) We
are given a continuous random variable X with event set A = IR, of which
the mean is known to be zero: 1 = (x) = 0, and where also the expectation
of the function F(X) = X2 isknown to be 1> = (x2). What the best estimate
for the probability distribution function p(x) on A? Use your result to
compute the best estimate for the fluctuations in the quantity F, that is, of
(F(x)?) — (F(x))?. Hint: convince yourself of the fact that the sign of one
of the Lagrange multipliers (which one?) must be negative, in order for the
equations to make sense. You will need properties of Gaussian integrals,
which you can find in Appendix D.

Exercise 13.5. (MaxEnt and value constraints.) Show that a constraint of
the form p(xg) = po for some xy € A and pg > 0 can also be handled within
the framework of the general MaxEnt procedures described in this chapter,
as such a constraint can be written as an average of a function. Which
function? Discuss the discrete and continuous cases separately. Work out
the case where A = {—1,0, 1}, and where p(1) = pis given as the constraint.
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Applications to neural
networks

The main contribution of information theory to the field of information
processing in natural or artificial neural networks is that it provides exact
performance measures. This allows us to compare the performance of
different models or algorithms in a rigorous way. It also lets us develop
learning rules based on the maximization of these information-theoretic
performance measures, which are no longer ad hoc and also apply in unsu-
pervised scenarios. The examples we will discuss here are the Boltzmann
machine learning rule for recurrent layered neural networks and vari-
ous types of learning rules (e.g. maximum information preservation) for
layered networks. In addition we will touch on the topic of learning by
natural gradient descent, based on thinking in terms of distances between
probability distributions (i.e. information geometry).

14.1 Supervised learning: Boltzmann machines

One of the earliest and most elegant applications of information theory in
neural networks is the so-called Boltzmann machine learning rule. It gives a
recipe for training symmetric recurrent layered neural networks to perform
a given input—output operation.

Definitions and general properties

Let us start with the architecture of the Boltzmann machine. We imagine
a network composed of N + K + M binary neurons s; € {—1, 1} that has
been partitioned into an input layer (of N neurons), a so-called hidden
layer (of K neurons), and an output layer (of M neurons); see Figure 14.1.
To simplify subsequent notation we denote the states of the neurons in these
three layers by the vectors x € {—1,1}¥, 0 € {—1,1}X,and y € {—1,1}¥,
respectively, and the combined state of all three layers by

s =(x,0,y) €{—1,1}V+K+M (14.1)

The connectivity of the network is described by a symmetric interaction
matrix {J;;}, with i,j € {1,...,M + N + K}. It is assumed to have the
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Figure 14.1 Architecture of the Boltzmann machine, with arrows indicating potential
synaptic interactions. All interactions present are required to be symmetric, J;; = J;;, and
self-interactions J;; are absent. Direct synaptic interactions between input- and output layer
are also allowed, but have not been drawn in order not to mess up the picture.

following properties:
Jii=0 foralli, Jij = Jji for all (i, j) (14.2)

An absent interaction simply corresponds to J;; = 0. Due to the sym-
metry requirement J;; = Jj; the network is recurrent, potentially involving
interactions within all three layers as well as between them, but it need
not be fully recurrent (the interaction matrix could be sparse). We will
assume as a minimum requirement the presence of nonzero interactions
between the input layer and the hidden layer, and between the hidden layer
and the output layer, in order to guarantee that input signals can at least
reach the output side.

Next we specify the dynamics of the neuron states. These (binary) states
evolve in time in a stochastic manner; however, we have the freedom to
allow only a subset S C {1,..., N + K + M} of neurons to actually change
their states, while the others remain fixed. At each time step we perform:

1. Choose a neuron i to be updated, at random from the set
SC{l,...,N+K + M)

2. Calculate its local field (or postsynaptic potential):

hi(s) = ZJiij +
J
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3. Change its state with probability
Prob[s; — —s;] = 3[1 — tanh(Bs;h;(0))]

The parameter ©%; determine the firing thresholds of the neurons, as always,
and the parameter 8 controls the degree of randomness in the dynamics.
For B = 0 the dynamics just assigns random values to the states of the
updated neurons. For B — o0, on the other hand, the candidate neurons
align their states strictly to the sign of the local fields: s; — 1 if h;(s) > 0,
si = —1if hj(s) < 0. We observe that this form of stochastic dynamics has
been introduced before in Chapter 1. It is nothing but recipe (1.34), with
the function g(x) as given by (1.32) and with g = T~!. Since the dynamics
is stochastic we can only talk about the probability p;(s) to find the system
in a certain state s at a certain time 7.

A very important aspect of the specific form of the dynamics chosen above
(in combination with the constraints on the synaptic interaction matrix) is
the fact that one can write down an exact expression for the asymptotic
stationary state of the system, and even prove that it is unique. Here we
simply quote the result, leaving the proof to subsequent chapters (viz. 20.1
and 20.2), where the issue of stationary distributions of stochastic dynamics
will be dealt with in more detail.

Proposition. The unique stationary probability distribution of the neuronal
dynamics formulated above is

1 1
Poo(s) = Z e MO HE) = =5 ) ysisi = ) sivi (143)
iy 14

in which Z is a normalization constant, which depends on the choice made
for the set § of neurons that are allowed to change state.

The energy function H (s) appearing in (14.3) is nothing but the Lyapunov
function (3.11) of the noiseless version of the present (sequential) dynamics,
as introduced in Chapter 3.

The important property of the present dynamics and the postulated sta-
tionary distribution (14.3) is that the distribution and the transition rates
satisfy the so-called detailed balance condition, namely that Vi € S:

Poo(S15-..58iy..)Probls; = —s;] = poo(S1,...,—5i,...)Prob[—s; — s;]
(14.4)

This states that for each neuron i € S the number of transitions s; — —s;
will on average equal the number of transitions —s; — s;. This property is
established for the Gibbs—Boltzmann distribution (14.3) in Section 20.2.
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In general (14.4) is sufficient although not necessary for a candidate
distribution pso(s) to be stationary.

Using the above proposition, we can proceed to give exact expressions for
equilibrium state probabilities under various different operation conditions.
The differences between the various choices to be made for the set S of “free’
neurons (defining different modes of operation for the Boltzmann machine)
only affect the normalization factor Z in (14.3), for instance:

(A) States of all neurons free to evolve:

1
ph(x,0,y) = Z e PHX.Y) (14.5)
with
7 — Ze—ﬂH(x,U,y) (14.6)
xoy

(B) States of hidden & output neurons free to evolve:
PY(X,0,¥) = poc(0, y|X) p(x) (14.7)
with

1
Poo (0, y|X) = —— e—ﬂH(x,O,y)’ Z(x) = Ze—ﬂH(x,ﬂ,y) (14.8)

Z(x) s
(C) States of hidden neurons free to evolve:
PS(X,0, ) = pos(01X,¥) p(x, y) (14.9)
with
1
Poo(@]x,y) = ——— e PHEON  Z(x, y) = Y " PHEOD - (14.10)
> Z(x,y) ;

Derivation of the learning rule

We are now in a position to define the aim of the learning process. The task
is to learn a prescribed target joint input—output probability distribution
q(x,y). The system has accomplished this when po(x, y) (the equilibrium
input—output probability distribution of the network) equals the target dis-
tribution g (x, y). An information-theoretic measure is used to quantify the
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‘distance’ between g (x, y) and poo(x,y). This is the relative entropy, or
Kullback-Leibler distance (12.8):

D(qllpso) = ) q(x,y)log, [ (14.11)

xy

q(x,y) }
DPoo(X,y)

We know that D(q|| pso) is minimal (and equal to zero) only when poo(x, y)
and ¢ (x,y) are identical. We now aim to minimize D(q|| poo) by changing
the network parameters (the synaptic interactions J;; and the thresholds #;)
via a gradient descent learning rule:

D@l poo) AD; = _ 9Dllpo)

0 1 (1412
87 a5, > Vel )

AJij = —

which guarantees that

9D (gl poo) 3D (q |l poo) 2
AD = —AJ;j — A%+ 0O
(¢qllPoo) Eij a7, ij + E,- 35, + O(€7)

ID(qllpsc) T ID (gl pso) T 5
—e{;[ aJij ] +Xl:[ 9v; ] }+O(€)

For sufficiently small modification sizes € the ‘distance’ D(q|| poo) decreases
monotonically until a stationary state is reached (which could, but need not
correspond to D(q|| poo) = 0). For any parameter A in our system, whether
synaptic interaction or threshold, we get:

2 D@llpe) =~ ;q(x,w%lnpoo(x,y) (14.13)
The details of the subsequent calculation will now depend on the network
operation mode (A, B, or C, see above) for which we want to minimize
D(qllpoo) (i.e. the choice made for the set S), since this mode was seen
to determine poo(x,y). We will first analyse the case where all neurons
evolve freely (mode A) and then turn to the case where the input neurons
are always prescribed and only the hidden and output neurons are free to
evolve (mode B). Both cases will lead to similar results.

o Operation with all neurons freely evolving
Here the relevant expression with which to calculate p (x, y) is equation
(14.5), which gives

Za e_ﬁH(x9aay) _ Z(x’y)
Z Z

Poo(xa.)’) = Zpoo(xaoay) =
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where (14.10) was used as an abbreviation for the nominator. Derivatives
of the type (14.13) are found to be

ad
5 D@lpee) = — Zq(x Moy [an(x y)—Inz]

B 0H(x,0,y)
=15 ;q(x,y)[;pm(alx,y)T

. Z ( aH(x Gay)
Poo(x,0, —8)\.

x'c’y’

B [ C d
S P (x,0,y)—H(x,0,y)
In2 ; oA

- ZPvo(xaU,Y);—)LH(xaU;J’)}

xoy

B 0
lr/132 [< H(x,o, y)>+ _<8AH(x o, y)>_] (14.14)

Here averages indicated with ‘+’ are those where the system is only
allowed to change the states of hidden neurons, in mode C, the case
described by (14.9). The states of the input and output neurons are
imposed on the system, with statistics given by the task distribu-

tion g(x, y):

(f(x,0,0)) =Y f(x,0,))pS(x,0,)

xoy

=) f(x,0,9)poo(@lx, y)q(x,y)  (14.15)

xoy

Averages indicated with ‘- are those where the system evolves freely in
mode A, as described by (14.5):

(f(x,0,))- =) f(x,0,y)pa(x,0,) (14.16)

xoy

What remains is to calculate the derivatives of H(x, 0, y), and use (14.14)
to evaluate (14.12):

d 0
—H i —H = —; 14.17
aJlj (s) = —SiS8; 99, () i ( )
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Hence

- Dllp) = —li((sl'sj'%r — (sisj)-)

8],']' n2

9 p
35, Pllpoo) = == ({si)4 — {si)-)

0 191' n2
entailing the update rules

B

g i)+ —tsi)-) - (14.18)

€p
REATY)

({sisj)+ — (sisj)-) A% =
Each individual modification step, to be carried out repeatedly, thus
involves:

(i) Operate the neuronal dynamics with input and output neuron states
(x,y) fixed until equilibrium is reached, and measure the aver-
ages (s;s;)+ and (s;)4; repeat this for many combinations of (x, y)
generated according to the desired joint distribution g (x, y).

(i) Operate the neuronal dynamics with all neurons evolving freely until
equilibrium is reached, and measure the averages (s;s;)— and (s;)_.

(zii) Insert the results of (4, ii) into (14.18) and execute the rule (14.18).

Operation with hidden and output neurons freely evolving
Now we consider the situation where the states of the input neurons are
prescribed, with statistics given by p(x) = g(x) = Zy q(x,y). The task
to be solved by the network is to implement a distribution of outputs y
conditioned on prescribed inputs x. Thus the relevant expression with
which to calculate pso(x,y) is equation (14.7), which gives

Z(x,y)

Poo(X,¥) = Y poo(x,0,y) = Zpoo(a yx)g(x) = q(r) = =

in which (14.8) and (14.10) were used to express Y , poo(0, y|X).
Derivatives of the type (14.13) follow as

3 1 5
aD(C]HPoo) = "2 xZ:‘](an’)ﬁ[lnz(x,)’) —InZ(x)]
oH
=1 2Zq(x y)[Zpoo(alx y)M

oH
—Zpoo(a,yl aus o’y)]
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d
55 D@llpe) = [me(x o y)—H(x ,¥)

- ph(x,0 D H(x,a, )
coAs 0,y In 50,

xoy

0 0
152 [< H(x,o, y)>+ —<3AH(x o, y)> } (14.19)

Averages indicated with ‘+’ are again those where the system is only
allowed to change the states of hidden neurons, in mode A, the case
described by (14.9). The states of the input and output neurons are
imposed on the system, with statistics given by the task distribution

q(x,y):

(f(x,Ua.Y)>+ = Zf(xaaay)pgo(xaoa )’)

xoy

=Y f(x,0,5)peo(@]x, y)q(x, ) (14.20)

xoy

Averages indicated with ‘~’, however, now describe a system where only
hidden and output neurons evolve freely in mode B, as described by
(14.7), with the states of the input neurons as before imposed on the
system, with probabilities g (x) = Zy q(x,y):

(fx,0,0))- =) [(x,0,)p5,(x,0,Y)

xoy

= Zf(x,a,y)poo(a,ylx)q(x) (14.21)

xoy

Note that the derivatives of H(x,0,y) are still given by (14.17). Using
(14.19), which differs from (14.14) only in the definition of the average
(14.21), our learning rule (14.12) indeed acquires the same form as the
previous one:

%((8"51%“ = (sisj)-) A% = i(<si)+ —(si)=) (14.22)

Adij = In2

Each modification step, to be carried out repeatedly, now involves:

(1) Operate the neuronal dynamics with input and output neuron states
(x,y) fixed until equilibrium is reached, and measure the aver-
ages (s;sj)+ and (s;)4; repeat this for many combinations of (x, y)
generated according to the desired joint distribution g (x, y).
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(ii) Operate the neuronal dynamics with all hidden and output neurons
evolving freely until equilibrium is reached, and measure the aver-
ages (s;sj)— and (s;)_; repeat this for many input configurations x
generated according to the desired distribution g(x) = ) y (x5 ).

(1ii) Insert the results of (4, #) into (14.18) and execute the rule (14.18).

The advantages of the Boltzmann machine learning rule are that it aims
to optimize a well-defined and sensible performance measure, and that it
can deal in a clean way with probabilistic data (which is the more natural
situation in real-world information processing). The disadvantage is that
it is usually very slow; each infinitesimal parameter modification already
requires equilibration of a recurrent stochastic system, which can obviously
take a lot of CPU time.

14.2 Maximum information preservation

As a second class of applications of information theory we will discuss
unsupervised learning in layered neural systems. For simplicity we will con-
sider linear neurons only. The techniques and strategies that we will discuss
can also be used and followed in the more general case of arbitrary (not
necessarily linear) neuronal transfer functions; this we will demonstrate
in a subsequent section. In contrast to most of the previous settings, our
present neurons will have to adapt their synaptic interactions and carry
out meaningful information processing tasks on some input signal x € RY
according to unsupervised rules, that is, there is no task signal available
which can be used as a reference or target.

Linear neurons with Gaussian output noise

Imagine a single linear neuron y: R¥ — IR, the output y(x) of which is
corrupted by a Gaussian noise source £ in the following way:

—£2/202

N
e
Y(x)—;wixi+§ p(s)—m

(14.23)
with synaptic weights {w;} (the system’s adjustable parameters). The
strength of the noise is measured by 62 = (£2). We assume the input sig-
nals to obey (x;) = 0, and to be statistically independent of the noise source
£. We also assume the uncorrupted signal z(x) = Y% | wix; to have a
Gaussian probability distribution; this is true for any N if the inputs x;
are themselves Gaussian distributed random variables, and it is true for
N — oo if the inputs x; are independent (under some weak conditions on
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the parameters {w;}, see Appendix B). As a result we can now be sure that
the pair (y, z) is described by a Gaussian joint probability distribution. The
setup is depicted schematically in the following figure:

X1

wq

WN
XN

Since we have no reference (or teacher) signal to compare the output of our
neuron with, the application of learning rules for updating the parameters
{w;} which are based on error reduction is ruled out; there is no such thing
as an error. This situation is quite common in the primary stages of (biolo-
gical or artificial) sensory information processing, where one does not yet
know how the incoming information should be used, but one still wants
to extract the maximum amount of information from the available data.
Alternatively, one can view the present problem as that of data compres-
sion: try to concentrate as much information as is possible about the input
vectors x € IRY into a single variable y(x) € RR.

Here we apply the principle of Maximum Information Preservation
(InfoMax): we try to maximize the differential mutual information (12.10)
between the corrupted signal y(x) and the uncorrupted signal z(x), that
is, we maximize the amount of information that y(x) reveals about z(x).
Since the relevant variables have a Gaussian joint probability distribution,
and since (z(x)) = /L wi(x;) = 0 and (y(x)) = (z(x)) + (§) = 0, we
can express the differential mutual information 7(Y,Z) in terms of the
second-order moments (see (12.19)):

(%) = E w;w;(x;X;)
ij
(yz)=<( E w,-x,-)( E wjxj+§>>= E Wi w;{(X;xj)
i Jj ij
<y2> :<( E Wi X +§>( E Wjix; +§'>>: E wiwj<xixj>+(§‘2)
i j ij

= Zwiwj<xixj> + 02
ij
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Substitution of these values into 1(Y, Z) as defined in (12.19) gives:

. 1 2
1, 2) = _51°g2<1 B <y<2y>Z <)z2>>

1 Doij wiw;(xix;)
=——log,(1— 5
2 Zij wiw;(x;xj) +o
1 G WW XX )
= —log,( 1+ Zij Wiy i) (14.24)
2 o2
We conclude that we can make this expression (14.24) for the differential
information as large as we like, simply by boosting all synapses according
to w; — Aw;, which would give

g 1
1(Y,Z) - Elog2 <1 + 22072 Z wiw; (xixj>)
ij

Note that Zij wiw;(xix;) = (O w;x;)?) > 0. In the present setup, the dif-
ferential mutual information apparently has no upper bound. This makes
sense: since the output is simply the sum of a signal term (with strength
partly controlled by the synaptic weights) and a noise term (of constant
strength), the signal/noise ratio can be improved to an arbitrary extent
by simply increasing the strength of the signal via a boost of all the
weights.

Linear neurons with Gaussian input noise

Imagine next a single linear neuron y: RY — IR of which not the output,
but rather the inputs {x;} are corrupted with mutually independent Gaussian
noise sources {;}, in the following way:

N 6751.2/201.2
= i (X i i) = —— 14.25
y(x) ;w(x +&) p&) s ( )

with synaptic weights {w;}. The strengths of the N noise sources &; are
measured by aiz = (Eiz). As before, we assume that the input signals obey
(x;) = 0 and are statistically independent of the noise sources, and that the
uncorrupted signal z(x) = ZlNzl w;x; has a Gaussian probability distribu-
tion. We can now again be sure that the pair (y, 7) is described by a Gaussian

joint probability distribution with (y(x)) = (z(x)) = 0. The figure below
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gives a schematic representation of this new situation:

&1

X1
wq

WwN
XN

En

Here the second-order moments are given by
(z%) = Zwiwj(xixj>
ij
(vz) = <(Zwix,-)<2w,-<xj +sj>)> =Y wiwj{xix;)
i J ij
(y?) = <<Zwi<x,~ +si>)<2_w,~(x,~ +s,->)>
=3 wiw; (i) + Zu]),.za,.z
i ;

Substitution into the differential mutual information I(Y, Z) of (12.19)
gives:

- 1 2
i01,2)=toga(1- 1375
2 wiwj(xixj)) (14.26)

1
= —log,( 1+
2 gz( > wizaiz

Now we find ourselves in a completely different situation. Note that, with
V; = WwW;0;:

max
weRN

= max P
veRY i U

{ZU wiw j (x; X ;) }

D wizaiz

| Eunts/eiaopin |

=A<
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where A is the largest eigenvalue of the (non-negative) matrix with entries

-1 -1
Lij = o, (xixj)aj

The maximum differential mutual information between uncorrupted and
corrupted signal is obtained when the vector v is chosen to be an eigenvector
of the matrix {L;;}, with eigenvalue A. In terms of w this means

N
w°P' = solution of Z(xixj)wj = Aol-zwi with largest A (14.27)
j=1

Expression (14.26) for the differential information is no longer affected by
a simple boost of all synapses. This would simply increase both the signal
and the noise, without any net effect on the signal/noise ratio. Interestingly,
in the case where the input noise levels are uniform, o; = o, equation
(14.27) shows that the optimal weight vector picks out the ‘principal com-
ponent’ of the uncorrupted input vectors x, that is, the direction in which
the distribution of x has the largest variance.

Let us finally choose the simplest scenario within the settings of our
present example, where the input signals x; are mutually independent so
that (x;x;) = SiZ(Sij. The matrix elements L;; then become L;; = (Siz/oiz)&j.
The largest eigenvalue is

A= max{Sl-z/aiz}
1

Let us denote the set of all channels i with the largest signal/noise ratio by
S = {i|S; /o; = ~/A}. The optimal synaptic weights w are now those where
the system ‘tunes’ into these particular input channels: w;” “=0fori¢s,
w?pt # 0 for i € S. If there is precisely one input channel with the largest
signal/noise ratio, then the optimal network will only be connected to this

single channel.

14.3 Neuronal specialization

In the first case that we studied in this section, a single neuron with Gaussian
output noise, a simple boost of all synaptic weights allowed the neuron to
obtain any desired value of the differential mutual information between the
uncorrupted and corrupted signals. However, in practice this would usually
not have been an option: in the real world one tends to have constraints
on the possible values of the weights, which forbid unlimited boosting.
Here we will inspect such cases in the context of a population of M linear
neurons y;i: RV — R (i = 1,..., M), the outputs y;(x) of which are once
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more corrupted by Gaussian noise sources &;:

2 2
e_gi /255

e 14.28

N
vile) =Y wijx; +&  pE) =

with the synaptic weights {w;;}.

X1

XN

The strengths of the noise channels are given by 07 = (£2). We assume
the input signals to obey (x;) = 0 and to be statistically independent of the
noise sources, and we take the uncorrupted signals z;(x) = Zyzl w;jx; to
have a Gaussian joint probability distribution. So we can once more be sure
that the pair (y, z) is described by a Gaussian joint probability distribution,
where y = 015 Ym) and z = (Z15---52M), with (y) = () =0, s0
that the mutual information between the uncorrupted signals z and the
corrupted signals y is given by equation (12.20). The various covariance
matrices are now

Cl-ZZ = Z[Zj ZU)](U)][ .xk.XI
Yz Yy
C = C ylzj Zwlkwﬂ xkxl

G = (viy)) Zwikwjl<xkxl> + 078
Kl

Only two different matrices appear, for which we use the shorthands
Cij = CZZ and D;; = ol.z&'j. We can then write equation (12.20) in the form

(14.29)

~ 1
1Y,Z2) = —%logz det(I (€+D) C>

1 1

where T denotes the M x M identity matrix.
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From this point onwards we will restrict ourselves for simplicity to the
simple situation where the input signals x; are statistically independent, so
(xjxj) = SiZ(Sij, where the different noise signals are of uniform strength, so
aiz = o2, and where there are just two neurons, M = 2. We also assume
for simplicity that all input variances Si2 are different (so that in subsequent
calculations we will have no degenerate eigenspaces). We define

N
eg=0"2 Z w%kS,%
k=1
N
=02 wy S (14.30)
k=1
N
-2 2
e =07 wiywys;
k=1

The matrix (C + D)~ 'C in (14.29) can now be written as

(C+D)"HC+D-D)=1—(C+D)"'D

14+e e >_l

=1-A+D'C)y'=1-
I+ © (612 1+e

Furthermore, we can use the general rule (which can be verified directly for

M = 2) that:
1 1-K
det(I 1 ) =det K

which gives us:

~ 1 1+¢€ €12
I(Y,Z) = zlogz det( S
1
= Zlog2(1 +e1+eterer—ety) (14.31)

We are interested in finding out which is the optimal choice for the
weights in the specific case where the latter are prevented, via a constraint,
from growing unboundedly. For this constraint we choose the so-called
spherical one:

N
Yowi =) wy=1 (14.32)

k=1 k=1
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We will inspect various regime for the noise level o, and, depending
on this noise level, we will observe completely different optimal weight
arrangements.

High noise levels, o > 1

Since each term in (14.30) is of order O (o ~2) the terms which are quadratic
in the epsilons are now negligible compared to the ones that are linear in
the epsilons. Thus we get, using In(1 + x) = x + O(x?):

» 1
1,2)= 51— In(1+€1 +e + O™

1

N
=375 2 Stk w3+ 0@

k=1

We may now calculate the maximum of the leading term in this expression
under the constraints (14.32) using Lagrange multipliers, which gives the
following equations for the extrema:

Y i N N
2 2
_— = w _— = w w = w = 1
i Y1iWik Dok Y2w2 ];_1 1k kE_l 2k

(in which y; and y» are the Lagrange multipliers). Working out the
derivatives to the leading order in o gives:

S,%wlk =y 1n2 wik S,%ka =102 1In2 wy

Since all Sy were assumed to be different, the only solutions are those
where both weight vectors {wq;} and {wy;} have just one nonzero com-
ponent: (Ji1)(Vk # i1): wix = 0, and (Fir)(Vk # iz): wyr = 0. The
nonzero components must then obey (via the normalization constraint):
w%il = w%l.z = 1. The corresponding value for the leading order of the

differential mutual information is

. S}l +Si22
I¥.2) =5 5102

Its maximum is obtained when both nonzero weight components are those
coupled to the strongest input signal: i1 = iy = i*, where i* is defined via
max; Sl.2 = Sl.z*. This shows that for high noise levels we make the best use
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of our available hardware if we force our neurons to team up and both tune
into the strongest input channel.

Low noise levels, 0 « 1

Since all epsilons are of order O(c=2), in this case the dominant terms in
(14.31) are those which are quadratic in the epsilons:

1
[(Y,Z) = zlogz(elez — e}, + 072

1 1 N N
2 o2 § 2 Q2
= Elng[(;_“( wlkSk)( kaSk)
k=1 k=1

1 /Y 2
—F<Zw1kw2k&f) +(9(0"_2)}

k=1

We now have to calculate the maximum of the leading term in the argument
of the logarithm, under the constraints (14.32), using Lagrange multipliers,
which gives the following equations:

N
Zwlkaks,%) =yiwi  (14.33)
k=1 -

- N
252 wlk(z wgks,z) - ka(
- k=1

N
Zwlkuaks%) — s (14.34)
k=1 -

- N
s £ -
- k=1

As before, these equations are to be solved for each k, in combination with
the constraint equation (14.32). We now put

N N N
~ 2 Q2 ~ 2 Q2 ~ 2
€1 = E w1 Sk € = E w5, Sj, €12 = E W1k W2k S
k=1 k=1

k=1

so that equations (14.33, 14.34) acquire the following compact form

25t — 1 =28\ (wik -0
28281, 2578 — v ) \wak
SO

. 1 - 1 -
Vk:  (wig,wrx) =0 or (S,%ez — Em) <S]3€1 — zyz) = S,fe%z
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Since all Sy are assumed to be different, and since the second equation, when
solved for S,%, can have at most two solutions, we are forced to conclude
that each weight vector can have at most #wo nonzero-components, with
identical indices: (Fi1,i2)(Vk # i1,i2): wix = wy = 0. Normalization
subsequently dictates that w%l-l + w%l.z = w%il + w%iz = 1. The corresponding
value for the leading order of the differential mutual information is now

- 1
i1=iy IY,Z)= Elogz[O(a—Z)]
.= 1 1 2 2
i1 # i I(YsZ)=§1082 — (Wi, St 4+ wi, SHHW3,, 57+ w3, S7)
1 _
=5 (Wi w2y, S+ wii i, S3)° + O 2)]

1
logz [—S,l lz(wlzl Wi, — Wi, w2iy)* + (9(0_2)]

Clearly the maximum of I(Y, Z) is obtained for i; # i>. To work out the
last maximization step we use once more the spherical constraints, and
write

wii; = COS Pq w1, = sin gy w2i; = COS ¢ W, = sin¢)
giving
~ 1 1 ) . . 2 -2
I(Y,Z) = 3 log, g S, Si (cos g1 sin ¢y — sin ¢y cos ¢2)” + O(c™)

1 1
== 1og2(—sfl S% sin’(¢1 — ¢2) + 0(02))
The maximum of this expression is found for ¢1 = ¢ + (n + %)n, where

b4
cos <¢2 + -+ mr)

(1111,-1) ) <w2i1> 2 ) <cos ¢2)
w1i; w); sin ¢
1iy 2iy si ( ) T n ) 2

B (—1)”+1sin¢>2 cos ¢
“\ (=D"cos¢n sin ¢

We conclude that the optimal nonzero weight vectors of our two neurons
(with two nonzero components each) are mutually orthogonal, and we get
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the resulting value
; 1 Lo —2
I(Y, Z) = Elogz O._4Si1Si2 +O(O’ )

This is maximal if the two input channels i1 and i tuned into by our weight
vectors are chosen to be the strongest two (note that we are not allowed to
choose i1 = iy here), so

SZ

max

_ Q2 2 2
=S8, >8,>- or §

max

_ 2 2
=52 >8>

Thus, for low noise levels the best strategy is no longer for our two neurons
to team up, but rather to let them specialize and form an orthogonal basis
in the space of the two strongest non-identical channels.

The transition to specialization

So far we have just checked the two extreme cases of very high and very
low noise levels. The results obtained hint at the existence of a transition, at
some critical noise level, where specialization sets in. To simplify notation
we arrange the input channels in such a way that

S1>8>8>---

Knowing that the optimum configurations in both extreme cases 0 — 0 and
o — oo exhibit at most two nonzero weight components for each neuron
(connected to the strongest two input signals), we are now led to inspecting
the behaviour at intermediate noise levels by putting

(w11, w12) = (cos ¢1,sin ¢1) (w21, w22) = (cos ¢, sin¢y)

In terms of the angles (¢1, ¢») maximizing the differential mutual informa-
tion (14.31) amounts to maximizing

L=o%e1+e+e1ep— 6%2)

With ¢ = (S%cosqui + S%sinzdn)/a2 for i = 1, 2, and €5 =
(S% COS 1 COS ¢y + S% sin ¢ sin ¢,) /o this gives

L =0%[282 + (57 — $3)(cos® 1 + cos® ¢2)] + §753 sin®(p1 — ¢2)
1
=<72[S%%—S§%—E(S%——S%Xcoﬂ2¢1)%—coﬂ2¢zn}

1 2

1
5 §3 — ~5252 cos(2¢1 — 2¢2) (14.35)

2
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The weight constraints (14.32) have now been built-in, so that extremiza-
tion of (14.35) reduces to simply putting two derivatives to zero:

IL/d1 = 0: o2(S7 — S3)sin(2¢1) = S35 sin(2¢1 — 2¢)

(14.36)
IL/d¢y = 0: 02(57 — 53)sin(2¢n) = —S7 S5 sin(2p1 — 2¢0)

Addition of the two equations in (14.36) shows that (14.36) can be replaced
by the equivalent set

sin(2¢1) = —sin(2¢)

(14.37)
o2 (ST — 83)sin(2¢1) = S785 sin(2¢1 — 2¢)

This latter set (14.37) admits two types of solutions (modulo irrelevant
multiples of 27r), namely

290 = =2¢1: (S} — 57)sinQ¢1) = 5757 sin(461)
sin(2¢1)[02 (57 — §3) — 28755 cos(2¢1)] = 0
2¢1 € {0,m} or cos(2¢y) = 30%(S? — §2)/S%S3
2¢0 =2¢1 +7: sin(2p1) =0 so 2¢1 € {0, 7}

We can now simply list the various extrema with their corresponding value
for the quantity L we wish to maximize. First we have the simplest ones,
2¢1 € {0,7} with 2¢p = —2¢1, where both neurons tune into the same
channel:

cos(2¢1) sin(2p1) cos(2p2) sin(2¢p) (wi1,wi12) (w21, w22) L

1 0 1 0 (£1,0)  (£1,0) 207%S7
~1 0 -1 0 (0,£1)  (0,£1) 20282
(14.38)

Then we have alternative extrema, 2¢ € {0, 7} with 2¢, = 2¢1 +m, where
each neuron tunes into a single but different input channel:

cos(2¢1) sin(2¢q) cos(2¢y) sin(2¢y) (wig, w12) (w21, w22) L
1 0 -1 0 (*1,0)  (0,%1) o2(S7+53) + 5753
-1 0 1 0 0,£1)  (£1,0) o*(S}+53)+ 5783

(14.39)



14.3  Neuronal specialization

Finally there is a third non-trivial solution type, where each neuron tunes
into a specific combination of the two strongest channels:

cos(2¢2) = cos(2¢1) sin(2¢2) = —sin(2¢1)
o2 (57 — 83)

cos(2¢1) = 25752

(14.40)

o*(s? - $2)?

L =0%(S? + %) + S?S2 +
(1 2) 1°2 45%5%

(14.41)

The solution (14.40) can only exist for small noise levels (since
cos(2¢;) < 1):

25252 1/2
o <o.= ( ! 22> (14.42)
Sl - SZ
Since the solution (14.40) obeys ¢» = —¢1 + nm, we can directly calculate

the angle between the weight vectors (w11, w12) and (w31, wy2) of our two
neurons:

<w11> . (le) = cos ¢ cos(nmw — ¢1) + sin ¢q sin(nwr — ¢p1)

w12 w22,

=(—1)"(cos® ¢1 —sin” ¢1) = (—1)" cos2¢1) = (~1)"0%/o}

Here we have used (14.40) and (14.42). This expression shows that the
solution (14.40) starts off at ¢ = o, as two (anti-)parallel weight vectors
(as in (14.38)), followed by a continuous ‘unfolding’ of the two weight
vectors as the noise decreases further, until they form a perfect orthogonal
basis for o = 0. Comparison of (14.41) with (14.39) immediately shows
that the solution (14.40), provided it exists, has a larger value for L. Finally
we check the condition for the solution (14.40) to give the maximum mutual
information (i.e. for L in (14.41) to be also larger than ZO'ZS%):

0¥ (ST - 53)?
48153

25252 25252 \?
04_202< 21 22)+( - 1 22> =0
Sl - SZ Sl - SZ
Since this condition is identical to (02 —02)? > 0, see (14.42), we conclude

that as soon as the solution (14.40) exists it will give the maximum mutual
information.

o?(S7 +53) + 5787 + > 20287

or




14 : Applications to neural networks

If the solution (14.40) does not exist, that is, when o > o, we have to
find the maximum of L by comparing the values (14.38) and (14.39) of
the alternative extrema. The condition ¢ > o, is then found to translate
into the statement that the value in (14.38) is largest. In conclusion, all this
implies that the optimal weight arrangement indeed shows a specialization
transition at the critical noise level given in (14.42). For o > o, both neurons
operate identical rules; for o < o, the two neurons specialize and start to
operate different rules. This example illustrates how heuristic strategies,
like doing detailed data fitting only in cases where there is not much noise
in the data, can be rigorously quantified with information-theoretic tools.
Here the theory tells us exactly when to specialize and when not to.

14.4 Detection of coherent features

We now turn to a different problem. Imagine having two types of input
channels, {x{} and {xl.b }, each corrupted by independent Gaussian noise
sources {£} and {Sib}, and each feeding into a linear neuron, y,: RY — R
and yp: RY — R, respectively:

N (59)2/272
e i
Va(xa) - E wi (xl‘ él ) p(%l )

‘3 o 21

N — (N2 202
e i
yb(xb) = E wlb(x,b + 5,‘b) P(gib) =

P o 2w

with the two types of synaptic weights {w{'} and {wf’ }. The uniform strength

of the 2N noise sources éia’b is measured by 02 = ((é,q’b)z). Note that
(g;’gf y = 0. The situation is depicted below:

a b
€1 S1
x{ Xy
a b
Wy Wy
>~  Ya - Vb
a b
. U)N b wN
AN AN
a b
%_N é:N

Here our problem will be to extract from the two input streams x“ and
x? only the information which the two have in common. This is a familiar
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problem in sensory information processing in biology, where various sens-
ory systems each provide only partial and often messy information. The
total information stream is integrated or filtered in such a way that only
those underlying regularities that are coherent across the various sensory
systems are retained. Examples are the merging of visual images to pro-
duce stereo vision, the integration of the signals from various sensors that
measure muscle stretch in order to build a correct internal representation
of the position of the limbs, etc. In order to study such situations, let us
assume here a simple scenario. Here the original uncorrupted input sig-
nals are related in a deterministic way, for instance via an orthogonal
transformation, that is, by a rotation or rotation-reflection in R":

x? = Ux® vut =vtu =1

with (U1, ; = Uj; and with 1;; = §;;. The appropriate strategy here is to
maximize the differential mutual information between the two neuron out-
puts y, and yj, since this quantity is precisely generated by the information
that is coherent across the two input streams.

As before we assume that all input signals obey (xia’b) = 0 and are
statistically independent of the noise sources, and that the uncorrupted
signals z4(x,) = ZlNzl wix{ and z;(xp) = ZN 1 Wy xb have a Gaussian
joint probability distribution; the same must then be true for the pair
(Ya» yb). We write the two weight vectors as w® = (w{,...,w$) and
wb = (wll’, . ,wﬁ’v), and define the covariance matrix C with elements
Cij = (x{'x%). The second-order moments are given by

x Z wiwd (xfx9) + (5769) = w' - (C + o> Dw*

(YaYb) Zw w?(xfx?) = Zw?wljUjk(xf‘x,‘j) =w’ CUTw’
ijk
(vp) = Zw”wb XY (EPED) = Y wiwUn Ui (xixf') + 0% (w")?
ijkl

w’ U +o*DHUTw

Substitution into (Y, Z) as given by (12.19) leads to

(w? - CUtw?)? )
a.(C+o2Dw[w’ - U(C + o2 DHUTwh)
(14.43)

[(Ya, Yp) = —% 10g2(1 "
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We now try to maximize (14.43), which is seen to be equivalent to maximiz-
ing the fraction in the argument of the logarithm in (14.43). This fraction is
greatly simplified by the symmetrizing transformation w = w®, v = UTw?
(so w” = Uv), which reduces our problem to the calculation of

L = max
w,eRY

: (w - Cv)? }
[w- (C+o2Dw]v- (C +o2T)v]

Extremization by putting the various derivatives d L /dw; and 9L /dv; to zero
gives the following two vector equations:

[w-(C +021)w]Cv = (w-Cv)(C +aZI)w

[v-(C +o*Dv]Cw = (v- Cw)(C + o Dv

which can be transformed into

v=AI+c’CHw w=AT+c*C H (14.44)
with
. .C
Ap = _w-Cv Ay= 2 E® (14.45)
w-(C+olDhw v-(C+o2lv

giving L = AqA;. Combining the two equations in (14.44) gives the
eigenvalue problem

w=LI+ aszl)zw

the solutions of which are just the eigenvectors of the covariance matrix C.
If we denote the corresponding eigenvalues by A, we arrive at:

2
A
Cw;, = \w Cv, = Av L=—
A A A A (A—I—az)

Since C is a covariance matrix it cannot have negative eigenvalues, so that
the maximum in (14.43) is obtained if we choose for A the largest eigenvalue
Amax of C:

)»2

- 1
max I(Ya, Yb) = —z 10g2|:1 - ﬁ} (14.46)
max

In the simplest case where the Amax is not degenerate, the associated
eigenspace is simply spanned by one corresponding eigenvector w; .
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The optimal weight configuration for which the maximum (14.46) is
achieved is, in terms of the original variables:

Wi = kaWi,  Woy = kpUwy,, (14.47)

with k, and k;, arbitrary constants, and where we may always choose
|lwy,..| = 1. By inserting into the original operation rules of the two
neurons, and using x? = Ux?, one observes that in this optimal setup
the system operates a rule in which, apart from an overall constant, the
signal terms of the two neuron outputs have become identical:

Ya(X?) = kaWipy - X* + KqWipy, - E°
y(x?) = kyUw;,,. ) x* + ky(Uw,,,.) - &

= kbw}tmax : xa + kbw)\max ' UTgb

There is an additional bonus. If we now go back and, for the present
example, work out our previous result (14.27) for the weight arrange-
ments of our two neurons that each maximize the mutual information
between their corrupted and uncorrupted signals, we find exactly the same
result (14.47). Thus, the weight configuration that maximizes the mutual
information between y, and y, will maximize at the same time the amount
of information about the uncorrupted signals that reach the output! What
is nice about this feature is that the latter is a quantity that one can never
observe at the output side of the system, whereas I (y4, y») only involves the
statistics of the output signals and can thus be maximized; for instance by
a simple stochastic search procedure, using available information only.

14.5 The effect of non-linearities

Finally we will here give the justification of a previous remark that the
analysis performed for various arrangements involving linear neurons of
the type y(x) = ZlNzl w;x;, possibly corrupted by noise sources, carry
over directly to the more general case of neurons with arbitrary (usually
non-linear) invertible transfer functions: y(x) = f( ZlNzl w,-x,-). The reason
for this is that the differential mutual information, on which our analysis
was built, is not sensitive to invertible transformations. Note that the fol-
lowing result is essentially the case where the data processing inequality
(viz. Property 7 in Section 12.3) becomes an equality, but now applied
to real-valued random variables; the variables (Z,Y,U) below would
correspond to (X, Y, Z) in Section 12.3.
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Proposition. If two random variables u € A € R and y € R are related
by a continuously differentiable and invertible transformation f: R — A,
that is, u = f(y), and z is an arbitrary third random variable, then

[(U,2)=1,2) (14.48)

Proof. First we construct the joint distribution p(u, z) from the original dis-
tribution p(y, z), using the §-distribution (see Appendix F), and the marginal
distribution p(u):

p(u,z) =/dyp(u|y,z)p(y,z) =/dy8(u—f(y))p(y,z)
plu) = / dz plu,2) = / dy s — £(y) / dz p(y,2)
= /dw?(u - fONpQ)

The differential mutual information for the pair (u, z) then becomes

[(U, Z) :/dudzp(u,z) log2|: pu,2) ]

pu)p(2)

Sdy' 8 — fOYNpQY,2) }
p@) [dy 8(u— fFONpG)
Sy 8(f() = FONPO,2) ]

p@) [dy' 8(f(») — FONPG)

= / dudydz p(y,2)8(u — f(y)) log, [

=/dyd2p(y,z) logz[

Now we may use identity (F.8) of Appendix F, which gives

[dy' 8¢y =y p(y',2) ]

p) [dy 8(y — y)p(y)
p(y,2)

p(@)p(y)

1(U,Z) =/dydz p(¥,2) logz[

= /dydz p(y,2) logz[ ] =1(Y,2)

This completes the proof. O

Application of this result to the two random variables under consideration
allows us to write more generally:

F,G invertible: [(F(Y),G(Z)) = 1(Y,Z) (14.49)

Similarly we can prove that such statements are true for random variables
which are themselves vectors rather than scalars. This shows that all of our
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previous statements on linear neurons apply also to neurons with arbitrary
non-linear (but invertible) transfer functions.

14.6 Introduction to Amari’s information geometry

In this final section we will briefly touch on the area of information geo-
metry and its applications to information processing in neural networks.
We consider the general scenario of a neural network whose operation is
parametrized by a vector # € IRE. This vector represents both weights and
thresholds; we follow with this notation the convention in the informa-
tion geometry community. The input-output characteristics are described
by a conditional probability distribution pg(xouc|¥in), in which xi, € RV
and xoy € RM denote input and output vectors, respectively. The per-
formance of this network on a given input xj,, leading to a corresponding
network response Xy, is assumed to be measured by some error meas-
ure €(Xin, Xour). If the probability of an input xj, to be encountered is
defined as p(xj,), the global error made by a network with parameters
0 is given by

E@®) =) EXin,Xou) P (Fout Xin) p(¥in) (14.50)
Xin Xout
We next abbreviate x = (Xin, Xour) € A = RV and we define pg(x) =
o (Xout|Xin) p(xin), which now combines both the parametrized properties
of the network and the likelihood of input data:

E®) =) pp(x)E) (14.51)

xeA

This setup is as yet sufficiently general to cover the majority of neural learn-
ing scenarios, although not all. The goal of learning is to find an efficient
iterative recipe for modifying the parameters 6 in order to minimize the
global error E(0) as quickly as possible.

Drawbacks of ordinary gradient descent

The most commonly used dynamical rule for the parameters 6 to system-
atically minimize the error in (14.51) is the celebrated gradient descent
procedure:

d
0= —1VeE®)
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In spite of the fact that this appears to be a sensible choice (choosing the
steepest direction in order to get to the nearest valley), and that it ensures

d d 5
TE=VoE®) - 76 =—n[V4E@)] <0 (14.52)

it is in fact generally far from optimal, and the source of the plateau-
phases of slow convergence that haunt learning rules such as error
back-propagation; see, for example, Figure 2.9.

In order to appreciate what might be missing, we first note that one
can insert an arbitrary positive definite (even parameter dependent) L x L
matrix M(6) in front of the gradient, without losing the key property of
the gradient descent rule that it leads to a consistent reduction of the error
measure (14.51):

%o — —M(0)VeE(8): %E — —3[VyE@) - M(O)VE(@®)] <0

(14.53)

The conventional gradient descent algorithm just corresponds to the
simplest choice M (0) = 1. One can easily convince oneself by experimenta-
tion with such matrices that M(#) = 1 is usually not optimal. For example:
in error back-propagation one finds that using different learning rates for
different network layers, dependent on the fan-in of these layers, speeds
up convergence; this is an example of inserting a simple (diagonal) type
of positive definite matrix. We are thus automatically led to the following
question: which is the optimal choice for M (0)?

Seen from a different perspective, we have to realize that the way in which
we choose to parametrize the action of our network is (at least from a math-
ematical point of view) rather arbitrary. For example, instead of a parameter
component §; € R one could have also inserted 67, or any other monotonic
function of 6;, without affecting the range of possible operations pg(x) that
the resulting network could perform. More generally, the space of possible
operations of the form pg(x) is invariant under arbitrary invertible trans-
formations f: Rl — IRE of the parameter vector #; mathematically, there
is no preferred choice for f.

Yet, the gradient descent learning rule is highly sensitive to such para-
meter transformations. Just consider two equivalent choices of parameters
0 € RL and & € RE, which are related by an invertible transformation:
0 = f(&). A gradient descent dynamics derived in the language of &, when
written explicitly in components, gives:

d,. 9 &0, 0E®6)
G5 = g EF@) =-n) % 99,

j=1
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If we now work out what this implies for the evolution of the alternative
parameters @ we find:

d , i 396; dS L 56, 96, 9E(9)
TO0=) S =), o o
di” g di = 08 08 06y
Thus
do — —gM@O)VeE®)  Mir(0) = 90 9%

The matrix M(#) is positive definite, so we are still guaranteed that
dE/dr < 0. However, we recover a gradient descent equation in terms of
the parameters 6 only if M;;(6) = §;;, which in general will not be the case.
We conclude that the error evolution that we obtain is strongly dependent
on how we choose to parametrize our network in the first place. We are
thus automatically led to ask: which is the optimal choice of (alternative)
parametrization?

Derivation of gradient descent

In order to understand better the properties of the gradient descent rule,
with a view to ultimately replacing it, let us first see how it can be derived
from an extremization procedure. We try to extremize E (0 + A@) by vari-
ation of A#, subject to the constraint that the magnitude of the change 0
is fixed: |A@| = A. The solution (extremization of a given function under a
constraint) is easily obtained with the method of Lagrange, which tells us
that we have to solve the following equations:

IE@+A0) 9

= (AB)? = 20A0; (AG)* = A?
(A6 I(AG;)

We can eliminate A by taking the inner product with A# on both sides of the
above equation, giving A = %A_Z[AO -VE(0)]+ O(A%). For small changes,
that is, A@ = dr(d/dr) + O(dr?) with 0 < dr « 1, we then find

ia + O(dr)

dr

VE® — [(da/dt) : VE(G)]

(d6 /dr)2
Taking the limit dz — 0 finally gives

(d6/dr)?

d
G =TVE® = =V E®)]

dt
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Note that the right equation can be dropped, as it simply follows from the
left one by taking the inner product with d6/ds. We have thereby recovered
the ordinary gradient descent rule.

Derivation of natural gradient descent

We now repeat the above exercise of extremizing E (6 + A@) w.r.t. variations
of A#, subject to the constraint that the magnitude of the change of 6 is fixed.
Now, however, the magnitude of the the change is not given in terms of the
Euclidean distance but rather in terms of a more general distance measure
as described in Appendix H. This distance is defined in terms of a local
metric via

d*(0,0 + AB) = > Abigij(0)A0; + O(AY)
ij

and the constraint is d%(0,0 + A@) = A2 with 0 < A < 1. The solution of
this constrained extremization problem is again obtained with the method
of Lagrange multipliers:

IE0 + A0) ., ~ ) | )
306 ooy @0+ 20 —ZA[;guwm@, + O )}

d>(0,0 + A) = A?

As before we eliminate A by taking the inner product with A# on both sides
of the above equation, giving A = %A’Z[A0 -VE@)] + O(A%). We next
consider small changes only, that is, we write A@ = dr(d8/dr) + O(dr?)
with 0 < dr « 1. Consequently the constraint equation becomes A% =

dr?[(d6/dr) - g(8)(d6/dr)] + O(dr3), and

(d0/dr) - VE(6)
(do/dr) - g(6)(do/dr)

VE@®) = [ } g(0)%0 + O(dr)

Taking the limit d# — 0 produces

_(d/dr) - g(6)(d6/dr)

d -1
—60 =—ng " (O)VE(@) (do/dr) - [-VE(0)]

dr

As before the right equation is redundant, as it follows from the left one
by taking the inner product with g(0)(d#/dr). We have thereby derived the
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so-called natural gradient descent rule:

%0 =—-ng "(OVE®) (14.54)

Only in the special case where our metric is Euclidean, that is, g(8) = 1 for
all 6, will natural gradient descent be identical to ordinary gradient descent.
Note that we can now also interpret the meaning of inserting a positive
definite matrix into the ordinary gradient descent rule, as in (14.53), and
identify the optimal choice for such a matrix according to (14.54): the
optimal choice is to select M (@) in (14.53) as the inverse of the metric g(8).
This choice thus depends crucially on the choice we make for the distance
d(#,0') in parameter space.

What remains is to choose the appropriate metric in parameter space. Our
aim is to base this choice on the premise that the natural distance between
two parameter vectors § and 6’ should be determined by the extent to which
the corresponding networks, encoded in the two distributions pg(x) and
Py’ (x), are similar. The more different these two distributions, the larger
should be the natural distance between 6 and 6’.

Expansion of the Kullback-Leibler distance

One object that measures the distance between two probability distributions
is, as we have seen earlier, the Kullback-Leibler distance:

Dpollpy) = 3 po)In [” "(")] (14.55)

xeA pe/(x)

(where we have replaced log, — In in order to eliminate the irrelevant pre-
factor In 2 which would otherwise be generated in subsequent calculations).
This expression can itself not serve as our distance d(#,0’), since it violates
d@,0") = d(@',0). However, locally it turns out to give a well-behaved
distance measure in the sense of (H.3). To see this we put 8’ = 0 + Af, with
|A@| <« 1, and expand (14.55) in powers of A#. This gives

D(pollposas) =Y po(x)[In pp(x) — In pgy ng(x)]

xXeA

=Y A6igij(0)A0; + O(A0]%)

ij

with the metric

oy L d1n pe(x)\ (3 1n py(x)
gu(ﬂ)—zgpo(x)( %, )( %, ) (14.56)
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The key observation needed to obtain this result is that, when writing the
expansion of the distance as

D(ppllporan) =—Y_ pox)In(l+e)

xXeA
with

Do+ a0 (x) — pg(x)
po(x)

AG; 9 1 AO;AG; 9%
=3 P Yy )
L

— po(x) 39; Po(x) 06;00;
the first order in € in the expansion of the logarithm vanishes due to
normalization of the distribution py.

Up to the factor 1/2, the matrix in (14.56) is called the Fisher Information
matrix. It plays an important role in measuring the average amount of
information that can be extracted from a single observation x about the
values of the parameters @ of a parametrized distribution pg(x). The metric
(14.56) satisfies all our requirements. It generates a general definition of a
distance d(6,0") via the route described in Appendix H. This is based on
the shortest path connecting @ and ', given by a geodesic.

Invariance of natural gradient descent under re-parametrization

Due to the fact that the distance d(6,0’) generated by the metric (14.56)
is based on measuring the mismatch between two probability distributions
(rather than on properties of the underlying parametrization), one finds
that the corresponding natural gradient descent equation is invariant under
parametrization changes, in contrast to the ordinary gradient descent rule.
The proof of this important statement is elementary. Just consider two
equivalent choices of parameters, # € IRE and & € RE, which are related
by an invertible transformation f: Rl — RE:

0=r1& pex)=pex) EE =E®O)  g;& =3g;0)

The metric g;;(§) as given by (14.56), derived in the language of &,
can be related to the metric g;;(@), derived in the language of 8, in the
following way:

dIn pg(x) 3 In pg(x)
9&; 0§

gij (&)= pg(x)

xeA

. 90, 3 1n pg(x) 86; 3 1n pg(x) .
=Y )y — = = Kiju(0)2u(6)
xeA w0 05 06 0% 90 ki
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with
89k 801
8&; 0E;

We can now use this relation to derive the dynamical equation which
the parameters 6 will obey, given that the evolution of the parameters
& is defined by natural gradient descent (14.54) with the metric g(§),
written as

lj,kl (0)

d B
;gu@)as] + na—&E(E) =0

Using the above transformation for the metric and partial derivatives this
gives
36, 9
D Kiju @)@ ®) sJ +1 Z a_g,ﬁE“’) =0

Jki

which can be rewritten as
06 a0, .
;B—&[Z 5, O s, e E(0>]

Since the matrix with entries Ji; (8) = 06, /9&; is just the Jacobian of the
invertible transformation f, and therefore itself invertible, it immediately
follows that

5 -
Zg"l(o)zag d 0 E@) =0

or
d 3 .
011(0)—0 —FE@G)=0
;gkmdtwnaek 0)

This is again the natural gradient descent equation, but now expressed
in the language of #. Thus, whatever parametrization one chooses for the
network, if one uses the natural gradient descent rule with the metric (14.56)
one always generates exactly the same dynamics.

It can be shown that, apart from an irrelevant prefactor, the metric
(14.56) is the unique proper metric in a space of parametrized probabil-
ity distributions, although the proof is not trivial and will not be given in
the present book. Here we have only provided intuitive evidence for this
statement, by showing that it is locally equivalent to the Kullback-Leibler
distance (which is indeed a measure of the mismatch between distributions,
independent of parametrization), and by showing that the corresponding
natural gradient descent dynamics is invariant under re-parametrizations.
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In practice, explicit calculation of the inverse of the matrix (14.56) will
usually not be possible, and thus exact execution of the natural gradient
descent rule out of the question. However, at least one knows what the
optimal rule is, so that improving upon gradient descent can be done in a
systematic way, via approximation of the inverse of (14.56), rather than in
an ad hoc manner. There are many ways in which an inverse can be approx-
imated. If g(#) is close to the unity matrix 1, for instance, one could use
the expansion g=1 () = Y asol1— g(@)]". An alternative is to manipulate
general identities for symmetric matrices such as

4 [dy yiyj e~ 1/2)y-gy

8ij [dye-(1/2yzy

14.7 Simple applications of information geometry

Let us finally illustrate the application of the above ideas in neural
information processing systems with two simple examples.

Example 1: a single neuron without systematic input. Our first example
represents the simplest possible scenario of a binary neuron, without sys-
tematic input or weights, but with only a threshold 6. It receives input only
from a noise source &, that is,

Xour = sgn(§ —0)

We assume that it is being trained to permanently generate the output
Xout = 1 via adaptation of its threshold 6. This obviously requires lowering
the threshold to § = —oco. We denote by w(&) (with & € R) the probabil-
ity density of the noise source, and take this distribution to be symmetric:
w&) = w(—¢&) for all £ € R. We also define W(u) = 2f5‘ dé w(€). Our
assumptions entail —1 < W(u) < 1.

We now first have to establish contact with the formalism of the present
chapter. Since there are no systematic inputs, we simply have py(x) =
Prob[xoy: = x], giving

o 1
po(1) = Prob[xou = 1] = /9 dé w(§) = 5[1 - W]

and thus

po(x) = L1 —xW(0)]
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The error measure £(x) is required to signal the occurrence of the wrong
output value x = —1, so £(x) = 8,_1. Recalling the definition of the global
error E(0) =), pa(x)E(x), one obtains

E@®) =11+ W®©)] (14.57)

Ordinary gradient descent learning would give for this example:

4y O p0) = 20 W) = —qwo)
dr |op o0 2750 m

Let us now compare this to the recipe prescribed by natural gradient des-
cent. The present example has only a single adjustable parameter, viz. 9,
so the Fisher matrix (14.56) reduces to a (time-dependent) scalar (a 1 x 1
matrix) g(6):

3 4w2(9)
g6)= Y ps(x) [8—9 In[1 — xW(en] D pelx T W orE
x==+1 x==1
s 1 1 ) _ 4w?(O)
= 2w (9)<1 — W) 1T w®)) 1-w2@®)
Natural gradient descent thus reduces to:

d, __1-w*e)
dt |nop 4w (9)

Let us now make a specific choice for the noise distribution to push the
present analysis further, viz. w(§) = %[1 — tanh? &)],s0o W) = foedg [1-
tanh? (£)] = tanh(0). This results in

dol —_1 [1 — tanh?(6)] 4y .

It is clear that the threshold 6 decreases more slowly in the case of gradient
descent learning than for natural gradient descent learning, especially as
|0| — oo. The superiority of the natural gradient learning algorithm can
be exhibited in a more striking fashion, if we translate the laws for the
evolution of 6 into equations involving the global error E(#) only, using
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the simple relation E(9) = %[1 + tanh 0]:

d 5 5 d
—E| =—-49E*(1-E) —E = —nE(1-E)
dt|gp dt  |xep

In both cases the error decreases monotonically to zero. Asymptotically,
that is, for t — oo, we can thus expand these equations in powers of E.
The asymptotic form of these equations at small E and their solution are
then given by

d ) . 1

—E = —4nE*+ ... withsolution E~— (t > o0)
d . .
— =-—nE+.-- with solution E ~e™ ™ (t — o0)
dt |lngp

This clearly illustrates the potential of natural gradient descent.

Example 2: a single neuron with inputs. Our second example is a
noisy binary neuron with nonzero inputs and weights, but without a

threshold,

L
Xout = sgn(zeixfn + 5) Xin = (xif‘, ... ,xiLn) e{-1,1F
i=1

which is being trained to execute some operation o: {—1, 1}% — {—1,1} via
adaptation of the weight vector @ € IRL. As before, we assume that the noise
source £ € IR has a symmetric probability density w(&), so w(§) = w(=§)
for all £ € R, and we define W (u) = 2 [ d& w(§). Thus

Po(ouel¥in) = 3[1 + Xoue WO - Xin)] P (Xin, Xour) = Po (XoutlXin) P(Xin)

The error measure £(xin, Xout) is Now required to signal the occurrence of
Xout # 0 (Xin), giving & (Xin, Xout) = %[1 — Xouto (xin)]. The global error
(14.50) is then seen to become

1
E®) = 7Y p(xin) Y11+ xouW (O - xin)[1 = Xouo (Xin)]

Xin Xout

1 1
=3 =5 2P0 (i) WO - xin) (14.58)

Xin
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and the metric (14.56) is evaluated as follows:

al out|Xin al out|Xin
gij(o) = Zzp(xin)pQ(xoutlxin)< npoé());' cx )>< HP();JQC' elx )>
! J

Xin Xout

_ZZ (xln) [x mxoutw(o xm)][_x xoutw(o xm)]

Po (XoutlXin)

= Zp(xm)xm mwl(o xln)( 2 + 2 )
< 1+W@O - -xin) 1—-W(@O-xin)
in in wZ(o *Xin)
= me:p(xm)x T = W20 2] (14.59)

If we now choose the same noise distribution as in the first example, that is,
wé) = 2[l — tanh? (&)1, giving W(0) = tanh(f), and in addition assume
uniformly distributed input vectors x;, € {—1,1}%, we find the following
transparent expressions:

E©) = %[1 — {o(x) tanh(8 - x))] g8ij(0) =8 — (xix; tanh2(0 - x))
(14.60)

with the shorthand ((---)) = 2753 .y 4.(---). Gradient descent
and natural gradient descent would now generate the following learning
dynamics,

6; (xio (x)[1 — tanh?(@ - x)])

< =
dt “|gp 2

and

=2 Zg_l(a) (xjo(x)[1— tanh?(@ - x)])

NGD

respectively.

In general one cannot easily invert the matrix in (14.60) analytically. For
small values of L it can, however, be done. Let us work out the case L = 2
(two inputs) as an explicit example. We assume that the task o is realizable,
that is, there exists a vector B € IR? such that o (x) = sgn(Bix1 + Bax2).
Defining o+ = sgn(By & B) and 0+ = 61 + 6, we obtain

E(61,65) = 1[1 — o, tanh(6y) — Jo_tanh(6_)]  (14.61)

1 2 11
g(9) = 5[1 — tanh (9+)]<1 1)

1 > 1 -1
+ 5[1 —tanh (9_)]<_1 | ) (14.62)
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One can easily convince oneself that the relevant inverse is

1) = 1 (1 1>+ 1 (1 _1)
2[1 —tanh?@)1 \1 1) " 201 —tanh?@e_)] \-1 1

We now obtain the following learning rules:

d
50

1 1) 1 1
W Fno+l1 - tanh2(9+)](1> + o1l - tanhz(G—)]<_1)

= 1oy —no_
NGp 4 1) 4 -1

In terms of 04 these expressions simplify to

d
dz

4y
dr =

1
= ;N0

= L osll — tanh? (@)1 4o,
NGD 2

Gp 2 dr

Clearly the gradient descent rule will show a saturation slowing down as
|6+| — o0, which is absent, or rather compensated for automatically, in the
case of natural gradient descent learning. If (¢t = 0) = 0, we find in both
cases 04 (1) = o4+ ¢ (t), with ¢(0) = 0 and

d | 1 ) d B
a¢ = zn[l — tanh”(¢)] - ==

1
E = z[1 — tanh(¢)] dt"[xep 2

GD

As with the previous example, we can convert our equations directly into
equations for the error E, which in fact turn out to be identical to those of
the previous example:

d B 2 ) d
| =-#EX1-E) —E

GD dr

NGD

We find a significant convergence speed-up with, asymptotically,

1 _
E|GD"’4_ ElNngD ~ e " (t — 00)
nt

showing once more the superiority of natural gradient descent over simple
gradient descent learning.
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14.8 Exercises

Exercise 14.1. (Coupled oscillator Boltzmann machines.) In a coupled
oscillator version of the Boltzmann machine the states of the N input, L hid-
den, and M output oscillators are all continuous variables, and are denoted
by x € [-m,7]V, 0 € [-m,n]t, and y € [—m, 7™, respectively. The
combined state vector is written as s = (x,0,y). During free relaxation
of all oscillators, equilibrium averages of observables f(s) are given by

(f)o=[" -7, ds p_(s) f (5), with

p-(x,0,y) = 2~ e PEEIY)

with the normalization constant Z given by Z = [" ... [7 dxdody x
e PEX9.9)  During so-called clamped relaxation, where the state vectors
x and y are controlled externally to have the joint probability density
q(x,y), equilibrium averages of observables f(s) are given by (f)y =

S5 [T ds pi(s) f(s), with

e—,BE(x,a,y)

p+(x,0,y) =qx,y)p+(alx,y)  pi(olx,y) =
Z(x,y)

where Z(x,y) = [7 .-+ [7 do e PE®9Y)  Explain which quantity the
Boltzmann machine learning for continuous neural variables aims to min-
imize, in terms of the above probability densities, and what is being achieved
by this minimization. Consider the case where E(s) = —% Zij w;;j cos(s; —
sj) — >, 6i cos(s;), with w;; = wj; for all (i, j). Derive the Boltzmann
machine learning rule for updating the system parameters {w;;,6;} in the
coupled oscillator Boltzmann machine.

Exercise 14.2. (Maximum information preservation.) Consider a linear
neuron whose inputs are corrupted by Gaussian noise sources &;, which are
mutually independent and statistically independent of the input variables x:

_ g2 2
e £7/20

y(x):iwi(xi"‘gi) p&) = .
i=1 o2m

Assume that (x;) = 0 (Vi), and that the noise-free part z(x) = ZlNzl w;x; of
the output y has a Gaussian probability distribution. This is a special case of
the situation discussed in Section 14.2, in which now the noise sources are
identically distributed. Imagine that one tries to maximize the differential
mutual information of the uncorrupted input signal z(x) and the output
y(x) for the system by modification of the weights {w;}, according to a
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gradient ascent procedure,

d 9 1(Y,Z)

— W = nN——om 5
dr ' nawi

Show that the gradient ascent has N fixed points, each of them corres-

ponding to an eigenvector of the correlation matrix C of inputs with

elements C;; = (x;x;), and hence that the optimal weight vector identi-

fied in Equation 14.2 indeed corresponds to a fixed point of this gradient
ascent procedure.

Exercise 14.3. (Natural gradient descent.) Compare gradient descent and
natural gradient descent algorithms for Maximum Likelihood parameter
estimation. Given N observations x; of a random variable X, one attempts
to estimate parameters 6 of a probability density pg(x) so as to minimize

N
E(0):%Zl [p(x’] /d (x)ln[p(x)j|

= Do (xi) Do (x)

where p is the unknown probability density of X. We assumed that N
is sufficiently large for the above integral approximation above to apply.
Investigate this, assuming that the unknown distribution p(x) is Gaussian:

exp[—(x — u)?/20?]
o271

and that one attempts to approximate it using the Gaussian family

px) =

exp[—(x — 61)2/263]
sz

Write down the gradient descent equations for this problem, and show
that (01,62) = (u,0) is a stable fixed point of the dynamics. Determine
the asymptotic convergence rates. Compute the Fisher-Information matrix
for this problem, and use it to formulate the natural gradient dynamics.
Show that natural gradient dynamics also converges to the fixed point
(01,62) = (u,0), and that the asymptotic convergence rate is independ-
ent of the parameters i and o of the unknown distribution, unlike in the
case of simple gradient descent.

po(x) =



Notes and suggestions for
further reading

Information theory in its modern formulation has come upon us mainly
through the seminal work of Claude Shannon [57-59] which, in turn, builds
on earlier work of Nyquist [60] and Hartley [61] on problems related
to transmission of information. The proposal to quantify information in
terms of the logarithm of the size of a message set in case of equally likely
messages appears in fact to have been made first by Hartley, but its general-
ization to ensembles of messages that are not equally likely—using entropy
as the appropriate measure—was achieved only in 1948, independently by
Shannon [57, 58] and Wiener [62,63].

Shannon was in fact concerned with the entire process of communication
of information, from the information source, and a transmitter used to
transform messages into a form suitable for transmission, over some (noisy)
channel which defines the medium used to transmit signals, via a receiver
inverting the operations of the transmitter in order to reconstruct the mess-
age from the transmitted signal, to the final destination of the message. The
operations of transmitter and receiver involve some form of encoding and
decoding. The characterization of the channel as noisy implies that errors
will be introduced into the signal stream on its way from transmitter to
receiver. A key issue in such a process is then how information can reliably
be transmitted over noisy channels, using appropriate coding, and at which
rate. It was Shannon’s deep and original insight that the entropy of the
information source would be the important limiting factor for the rate of
transmission of information over a (noisy) channel.

In this book we have not dealt with issues related specifically to trans-
mission of information and channel capacity. A number of excellent
monographs dedicated to information theory can be consulted on these
and related topics; references [42,59,64-66] can be considered as classics,
old and new, and are particularly recommended.

Our discussion has had a somewhat different focus, namely the applica-
tion of entropy and related concepts to problems in statistical inference
and neural information processing systems. In the context of statistical
inference, we looked at parameter estimation using the maximum likeli-
hood (ML) method and at the maximum entropy (MaxEnt) method for
density estimation. While ML estimation as a tool of statistical inference
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[67] precedes the advent of information theory by several decades, the
MaxEnt method for density estimation, pioneered by Jaynes in the 1950s
[68-70], makes explicit reference to concepts and intuitions underlying
Shannon’s measure of information. Boltzmann-machine learning for recur-
rent stochastic networks, one of the paradigmatic examples of the use of
information theoretic tools for the design of algorithms, was introduced
by Ackley and co-workers [71,72]. It is discussed at some length also in
the book by Hertz ef al. [23], which is still one of the most comprehensive
sources on the theory of neural computation. Hertz, Krogh, and Palmer
also deal with issues of information preservation and feature detection in
feedforward networks; on these topics a more recent book by Deco and
Obradovic [73] also provides a wealth of information. Natural gradient
descent learning was introduced by Amari [74]. For more on the formal
theory of information geometry, which is based on identifying the Fisher
information matrix as the object that defines a natural Riemannian metric
in spaces of probability distributions, see also [75].

As comprehensive sources for the probability theory used in this book,
the monographs by Feller [76,77], Gardiner [78], and van Kampen [79] are
highly recommended. For further general background material on statistical
inference the reader may wish to consult Vapnik’s lucid book [48] and for
details and proofs the earlier volume [80].



Macroscopic analysis of
dynamics

Statistical mechanics deals with large systems of interacting microscopic
elements. Its strategy is to move away from solving models of such sys-
tems at the microscopic level, trying instead to use the microscopic laws
to calculate laws describing the behaviour of suitably chosen macroscopic
observables. This may seem hopeless: if we cannot solve the microscopic
laws, what makes us think we can find their macroscopic consequences?
It turns out that if we consider large systems, things become easier: the
macroscopic laws are then usually deterministic and simple, even though
the microscopic ones are stochastic and complex. Macroscopic observables
normally present a kind of average behaviour of the microscopic ones: the
more elements we average over, the smaller the fluctuations of the aver-
age. In the limit of an infinitely large system the fluctuations vanish, and
the averages evolve deterministically. The toolbox of statistical mechanics
consists of methods and tricks to perform this reduction from the micro-
scopic to a macroscopic level, which are based on clever ways of doing the
bookkeeping of probabilities. The experience and intuition built up in over
a century tells us what to expect (e.g. phase transitions), and serves as a
guide in choosing the macroscopic observables and in seeing the difference
between relevant and irrelevant mathematical subtleties.

We apply statistical mechanics to two aspects of neural networks.
We begin with network operation; here the microscopic dynamical variables
are the states of the neurons, with the synaptic weights remaining fixed. The
networks we consider will be recurrent, which means that there are feed-
back loops between the neurons. We will study their ability to function
as associative memories. By an appropriate choice of synaptic weights, we
can ensure that the neural firing patterns, starting from an appropriate ini-
tial state, will converge towards one of a number of patterns that we wish
to store. We will not be interested in knowing the states of the individual
neurons (just as, in a bucket of water, we would not want to know the posi-
tions of all the molecules) but instead in quantities like the overlap of the
actual network state with the various stored patterns. The latter will be our
macroscopic variables. In our second application of statistical mechanics
we consider learning processes, where the synaptic weights change. For
recurrent networks this is quite complicated, because one needs to analyse
how the dynamics of the neurons reacts to the changes in the synapses.
We therefore restrict ourselves to learning in feed-forward networks, where



all connections between neurons are uni-directional, leading from some
input neurons to one or several output neurons. These networks can be
thought of as implementing a mapping from inputs to outputs, and learn-
ing (i.e. changing the synaptic weights) becomes the process of adapting the
parameters of this mapping by a student network such that it approximates
a certain target mapping (the teacher). Here our macroscopic observables
will be the quality of this approximation, as measured by generalization
and training errors.



Network operation:
macroscopic dynamics

In non-equilibrium statistical mechanics one aims to derive from the laws
of the underlying microscopic system x, and solve, dynamical equations for
a suitable small set of macroscopic quantities (x) = (21(x), ..., 2, (x)).
In principle this can be done in two ways. The first route (clockwise in
the diagram), which is normally too complicated, would consist of solving
the microscopic stochastic equations directly. From the solution one then
calculates the values of the macroscopic quantities. The second route (anti-
clockwise) consists of first calculating from the microscopic stochastic laws
a dynamical equation for the macroscopic probability distribution P, (),
which then has to be solved. If applicable, this is the easiest and preferred
approach. In many cases one finds, as a further simplification, that the
macroscopic dynamics becomes deterministic for N — oo.

Microscopic level:
N variables x;

——  Equation for p;(x) Solve - pi(x)=---

Count | p (@)=Y p(x)s(Q— Q) | Count

states states
Y 4
Equation for P, () - P(R)=---
Solve
Macroscopic level:
order parameters €2, (x) Take limit
N — oo

LS
I
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It turns out that, for such programmes to work in analysing the
neuron dynamics in recurrent neural networks (where x will represent the
neuronal firing states), the interaction matrix must have a suitable struc-
ture. A common feature of many solvable statistical mechanical models for
neural networks is separability of the interaction matrix, which naturally
leads to a convenient description in terms of macroscopic order parameters.
When the interaction matrix is symmetric, we will see that relatively simple
behaviour results. Such systems obey what in Part V we will call detailed
balance. They always reach an equilibrium state at long times, which can be
analysed using equilibrium statistical mechanics. For non-symmetric inter-
actions, on the other hand, detailed balance is absent and dynamical studies
are the only option available; here the behaviour at long times can be much
more complicated, exhibiting, for example, limit cycles.

16.1 Microscopic dynamics in probabilistic form

We define in this section the models of stochastic neuronal dynamics that
we will consider; mathematically these will be described by Markov chains.

We choose to work with the stochastic binary units (1.29) as defined
in Part I, so we model our network as a set of N recurrently connected
neurons which are either firing (on) or quiet (off), and we describe the state
of each neuron by a binary variable o; = +1 (with 0; = 1 meaning firing
and o; = —1 not firing, and with i = 1,..., N). Given the values of the N
postsynaptic potentials &; at time #, the probability to find any given micro-
scopic state o (¢t + Ar) = (o1(t + At),...,on(t + Ar)) at the next time step
t + At now depends on whether neurons are updated in parallel or sequen-
tially, and is given by either (1.33) or (1.34), respectively. For the neuronal
noise distribution we will choose P(z) = %[1 —tanh? (2)], for reasons which
will become clear in Part V, so that the non-linear function g(z) will be given
by (1.32). We also abbreviate the inverse noise level as § = T~1 € [0, c0).
Insertion of (1.32) into (1.33) and (1.34), and using tanh(oz) = o tanh(z)
for o € {—1,1}, then allows us to write the microscopic dynamics in the
following form

N

parallel: Prob[o(t + Af)] = 1_[ [% + %Oi(t + A1) tanh(ﬂhi(a(t)))}
i=1

(16.1)

choose i randomly from {1,..., N}
Prob [o;(t + AD)] = L + Lo;(t + At) tanh(Bh; (o (1))

(16.2)

sequential: :
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with

N
hi(o) = Jijoj + Vi (16.3)
j=1

The J;; are the synaptic weights, which in physics are called the ‘interaction
strengths’ or ‘couplings’; the binary variables o; € {—1, 1} would in phys-
ics be called ‘Ising spins’. The term ¥; represents the effects of the firing
threshold or an external input to neuron i. For 8 — oo (i.e. T — 0) we
remove the noise, and the neurons will respond deterministically to their
local fields (if indeed they are updated): they fire at the next time step if their
individual field is positive, and are silent otherwise. For 8 = 0 (i.e. T — 00)
noise dominates, and the neurons fire randomly, independently of the val-
ues of the local fields. We will find later that, for systems with symmetric
synapses, the parameter 7 is identical to the temperature in equilibrium
statistical mechanics.

Note that the microscopic laws (16.1, 16.2) can be rewritten in a number
of ways, for example via

ePoh 1
2cosh(Bh) 1+ e—2Boh

%[1 + o tanh(Bh)] = (16.4)

where we have used the identities tanh(o0z) = o tanh(z) for o € {—1,1},
and 1 +tanh(z) = 1+ (e —e %) /(e* + e %) = €%/ cosh(z). We now set out

to write the above two versions of the stochastic dynamics fully in terms of
the (evolving) microscopic state probabilities

pi(0) = Problo(t) = o] (16.5)

Parallel dynamics

For parallel dynamics it is natural to simply choose the elementary time
unit to be Ar = 1. We first use identity (16.4) to rewrite equation (16.1) in
terms of the state probabilities p; (o) as

N N o Boihi(e ()

1
pi+1(0) = l_[ E[l + oi tanh(Bhi (o (1)))] = l_[ 2 cosh(Bhi(a (1)))

i=1 i=1

If, instead of the precise microscopic state o (), the probability distribution
p:(a’) over all possible values ¢’ of a(¢) is given, the above expression
generalizes to the corresponding average over ¢”:

pry1(@) =Y W(o,0)pi(o) (16.6)
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with
N eBoihi(a))

W(a,a)=gm

(16.7)

The dynamics described by (16.6) is called a Markov chain. It tells us how
the probability p,(o) of finding the network in state ¢ evolves in time;
crucially, the probabilities at time ¢ + 1 depend only on those at time ¢,
but not on those at earlier times. W(o,0') is the probability of making
a transition from state ¢’ to state ¢ in a single iteration; it is called the
transition probability. Because probabilities are non-negative, and because
the total probability of making a transition to any state o is one, W(o,0")
obeys

W(o,a') € [0,1] Y W(o,0) =1 (16.8)

If we think of p;(¢) as a 2V-dimensional vector (indexed by the possible
states o of the network), then (16.6) has a simple interpretation: the vector
pio1 is simply the product of the 2V x 2V ‘transition matrix> W with the
vector p;.

Sequential dynamics

In the case of sequential dynamics the stochasticity of the dynamics is both
in the stochastic update of the chosen neuron and in the choice of site i
to be updated; the latter is drawn randomly from the set {1,..., N} of all
sites. The microscopic equations (16.2) can again be transformed into an
equation describing the evolution of the microscopic state probability p; (o).
First, if both o () and the site i to be updated are given, we find

1
Prvai(@) = 511 +0i tanh(Bhi (0 (1)))] 1;[ 8a;,050)
J7F1

The product of the Kronecker deltas simply says that the states of all neurons
j # i remain unchanged. After averaging this expression over the random
site i we obtain

N
1
21511 +oitanh(Bhi @I ] do;0500

i=1 j#i

Di+at(0) = m
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If, instead of o(¢), only the probability distribution p;(¢) is given, this
expression is again to be averaged over the possible states at time 7:

pria(@) =Y W(a,0")pi(a”) (16.9)
where now
1 (1
W(o,d') = ~ ; {E[l + o; tanh(Bh;(c'))] Jl;[l (ng’gj/_} (16.10)

Equation (16.9) describes the Markov chain corresponding to the sequential
process (16.2). The relevant transition matrix can be written in a simpler
form, as follows. If we look at the ith term in the sum (16.10), which
corresponds to neuron i being picked for an update, we see that the trans-
ition probability is nonzero only in two cases: either o and o’ are equal
(6’ = o), or they differ solely in the state of neuron i. We can write the
latter occurrence as 6’ = F;0, where F; is the ith spin-flip operator:

Fio = (015- ++30i—15—0i50i+15 - - "GN)
Together with the obvious definition of Kronecker deltas for the occurrence

of equality of the two states o and 0/, 85 5 = 1—[11\/:1 85, 5/> We can therefore
. i
write

N
W0 = ) {%[1 + o tanh(Bh; (@')16,0
i=1

1
+ 511 —of tanh(ﬂhi(a’))]Spi,,,,,/} (16.11)
If we also define
; = _[1 =0 (N =—-"--—7-—— 16.1
wi (o) 2[ o; tanh(Bh;(0"))] 2 cosh(Bhi (@) (16.12)
which is the probability of neuron i being in state o; = —o/ at time ¢ +

At if it was in the opposite state o] at time ¢ (i.e. the probability of the
corresponding spin i to “flip’, when going from time 7 to time ¢ + At), we
see that we can write the transition matrix in yet another form:

N
/ 1 / /
W(o,0") =boo + ;[wiw )8Fi0.0 — Wi (085 47] (16.13)
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Using expression (16.13) we are able to rewrite the Markov chain (16.9) as
a so-called master equation

1 N
Prra(@) = pi(0) = - ) _[wi(Fio)pi(Fio) —wi@)p(@)]  (16.14)
i=1

From discrete to continuous times for sequential dynamics

Equation (16.13) shows that, for sequential updating, the probability of
any one neuron o; changing state in any given time step is very small (of
order 1/N) if N is large. That is, O(N) microscopic steps would have to be
accumulated before we will be able to detect changes in the probabilities of
the states. In order to find characteristic timescales in the dynamics which
are of order O(1) even for N — oo, we will therefore have to choose our
time units appropriately.

Let us first proceed in an intuitive way. In order to observe changes at
a finite rate when N — oo, we ensure that the time increment At for a
single sequential update has duration N~!. Now, on average, in one unit
of time each neuron will be selected for updating once, so that with this
new definition one indeed ought to find observable changes on timescales
of order N, even for large N. Choosing At = N~! implies that instead of
(16.14) we now have

1 N
PN (@) = pi(o) = - 3 [wi(Fio) pi(Fio) = wi(@)pi(0)]
i=1

With the approximation

1d
) —pi(o)~ ——p;(o 16.15
Pi+1/N(0) — pi(0) thpt( ) ( )
we then obtain a master equation with the desired properties, in continuous
time:

d N
3 @) =D _[wi(Fio)pi(Fio) — wi(@)pi(o)] (16.16)
i=1

The quantities w; (o), defined in (16.12), have now come to play the role
of transition rates: in any short interval dr of rescaled time, the probability
for neuron i to change state (or spin i to flip) is w;(o)ds. The two terms
in the square brackets in (16.16) have a simple interpretation: the first one
tells us that we can get to state o by starting in state F;o and flipping spin
i; this process increases the probability of being in state o and therefore
has a positive sign. The second term tells us that we can also leave state o
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and go to state F;o by flipping spin i; this reduces p;(o) and therefore has
a negative sign.

We have obtained (16.16) by using the approximation (16.15). One can
show that this approximation becomes exact in the limit N — oo. An eleg-
ant and more precise alternative route towards the desired continuous time
formulation is to construct a modified sequential update process, which is
exactly described by (16.16), for any value of N, and then to show that
this becomes identical to the original sequential dynamics for N — oo. For
the modified process, we let the times ¢ at which the state of the network
is updated (which in our intuitive derivation were fixed to t = 0, 1/N,
2/N, ...) be chosen stochastically. Our new Markov process, with state
probabilities p; (o), will then be described by

Pr(©@) =) Tn@pn@) =Y an(®) ) W"(0,6")pola’)

mZO m>0 o’

Here ¢ is again a continuous time variable (now even for finite N), W™

is the m-fold product of the transition matrix W with itself, and m,, (1)
specifies the probability that up to time ¢ € IR exactly m discrete updates
have taken place. To be specific, let us assume that the probability for an
update to occur within an infinitesimal time interval dr is given by dz/7.
We choose T = 1/N so that on average we get again one neuron update in
a time interval of duration 1/N, as in the previous intuitive approach. The
time intervals T between individual neuron updates can then be shown to
have an exponential probability distribution:

P(T) -—l —‘L’/‘[

One then also finds that at any given ¢ the probabilities 7, (¢) (with m €
{0,1,2,...}) are given by a Poisson distribution with mean ¢/7:

(1) = — (5> et/ (16.17)
m! \ 7
which has the convenient properties

d (1) = 1[ (1) — 7m (1)] d (I)_—1 (1)

3 =1 () = =T Tom 3700 = —=70

This allows us to write for the temporal derivative of p;(o):

f—pz(a) > e 1(z>ZW’"<a a)po(e) = D mn(®)

m=>1 m=>0

x Y W"(@,6")po(e’) = [Z W(o,0")pr (a’)} — pi(o)



16 : Network operation: macroscopic dynamics

Using T = 1/N and the form of the transition matrix (16.13), this then
gives us exactly the master equation (16.16). The proof that this master
equation also describes our original sequential update process for N — oo
is completed with the observation that for fixed ¢ the standard deviation
of the fluctuations of the number of updates m (as given by the Poisson
distribution m,,(r)) around its mean value Nt equals /m = +/Nt. This
means that the fluctuations of m/N around its mean value ¢ are 4/t/N. For
N — oo we therefore have m/N = t with probability one, and the original
and modified sequential update processes indeed become identical.

Terminology

In order to simplify our tapping into the existing reservoir of statistical
mechanical techniques, we have en passant already started to use quite a bit
of terminology from physics, and from statistical mechanics in particular.
For ease of reference we now summarize in a ‘dictionary’ table the neural
versus the statistical mechanics names for some of the more common objects
and variables that we will have to deal with:

Neural networks Statistical mechanics
Neuron on (firing)/off (quiet) o; = %1 Spin up/down
Change of neuron state on <> off 0; =+1 <> —1 Spin flip up <> down
Synaptic weight Jij Interaction strength
External input, negative threshold ¢; External field
Postsynaptic potential h; Local field

Noise parameter B=1/T Inverse temperature
Set of all possible network states  {o} Phase space

16.2 Sequential dynamics

In this section we begin to look at macroscopic dynamics proper. In par-
ticular, we show how for sequential dynamics one can calculate from
the microscopic stochastic evolution equations (at the level of individual
neurons) differential equations for the probability distribution of suitably
defined macroscopic state variables. For mathematical convenience our
starting point will be the continuous-time master equation (16.16), rather
than the discrete version (16.13). We will consider several classes of models,
with and without detailed balance (see Part V), and show how the macro-
scopic equations can be used to illuminate and understand the dynamics of
neural network operation.
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A toy model

Let us first illustrate the basic ideas behind our methods with the help of a

simple toy model:

J
B =g 9i=0 (16.18)

The variables n; and &; are arbitrary, but may not depend on N. We observe
that forn; = & € {—1,1} (random) and J > 0 this is just the Hopfield model
(3.18) with only one stored pattern, apart from the presence in (16.18) of
additional self-interactions J;;. The local fields become h;(0) = Jn;m (o)
with m(0) = N1, &oy. Since they depend on the microscopic state
o only through the value of m, the latter quantity is a natural candidate
observable for a macroscopic level of description. The probability of finding
the value m(o) = m at time ¢ is given by (see also the discussion on page
416)

Pi(m) =Y pi(6)8(m —m(0)) (16.19)

Its time derivative is obtained by inserting (16.16):

%R(m) = Z Xa:“’" — m(0)[w; (F;0) p(Fia) — w; () p;(a)]

1

Note that on the left-hand side we now write the time-derivative as 9/9z,
to make clear that this derivative is taken at fixed m. We can simplify this
expression by relabelling the summation variable ¢ — F;o in the first term;
this gives

%mm) = Z Z w; () pr (@) [8(m — m(Fia)) — 8(m — m(a)))

From the simple relation m(F;o) = m(o) — 20;&;/N it follows that the
arguments of the two §-functions differ only by an O(1/N) term, so we can
make a Taylor expansion of the right-hand side:

0 2 d
SPim) =Y Z w; (@) py(0) [(ﬁmsi) S8 —m(0)) + O(N‘%]

i

The m-derivative can be pulled in front of the sum; none of the other terms
depend on m, and upon reordering the i-dependent terms we are left with

0 0 2
EP’(m) = om [Xa: pi(@)3(m —m(0)) Xi:&mwi(a)} +OW™h
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Inserting the expression (16.12) for the transition rates and the local fields
gives

9 d
2Py = - {;pma(m —m(@))

1Y .
x [ﬁ ggi tanh(Bh;(a)) — m(o)j| } +OWN
(16.20)

So far everything is rather general. In fact, it looks like we have not yet
gained much: the evolution equation for P, (m) still involves the unknown
microscopic probability distribution p;(6). The key simplification which
allows us to eliminate p,(o) is that, for the model at hand, the local fields
hi(d) = n;Jm(o) depend on the state o only through the value of our
parameter m (o). The §-function in (16.20) furthermore constrains m (o) to
equal m, which is simply a number and no longer a function of o. We can
therefore now carry out the sum over states o and get

3 9 1Y
Epz(m) = o {Pz(m) [ﬁ ;&' tanh(n; 8Jm) — m“ +OW
(16.21)

In the thermodynamic limit N — oo only the first term survives and we
have a closed equation for the macroscopic probability distribution P, (m):

3 3
o, Pr(m) = = [Pi(m) F (m)] (16.22)
t om
with
1 N
F(m):A}LI%ON;gi tanh(n; BJm) — m (16.23)

Equation (16.22) is called a Liouville equation. As shown in Appendix F,
its solution, for any function F(m), is the probability density

Py (m) = /dmo Po(mo) 8(m —m™(t;mq))
where m*(t;mg) denotes the solution of the differential equation

%m* = F(m™) for the initial condition m*(0) = mo (16.24)



16.2  Sequential dynamics

Our solution P, (m) describes deterministic evolution; the only uncertainty
in the value of m is due to uncertainty in initial conditions. If at t = 0
the quantity m is known exactly, we see that this will remain the case
for finite timescales, with the value of m evolving in time according to
(16.24). Note that for n; = &;, we thereby also recover the macroscopic
laws for the Hopfield model with a single pattern.2® In that particular case,
the function F(m) controlling the time evolution (16.24) of m becomes
F(m) = tanh(8Jm) — m, and we obtain

%m = tanh(BJm) —m (16.25)

Fort — oo, m will therefore converge to a point where tanh(8Jm) — m = 0,
that is, m = tanh(BJm). In Part V we will find that the solutions of
this equation provide a macroscopic characterization of thermodynamic
equilibrium for these models. The detailed balance condition for a
stochastic dynamics to converge to equilibrium will be discussed in depth
in Section 20.2.

In our derivation of (16.21), it may seem strange that we have made a
Taylor expansion of a §-function, which is not exactly a smooth object.
That this is valid can be confirmed by a a slightly more elaborate derivation
using so-called test functions; see also Appendix F. Let G(m) be such a
test function (smooth, that is, with continuous derivatives of any order,
and nonzero only within a bounded interval). The average of such a test
function over P; is given by

(G), = /dm G(m)P,(m) =) _ G(m(0))p;(o) (16.26)

One can now go through exactly the same calculation as above to
work out the time-derivative of this average; because G(m) is assumed
smooth, the Taylor expansion is now unproblematic. One finds
(with G’ = dG/dm):

d 1Y
E(G)t = /dm P, (m) [ﬁ ;gi tanh(n; BJm) — mi| G'(m)+ON™

(16.27)

26 Inclusion or exclusion of the weak self-interactions J;; in (16.18) is seen to make no
difference to the derivation of our macroscopic laws, for N — oco.
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Using (16.26) on the left-hand side, and integrating by parts on the right-
hand side, gives us

/dm %P,(m)G(m)

N
— / dm Bim {P,(m) [% ;s,- tanh(n; BJm) — m:| } G(m)+ O

Since this identity holds for any test function G(m), the previous result
(16.21) inevitably follows.

The general formalism

Let us now allow for less trivial choices of the interaction matrix and try to
calculate the evolution in time of a given set of macroscopic state variables
Q) = (21(0),...,2,(0)) in the thermodynamic limit N — oo. At this
stage there are no restrictions yet on the form or the number n of these
state variables; such conditions, however, arise naturally if we require the
evolution of the variables € to obey a closed set of deterministic laws, as
we will show below. The ensemble probability of finding the system in
macroscopic state  is given by:

PiR) =) pi(0)8(R — (o))

The time derivative of this distribution is obtained by inserting (16.16). If in
those parts of the resulting expression which contain the spin-flip operators
F; we subsequently relabel the summation index 6 — Fjo, we arrive at

ad
SP@ =3 ) pi(@wi(@)I5(R = F0)) - 52— ()]

i o

Writing Q,(F;0) = Q,(0) + Aju (o) and making a Taylor expansion
in powers of {A;, (o)}, we finally obtain the so-called Kramers—-Moyal
expansion:

d 1
. Pi(®) = Z( .) Z ZBQ : [P(ﬂ)F,ﬁ? (@01,
ur=1  pe=1
(16.28)

with

N
F/izl) Me(Sl;t) = <Z Wi (0)Aju () Ajy, (0)>

j=1 21
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defined in terms of the conditional (or sub-shell) averages (- - -)qy,

(o )gy = 2me P1(@) () 3R — L))
! Y o Pi(0)8(R — (o))

As in the previous toy model, expansion (16.28) is to be interpreted in
a distributional sense, that is, only to be used in expressions of the form
[ dR P, (R)G(R) with sufficiently smooth functions G (), so that all deriv-
atives are well-defined and finite. Furthermore, (16.28) will only make sense
if the “discrete derivatives’ A, (o), which measure the sensitivity of our
macroscopic quantities to single spin flips, are sufficiently small. This is to
be expected for suitably defined macroscopic state variable in the limit of
large system sizes. Indeed, whereas for finite N any state variable €2, (o)
can only assume a finite number of possible values, we may in the limit
N — oo expect to find smooth probability distributions for macroscopic
quantities which depend sufficiently homogeneously on a sufficiently large
number of microscopic variables. The probability distribution of state vari-
ables €2,,(o) which only depend on a small number of neurons, however,
will not become smooth, whatever the system size.

The first (¢ = 1) term in the series (16.28) is called the flow term.
Retaining only this term leads us to a Liouville equation which describes
deterministic flow in € space, driven by the flow field FV, as in the toy
model. Including the second (¢ = 2) term as well leads us to a Fokker—
Planck equation, which in addition to the flow also describes diffusion
of the macroscopic probability density P, (), generated by the diffusion
matrix {F,ﬁ)}. Note, however, that in general (16.28) need not necessarily
constitute a systematic expansion in terms of some small parameter.

According to (16.28) a sufficient condition for the observables (o) to
evolve in time deterministically, in the limit N — oo, is:

n n N
lim Z% DY A (@) Aju(@)ey =0 (16.29)

N—o0
€22 =1 pe=1j=1

since in that case for N — oo only the £ = 1 term in expansion (16.28) is
retained. Note that the distributional interpretation of the Kramers—Moyal
expansion has been used to obtain the condition (16.29). It ensures that in
evaluating time derivatives of (G ()), for sufficiently smooth G () in terms
of the expansion (16.28), the partial derivatives 3/9€2, appearing in the
expansion can be made to apply to the function G(R) alone, via integration
by parts; since the latter are (uniformly) bounded by assumption, the partial
derivatives need not be included in the condition (16.29). Note also that
the bound |w;(0)| < 1 has been used.
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In the simplest instance where the state variables (o) scale similarly
in the sense that all derivatives A, (o) are of the same order in the system
size N (i.e. there is a monotonic function Ay such that Aju(o) = O(AN)
for all j and ), the above criterion becomes:

lim nAyv/N =0 (16.30)
N—o0

If for a given set of macroscopic quantities the condition (16.29) is satisfied,
we can for large N describe the evolution of the macroscopic probability
density by the Liouville equation:

n

a a
_ N _ D o.
atpt(ﬂ) = 321 o [(Pr(R)F, " (S;1)]

the solution of which describes deterministic flow:
Pu@) = f AR Po(20)5(2 — 2°(1;20))

%sz*(t;szm:F“)(m(t;szo);r) Q*(0; Q) =R (16.31)

In taking the limit N — oo, however, we have to keep in mind that the
resulting deterministic theory is obtained by taking this limit for finite t.
According to (16.28), the £ > 1 terms do come into play for sufficiently
large times ¢; for N — 0o, however, these times diverge by virtue of (16.29).

Equation (16.31) will in general not be autonomous; tracing back the
origin of the explicit time dependence in the right-hand side of (16.31)
one finds that in order to calculate FM one needs to know the microscopic
probability density p; (o). This, in turn, requires solving the master equation
(16.16), which is exactly what one would like to avoid. However, there are
elegant ways of avoiding this pitfall. We will discuss two constructions that
allow for the elimination of the explicit time dependence in the right-hand
side of (16.31) and thereby turn the state variables 2 and their dynamic
equations (16.31) into an autonomous level of description.

The first way out is to choose the macroscopic state variables @ in such a
way that there is no explicit time dependence in the flow field F D (R;1) (if
possible). According to the definition of the flow field, this implies making
sure that there exists a vector field ® () such that

N
Ivliinwzwj(a)Aj(o) = ®(R(0)) (16.32)
J=
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(with Aj = (Aj1,...,Aj,)) in which case the time dependence of FD drops
out, and the macroscopic state vector evolves in time according to:

d
552 =o(RQ)

This is the situation which we encountered earlier in our toy model. The
advantage is that no restrictions need to be imposed on the initial micro-
scopic configuration; the disadvantage is that for the method to apply,
a suitable separable structure of the interaction matrix is required. If, for
instance, the macroscopic state variables €2, depend linearly on the micro-
scopic state variables o, that is, (o) = N~! Z?’:l w;o;, then we obtain
with the transition rates (16.12):

N N
: .1
ngréozle(omj(a) = lim — lej tanh(Bh;(0)) — @
J= J=

In this case it turns out that the only further condition necessary for (16.32)
to hold is that all local fields h; must (to leading order in N) depend on
the microscopic state ¢ only through the values of the macroscopic state
variables €. Since the local fields depend linearly on o this, in turn, implies
that the interaction matrix must be separable.

If it is not possible to find a set of macroscopic state variables that satisfies
both conditions (16.29, 16.32), additional assumptions or restrictions are
needed. One natural assumption that allows us to close the hierarchy of
dynamical equations and obtain an autonomous flow for the state variables
© is to assume equi-partitioning of probability in the 2-subshells of the
ensemble, which allows us to make the replacement:

25 (R —R(0) ) wi(0)Aj(o)

FO@1) — Fev(@) = S 5(R— o))

Whether or not the above way of closing the set of equations is
allowed will depend on the extent to which the relevant stochastic vector
Zj-vzl w;j(0)A (o) is homogeneous within the -subshells of the ensemble.
At ¢t = 0 there is no problem, since one can always choose the initial micro-
scopic distribution pg (o) to obey equi-partitioning. In the case of extremely
diluted networks this situation is subsequently maintained by assuring that,
due to the extreme dilution, no correlations can build up in finite time. The
advantage of extreme dilution is that less strict requirements on the struc-
ture of the interaction matrix are involved. The disadvantage is that the
required sparseness of the interactions compared to the system size does
not correspond to biological reality.
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Next we will show how the above formalism can be applied to networks
for which the matrix of interactions J;; has a separable form; this includes
most symmetric and non-symmetric Hebbian-type attractor models. We
will restrict ourselves to models with ©%; = 0; the introduction of nonzero
thresholds is straightforward and does not pose new problems.

Separable models: description at the level of sublattice
maghnetizations

Let us consider the following class of models, in which the interaction matrix
have the form

1
Jj=5 068 &= @&, &0 (16.33)

The components & are assumed to be drawn from a finite discrete set
A which contains n, elements; again the variables &/ are not allowed to
depend on N. As usual in these models they represent the information or
patterns to be stored or processed. The Hopfield model, for instance, corres-
ponds to choosing Q(x, y) = x-y and A = {—1,1}. One can now introduce
a partition of the system {1,..., N} into n, so-called sublattices I;:

L=(l&=n (L..,Ny=JL a2=0'..,n")enr
n

The number of spins in sublattice 7, will be denoted by || and is assumed
to be large. If we choose as our macroscopic state variables the average
firing rates (or ‘magnetizations’) within these sublattices, we are able to
express the fields A solely in terms of macroscopic quantities:

1
my(@)=—>> "0;  hi(@) =Y pyQ&E,mmy, (16.34)
n

1] iely

with the relative sublattice sizes p, = |I;|/N. If all p, are of the same order
in N (which, for example, is the case if the vectors &; have been drawn at
random from the set A?) we may write A j, = O(niN_l) and use (16.30).
The evolution in time of our sublattice magnetizations is then found to be
deterministic in the thermodynamic limit if

m P =0
N%OOIHN

Furthermore, condition (16.32) is seen to hold, since

N
Z wi(o)Ajy(o) = tanh (ﬂ Z py Q(, n/)mr/’> — My
"/

j=1
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We may conclude that the evolution in time of the sublattice magnetizations
is governed by the following autonomous set of differential equations:

d
= tanh (,3 > py 0, n/)mﬂ/) —my (16.35)

n

The above procedure does not require symmetry of the interaction matrix.
In the symmetric case Q(x,y) = Q(y, x) the system will approach equilib-
riumy; if the kernel Q(.,.) is positive definite this can be shown, for instance,
by inspection of the Lyapunov function L[{my}]:

1
Ll{my} = 5D pamn Q1,0 Yy py

'
1 /
~3 > pylncosh (ﬁ > 0@, )mn/pn/>
n 7
which is bounded from below, and which obeys:
d d , d
Eﬁ =— Z (pnamu)Q(n, ] )(pn/amn) <0 (16.36)

ny’

Note that from the sublattice magnetizations one can also quite easily
calculate the overlaps of the network state with the various stored pat-
terns. These overlaps can be written as averages over the n’ sublattice
magnetizations via:

N
1
m, (o) = v ZS#@ = X:p,m”m,7 (16.37)
i=1 n

Whether or not, in turn, there exists an autonomous set of laws at the level
of overlaps depends on the form of the kernel Q(.,.).

Simple examples of relevant models of the type (16.33), the dynamics
of which is for large N described by equation (16.35), are for instance the
ones where one applies a non-linear operation ® to the standard Hopfield
interactions:

1 p
Qx,y) = O(x-y): Jij = Ncb( > s{‘s}‘)
n=1



16 : Network operation: macroscopic dynamics

with ®(0) = 0 and ®’(x) > 0. This non-linearity could result from, for
example, a clipping procedure,

—K, forx<-K
d(x)=1 x, for—-K<x<K
K, forx>K

or from retaining only the sign of the original interactions (21.2):
d(x) =sgn(x)

It turns out that the effect of introducing such non-linearities is of a quantit-
ative nature only, giving rise to little more than a re-scaling of critical noise
levels and storage capacities. We will not go into full details here, but illus-
trate this statement with a simple example, by working out our equations
for p = 2 (i.e. a network with two stored patterns) and randomly drawn
pattern bits £# € {—1, 1}, where there are only four sublattices, and where
Py = % for all y. Using ®(0) = 0 and ®(—x) = —®(x), as is the case for
the above examples, we obtain:

%mn = tanh (%ﬂCID(Z)(m,7 — m_,,)> — my (16.38)

This demonstrates that the choice made for the non-linearity ®(x) shows
up only as a re-scaling of the noise level as measured by B, at least for the
simple case p = 2. From (16.38) we further obtain (d/dr)(my + m_y;) =
—(my + m_y). This shows that the system decays exponentially towards
a macroscopic state where, according to (16.37), all sublattices contribute
equally to the overlaps in pairs: my = —m_y for all y. If at r = 0 this is
already the case, we simply find decoupled equations of the form (16.25)
for each of the four observables m,.

Separable models: description at the level of overlaps

A more general version of the toy model (16.18), which still allows for a
description of the dynamics in terms of macroscopic overlap parameters,
and does not require the intricacies of the sublattice description discussed
above, is obtained by choosing

1 14
Bj= 2 EAwE &= 8D (16.39)

nv=1
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We will see that now the components &/ need not be drawn from a finite
discrete set,?” as long as they do not depend on N. The Hopfield model
corresponds to the choice Ay, = §,, and & € {—1,1}. The fields hy can
now be written in terms of the overlap order parameters m ,:

1 N
muo) =) &loi (o) =& Am(@)  m=(m,...,mp)
i=1

(16.40)
Since now A;, () = m,(F;o) —m, (o) = O(N~1), we see that condition
(16.30) is met as soon as we choose the number p of patterns such that
limy—oo p/~/N = 0. In the thermodynamic limit, we can then be sure
that the evolution in time of the overlap vector m will be governed by an
autonomous set of differential equations. If the vectors &, are drawn at
random according to some distribution p(§) these dynamical laws become,
by analogy with (16.24):

d
gm=¢ tanh (8§ - Am))g —m  (f(§))g = /d§ p&) (&) (16.41)

Again symmetry of the interaction matrix is not required. For specific non-
symmetric choices for the matrix A stable limit cycle solutions of (16.41) can
be found, while in the symmetric case A,, = A, the system will approach
equilibrium.?8

Figure 16.1 shows in the mq, my-plane the result of solving the mac-
roscopic laws (16.41) numerically for p = 2, randomly drawn pattern
bits £/ € {—1,1}, and two specific choices of the matrix A. The first
choice (upper row) corresponds to the Hopfield model; as the noise level
T increases (i.e. B decreases) the amplitudes of the four attractors (corres-
ponding to the two patterns §* and their mirror images —&") continuously
decrease, until at the critical noise level T, = 1 they merge into the trivial
attractor m = (0,0). The second choice corresponds to a non-symmetric
model, that is, one without detailed balance. At the macroscopic level of
description and on finite timescales the system clearly does not approach
equilibrium. Macroscopic order now manifests itself in the form of a limit
cycle, provided the noise level T is below the critical value T, = 1 where
this limit cycle is destroyed. To what extent the laws (16.41) are in agree-
ment with the result of performing the actual numerical simulations in finite
systems is illustrated in Figure 16.2.

27 Continuous {£/'} can in fact be accommodated in the earlier sublattice formalism, but

then require the introduction of functional order parameters.
28 The Lyapunov function (16.36) for positive definite matrices A now becomes L[{m,,}] =

%m - Am — B~ Y{Incosh (B¢ - Am))g.
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T=0.1

Figure 16.1 Flow diagrams obtained by numerically solving the deterministic overlap
equations (16.41) for p = 2. Upper row: A, = §,, (the Hopfield model); lower row:

A= (*]1 11> The noise level T is related to the parameter 8 via 8 = T~!. For both models

the critical noise level is given by g, = 7.7 = 1.

Figure 16.2 Comparison between simulation results for finite systems (N = 1000 and
N = 3000) and the analytical prediction for the evolution of the order parameters (m1,m>)

from the macroscopic flow equations; here p =2, 7 = ~! = 0.8,and A = (_11 11 .

As a second simple application of the flow equation (16.41) we turn to
the relaxation times associated with the attractors of the Hopfield model,
corresponding to the choice A,, = §,,. Expanding (16.41) near a stable
fixed point m*, that is, putting m = m*+x with |x| <« 1, gives the linearized
equation

d
ax,u = |:ﬂ Z(éuév[l - tanhz(ﬂ§ : m*)]>§ - (S;w]xv + O(xz) (16.42)
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The Jacobian of (16.41), which here determines the linearized equation
(16.42), turns out to be minus the (symmetric) curvature matrix D which
in Section 21.1 will play a central role in the stability analysis of the phases
of the Hopfield model. This matrix has entries

Dyy = 8,0 — BlELET — tanh® (BE - m*)])e

The form of (16.42), that is, dx/df = —Dx + O(x?), shows that the asymp-
totic relaxation towards any stable attractor is generally exponential, with
a characteristic time t given by the inverse of the smallest eigenvalue of the
p x p matrix D. If, in particular, for the fixed point m* we substitute an
n-mixture state (which is a solution of the form m* = m,(1,...,1,0,...,0),
with n-components equal to m, and all others zero), and subsequently
transform (16.42) to the basis where the corresponding curvature matrix
D™ is diagonal, x — ¥, we obtain

B.t) = 7,(0) P

where the Di") are the eigenvalues of D™, It follows that 7! = min;, D)(L").
We will calculate this quantity explicitly in Section 21.1; here we simply
show the results?? of this calculation in Figure 16.3. The relaxation time for
the n-mixture attractors is seen to increase monotonically with the degree of
mixing n, for any temperature. This implies that the mixtures with smaller
values of n are more stable than those with larger n.

For each value of n, there is also seen to be a critical value of the noise level
T where the corresponding relaxation time diverges, indicating loss of sta-
bility for that particular mixture state m*. Each of these critical values will
later be shown to correspond to a transition where the associated macro-
scopic state m* ceases to define a local minimum of the so-called free energy
surface. At these points the Jacobian develops a zero eigenvalue, the relaxa-
tion time diverges, and the long-time behaviour is no longer obtained from
the linearized equation. This gives rise to so-called critical slowing down,
that is, power law relaxation as opposed to exponential relaxation. For
instance, at the critical temperature 7. = 1 we find by expanding (16.41):

d 2
amu =my (gmi — m2> + O(ms)

One can show that this gives rise to a relaxation towards the trivial
macroscopic fixed point m = 0, of the form m ~ =1/,

29 Note that we show only results for odd values of #; it will be shown in Section 21.1
that mixture states with even values of n are always unstable solutions of our macroscopic
laws.
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Figure 16.3 Asymptotic relaxation times 7, describing relaxation towards the n-mixture
states m* = m, (1,...,1,0,...,0) of the Hopfield model, as functions of the noise level T.
From bottom to top: n = 1,3,5,7,9,11,13.

Looking back at the results of this section, we finally note that if one
is willing to pay the price of restricting oneself to the more limited class
of models (16.39) (as opposed to the more general class (16.33)) and to
the more global level of description in terms of p overlap parameters m,,
(as opposed to the nk sublattice magnetizations m,), then there are two
rewards from an operational point of view. First, there are no restrictions
on the stored quantities & (for instance, they are allowed to be real-valued).
Second, the number p of patterns stored can be much larger for the determ-
inistic autonomous dynamical laws to hold; we only require p <« N
instead of p < In N.

16.3 Parallel dynamics

We now turn to the case of parallel dynamics, that is, the discrete-time
stochastic microscopic laws (16.6). The evolution of the macroscopic prob-
ability distribution will now be described by discrete mappings, instead of
differential equations.

The toy model

Let us first see what happens to our toy model (16.18) if we switch from
sequential to parallel dynamics. As before we try to describe the dynamics at
the macroscopic level of the quantity m(e) = N~! Y, &oy. The evolution
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of the macroscopic probability distribution P;(m) is obtained without
difficulty by combining (16.6) with the definition (16.19):

Pri(m) =Y 8(m —m(0))W(o,0")p;(c”)

= /dm’ W, (m,m")P;(m") (16.43)
with
B e dn —m(@)3n’ = m(a)W(@,)pi(a")
l(msm ) -

2o 8(m —m(a")pi(a’)

We next insert the expression (16.7) for the transition probabilities and
the local fields. Due to the fact that the fields depend on the microscopic
state o only through m(o), the microscopic distribution p;(¢) drops out
of the above expression for the kernel W, which thereby loses its explicit
time-dependence, W, (m,m’) — W (m,m’):

W(m,m/) — e 2 lncosh(ﬁ]m/ni)<5(m _ m(o))eﬂjm, >, ”ioi)a

with (---)g = 27N} ... . Inserting the integral representation for the
d-function (see Appendix F) allows us to perform the spin average, giving

Wm,m'y = PN / dk N Yo'
2w

W(m,m’,k) = iBkm + (In cosh B(Jnm'— ik&))p e — (Incosh B(Jnm")),

where (f(n)), = N1 > i f(m;). Since the kernel W(m,m’) is normalized
by construction, that is, [ dm W(m,m') = 1, we find that for N — oo
the expectation value with respect to W(m,m’) of any sufficiently smooth
function f(m) will be determined only by the value m*(m’) of m in the
relevant saddle point3? of W:

f dm dk f(m) eN ¥ (m,m’ k)

T dm dkeNvemmm (m*(m)) (N — o0)

/dm Fm)W(m,m') =

Variation of W with respect to k and m gives the two saddle point equations:

m = (§ tanh B(Jnm' — §k)) ¢ k=0

30 The reason for this is that, for any given m’, all values of the integration variables (1, k)
other than that where W is maximal will give vanishing contributions to the integral for
N — 00, at least compared to that generated around the maximum of W. For a more detailed
discussion of this and more general so-called saddle point integrals we refer to Appendix L.
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We may now conclude that limy_.oo W(m,m’) = 8(m — m*(m’)) with
m*(m’) = (€ tanh(BJnm')), ¢, and that the macroscopic equation (16.43)
becomes:

Pri1(m) = /dm’ 8(m — (§ tanh(BJnm")), £ )Py (m") (N — 00)

This relation, of course, describes deterministic evolution. If at ¢t = 0 we
know m exactly, this will remain so for finite timescales, and m will evolve
according to a discrete version of the flow equation (16.24) for sequential
dynamics:

Myst = (& anh(BInmo) g (16.44)

The general formalism

We now attempt once more to generalize the above approach to less trivial
classes of models. As for the sequential case we will find in the limit N — oo
closed deterministic evolution equations for more general sets of intensive
macroscopic state variables (o) = (R21(0),...,2,(0)), provided the local
alignment fields (16.3) depend on the microscopic state o only through the
values of (o) in the limit of infinitely large networks, and if the number n
of state variables required for this to be true is not too large.

The evolution of the ensemble probability of finding the system in
macroscopic state 2,

Pi®R) =Y pi(0)8(R — (o))

is obtained by combining the Markov chain (16.6) with the definition of
the transition probabilities (16.7) and the local fields (16.3):

Pr1(R) = f dQ' W, (R, )P, (R) (16.45)

with
Y oo 0(2 —R(0))8(R — R(a")W(o,0")p;(a”)
Y o 8(R — R(c")pi(a”)

- <5 Q- 9(0))(32 [,80'[}1[(U,)_IHCOSh(ﬂh[(U/))]>Q, I) (16.46)
stlo

W (Q,) =

with an ordinary homogeneous spin-average (---)¢ = 27V Y _(---), and
with the sub-shell (or conditional) spin-average, defined as before as

Y, F@)8(R — R00)pi(0)
e = = 5@~ 20)pi(0)
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It is clear from (16.46) that in order to find autonomous macroscopic
equations, that is, for the unknown microscopic distribution p; (o) to drop
out, the local alignment fields must depend on the microscopic state o only
through the macroscopic quantities 2(0):

hi(o) = hi(R(0))

In this case W; loses its explicit time-dependence, W;(2, ) — W (L, ).
Inserting integral representations for the §-functions then leads to:

W(e,e) = (g_zv) / dK NV LK)
g

1 N 1
¥ =iBK - @+ - In(fio@-ivEe@]) _ - Xi:lncosh(ﬁhi(ﬂ/))

Using the normalization relation [df W(R,2) = 1, we can write
expectation values with respect to W(R,2') of macroscopic quantities

f(S2) as

[dRdK f() NV E@2E
[dRdK NV (@25

/dsz F@ROW(R,Q) = (16.47)

This type of integral, involving an exponential dependence on N, can again
for N — oo be evaluated using the saddle point (or ‘steepest descent’)
method; see Appendix L. For this to apply in determining the leading order
in N of the average (16.47), we encounter at this stage a restriction on the
number n of our macroscopic quantities, since n determines the dimension
of the integrations concerned. This restriction can be found by expanding
W around its maximum W*. After defining x = (R, K), of dimension 2n,
and after translating the location of the maximum to the origin, one has

1
W(x) =w* — 5 quvauv + quxvxpBuvp + 0@
v ©op

Because after the translation ¥ is maximal at x = 0, we know that
VxW¥l|e—o = 0, so there are no linear terms in this Taylor expansion. Hence

/dx NV @) :eN‘I’*/dx o VX AX/24N 30, X xvxp Buyp +O(Nxt)

=NV N / dy e Y AY2[1 + O(m?/N))



16 : Network operation: macroscopic dynamics

and therefore

2n
Nln/dxeN‘p(x) =y* 4+ ﬁln (W) ~ 5N X;ln(au) +Om*/N*)
M:
where {a,} are the (positive) eigenvalues of the curvature matrix A at

the minimum of W. Since, by definition, these eigenvalues scale with the
dimension n as a, ~ n at the most, we find the sufficient condition

Nlim (nlnn)/N = 0: Nlim /dsz FRW(R,Q) = f(Q*(R))

where 2*(2') denotes the value of £ in the saddle point where W is minim-
ized. Variation of W with respect to € and K gives us the following saddle
point equations:

(Sl(o) PLIY Gihi(ﬂ/)—iNK-ﬂ(a)])

Q= - o s K=0
(eﬁ[Zf oihi(SZ/)ﬂNK{Z(a)])

[0
We may now conclude that limy_, oo W(£2, ') = §(R — *(2')), with

(@) ef 2 Uihi(ﬂ'))a
(eﬂ 2 Uihi(ﬂ/)>
o

QH(Q) =

and that for N — oo the macroscopic equation (16.45) becomes:

(2(cr) ef Zioihi(®)
(8,3 > Uihi(g/)>
o

Pri1(R) = /dsz’ 5 (sz - ") PR

This relation again describes deterministic evolution. If at 7 = 0 we know
Q exactly, this will remain the case for finite timescales and € will evolve
according to

(ﬂ(o-) eB2ioihi [Sl(t)]>a

Qr+1) = (ef L oihil 1)
o

(16.48)

As with the case of sequential microscopic dynamics, in taking the limit
N — oo we have to keep in mind that the resulting deterministic theory
applies to finite ¢, and that for sufficiently large times terms of higher order
in N do come into play. Compared to the sequential case, the restriction
(nlnn)/N — 0 on the number of macroscopic state variables is less severe;
this indicates that also in the sequential case we can probably further relax
our condition on 7, should the need arise.
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Finally, for those macroscopic quantities (o) which are linear in o, that
is, () = N1 Y wio; for a given set of w; = (a)l.l, ...,w!), the remaining
spin averages in (16.48) become trivial, giving

Qr+1) = ngnoo % > w; tanh(Bh; (R(1))) (16.49)

Separable models: sublattice magnetizations and overlaps

The separable class of attractor models (16.33), described at the level of
sublattice magnetizations (16.34), does indeed have the desired property
that all local fields can be written in terms of the macroscopic state variables
(the sublattice magnetizations) only. What remains of our conditions for
(16.49) to hold is the restriction on the number n of these macroscopic
state variables: limy_, o (nlnn)/N = 0. If all relative sublattice sizes p, are
of the same order in N, as is the case for randomly drawn patterns, and if p
once more denotes the number of patterns stored, then this condition again
translates into
im £ — 0
N—>ooIn N

Since the sublattice magnetizations are linear functions of the spins, their
evolution in time is now governed by equation (16.49), which acquires the
form:

my(t + 1) = tanh (/3 Z Py O, n’)m,,/(t)> (16.50)

n

As for sequential dynamics, symmetry of the interaction matrix does not
play a role in any of the above analysis.

At the more global level of pattern overlaps m(o) (16.40) we obtain
autonomous deterministic mappings if the local fields (16.3) can be
expressed in terms of m(o) only, as for the models (16.39) (or, more
generally, for all models in which the interactions are of the form J;; =
Zuip fm%’f ), and with the following restriction on the number p of
embedded patterns:

. plnp
lim

N—oo

=0

For the class of bilinear models (16.39), the evolution in time of the overlap
vector m, which indeed depends linearly on the spin variables, is governed
by (16.49). This now translates into the iterative map:

m(t +1) = (§tanh(BE - Am(1))g  (f(§))s = /d§ p&) (&) (16.51)
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Figure 16.4 Evolution of overlaps m (o), obtained by numerical iteration of the parallel
dynamics deterministic macroscopic map, for the bi-linear attractor model

Jij = 0/N) Y, 66 + (A= v)/N) Y, &Y, with p =10 and T = 0.5.

Again symmetry of the interaction matrix is not required. For parallel
dynamics it is far more difficult than for sequential dynamics to construct
Lyapunov functions and assess under what conditions the macroscopic
equations for symmetric systems evolve towards a stable fixed point, but
it can still be done. For non-symmetric systems the final macroscopic
equations can in principle display all the interesting, but complicated,
phenomena of non-conservative non-linear systems. Nevertheless, it is also
not uncommon that the macroscopic equations for non-symmetric systems
can be mapped by a time-dependent transformation onto the equations for
related symmetric systems (mostly variants of the original Hopfield model),
such that a thorough analysis is possible. An example of such a model is
given below.

As an illustration of the above analysis we show in Figure 16.4 as func-
tions of time the values of the overlap order parameters {m,} for p = 10
and T = 0.5, resulting from numerical iteration of the macroscopic laws
(16.51) for the following model:

1—
Sy = YoEE = D& e (uimod p)
u w

corresponding to

Ayp = V8 + 1 - V)S)»,,o-i-l (A, p: mod p)
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with randomly drawn pattern bits £/ € {—1, 1} The initial state is chosen
to be the pure state m, = §,,1. At intervals of Ar = 20 iterations the
parameter v is reduced in steps of Av = 0.25 from v = 1 (where one
recovers the symmetric Hopfield model) to v = 0 (where one obtains a
non-symmetric model which processes the p embedded patterns in strict
sequential order as a period-p limit cycle).

The analysis of the equation (16.51) for the pure sequence processing case
v = 0 can be greatly simplified by mapping the model onto the ordinary
(v = 1) Hopfield model, using the index permutation symmetries of the
pattern distribution, in the following way>! (all pattern indices are periodic,
mod p):

mu(t) = My—(): Mt +1) = (" tanh(p Zgﬂ“Mp_t(z)))E
P

— (%—M-H-i—l tanh(ﬂ Z €p+[+1Mp(l))>E
P

= (£ tanh(B& - M(1))),

From this mapping we can immediately infer, in particular, that to each
stable macroscopic fixed point attractor of the original Hopfield model
there corresponds a stable period-p macroscopic limit cycle attractor in
the v = 1 sequence processing model (e.g. pure states <> pure sequences,
mixture states <> mixture sequences), with identical amplitude as a function
of temperature. Figure 16.4 shows for v = 0 (i.e. t > 80) a relaxation
towards such a pure sequence.

16.4 Exercises

Exercise 16.1. (Markov chains.) In the Markov chains (16.6, 16.9), the
kernel W(o,0’) gives the probability of making a transition from state o’
to state o, that is, the probability of finding the system in state o at time #+1
if at the previous time ¢ it was in state ¢”’. Explain how from this statement
the mathematical conditions (16.8) on W(o,0’) arise. Verify that they are

satisfied for the specific forms of W (o, 6”) given for sequential and parallel
network dynamics in (16.7) and (16.13).

Exercise 16.2. (Transition matrices for small systems.) To get a better feel-
ing for what the transition probabilities W (o, 6”) look like, consider a very

31 The mapping discussed here is a special case of a more general duality relating all
trajectories {m(t)} obtained by iterating the macroscopic laws (16.51) for a given value of the
parameter v to all trajectories {m(¢)} obtained for the parameter value 1 — v.
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simple system, consisting of N = 2 neurons with no self-interactions and no
external inputs. The fields acting on neuron 1 and 2 are then, respectively,

hi(o) = J1202 hy(0) = Jr101

where the vector ¢ = (o1, 02) collects the states of all neurons as usual.
Write down the transition probabilities W(o,6’) for both parallel and
sequential dynamics. The easiest way to write the result is in the form of
a matrix: there are four possible states ¢ of the system (each neuron/spin
can be +1 or —1). If you number these in some way, you can represent the
probabilities p;(o) as a four-dimensional vector, and W(s,0) as a 4 x 4
matrix; the right-hand side of the Markov chains (16.6, 16.9) is then just a
product of a matrix and a vector.

Exercise 16.3. (Macroscopic laws for sequential dynamics.) Derive the
expansion (16.27).

Exercise 16.4. (Macroscopic laws for sequential dynamics.) Consider the
models and methods of Section 16.2, with the separable interaction
matrices (16.39). Convince yourself that in the simplest case p = 1, where
only a single pattern § € {—1,1}" is stored, and A1y = 1, the pattern
overlap m evolves according to

im = tanh(Bm) —m

dr

For T > 1 (B < 1), the only stationary state is m = 0. Linearize the
above equation around this state and deduce that, for large times, m is
proportional to exp(—z/74(T)), with the characteristic timescale 4 (T) =
1/(T — 1). Note that 7, (T) diverges as T — 1 (‘critical slowing down’).

For T < 1, there are three stationary states —m., 0, m,, where m, is the
positive solution of m, = tanh(Bm,). Linearize around these three states.
Show that (i) m = 0 is an unstable stationary state, and (ii) convergence
to the other two stationary states is again exponential, with time constant
t_(T) = 1/[1 — (1 —m2)/T]. By solving the stationarity condition for small
My, show that m2 = 3(1 — T) + O((1 — T)?) for T close to one, and hence
that t_(T) divergesas t—(T) = 1/[2(1 = T)]+O(1) as T = 1 is approached
from below.

Finally, consider the case T = 1. The only stationary state is again m = 0.
To find the asymptotic convergence towards this state, use the Taylor expan-
sion tanh(m) = m — m3/3 + O(m>). Neglect the O(m>) term and solve the
resulting differential equation for m(r). You should find that m(¢) ~ % 6/t
for large t; note that there is no undetermined proportionality constant in
this expression, unlike the other two cases T > 1 and T < 1.
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Exercise 16.5. (Macroscopic laws for parallel dynamics.) Consider the
models and methods of Section 16.3, with the separable interaction
matrices (16.39). Take the simple case where p = 1, but add (uniform)
external contributions to the local fields, that is,

N
1
hi(e) = _ Jijoj + ¥ Jij = ik

Define the pattern overlap m(e) = N~' SN &o;, and the associated
macroscopic probability density

Pi(m) =Y pi(6)8(m —m(0))

Show that this density obeys an iterative equation of the form

Pri1(m) = /dm/8<m - hm — Zé, tanh(B&m’ + ﬂl?))P,(m )

Consider the case where the bits of the pattern (£1,...,&y) are drawn inde-
pendently at random according to p(1) = p(—1) = % Show that the above
iterative map describes deterministic overlap evolution, such that

m(t +1) = § tanh(B(m + [9])) + § tanh(B(m — |9))

Show that the ‘no-recall’ state m = 0 is a fixed point of the dynamics.
Use the above deterministic map for m(r) to determine the condition(s)
under which m = 0 is a stable fixed point. Show that for sufficiently strong
external fields ¢ the system will not be able to reconstruct the stored pattern
(&1,...,&n). Finally, consider the limit 8 — oo, where there is no noise in
the microscopic dynamics. Solve the macroscopic equation for m(z) for the
case where |#| > 1. For the opposite case || < 1, solve the equation
separately for the three regions (i) —1 < m < —|¢|, (ii) —|¥]| < m < |¥],
and (iii) || < m < 1. What can you see as the advantage of having modest
external fields ©?
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Dynamics of online
learning in binary
perceptrons

17.1 Probabilistic definitions, performance measures

In this chapter we study the dynamics of supervised learning in artificial
feedforward neural networks. The basic scenario is identical to that intro-
duced in Part I: a student neural network executes a certain operation
S: @ — R, which is parametrized by a vector J, usually representing
synaptic weights and/or neuronal thresholds. Here 2 € RY denotes the
set of all possible questions and R denotes the set of all possible answers.
The student is being trained to emulate a given teacher, which executes
some as yet unknown operation 7: € — R. In order to achieve the object-
ive, the student network S tries gradually to improve its performance by
adapting its parameters J according to an iterative procedure, using only
input vectors (or questions) § which are drawn at random from a fixed
training set D C Q of size | D|, and the corresponding values of the teacher
outputs T (§) (the correct answers). The iterative procedure, or learning
rule, is not allowed to involve any further knowledge of the operation T.
As far as the student is concerned the teacher is an oracle, or black box.
The only information available about the inner workings of the black box
is contained in the various answers T (§) it provides; see Figure 17.1. For
simplicity we assume each question & to be equally likely to occur; gener-
alization of what follows to the case where the question probabilities are
non-uniform is straightforward.

Again we will attempt to apply statistical mechanical ideas and methods,
and try to move away from analysing the dynamics at the microscopic level
(which here describes stochastically evolving weights and/or thresholds),
in favour of a description of the learning process in terms of autonomous
deterministic equations for suitable macroscopic observables. After all, we
are usually not interested in knowing the evolution of the full details of the
student’s synaptic weights and thresholds as such, but rather in knowing
the evolving performance of our student network in answering correctly
the questions in the training set D and in the full set Q. This performance
will be measured by training and generalization errors, respectively; the
latter are indeed macroscopic quantities. Our approach in this chapter is
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&1

Student (neural network)

SE&) = f(&J)

— S

Teacher

T(#)
?

N
Figure 17.1 The general scenario of supervised learning: a student network S is being
trained to perform an operation T: € — R by updating its control parameters J according
to an iterative procedure, the learning rule. This rule is allowed to make use only of
examples of question/answer pairs (€, T (§)), where § € D C Q. The actual teacher
operation T that generated the answers 7 (§), on the other hand, cannot be observed
directly. The goal is to arrive at a situation where S(&§) = T(§) for all &€ € Q.

therefore very similar to that followed earlier in Section 2.5; the difference
is that here we will no longer restrict ourselves to the case of vanishing
learning rates. Thus the microscopic learning process remains stochastic, in
contrast to Section 2.5. Consequently, our methods will have to be more
sophisticated. We will also study more general families of learning rules.

Probabilistic definition of the microscopic process

More specifically, we will consider the following class of learning rules,
that is, of recipes for the iterative modification of the student’s control
parameters J, which we will refer to as online learning rules. An input
vector £(¢) is drawn independently at each step ¢ from the training set D,
followed by a modification of the control parameters J:

JU+1) =JWO+ F[50),J),TE )] (17.1)

The name ‘online’ indicates that J is updated after each presentation of
a single example, rather than ‘offline’, that is, after all examples from the
training set have been seen. The integer variable £ = 0, 1,2, 3, ... labels the
iteration steps. Since this process is stochastic, we introduce the probability
density p;(J) of finding parameter vector J at iteration step £. In terms of
this microscopic probability density the process (17.1) can again be written
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in the Markovian form:
pei(d) = / dJ' W, I pe(d) (17.2)

However, the space of all microscopic configurations need now no longer
be discrete, so rather than transition probabilities we generally have a
transition probability density:

W(J,J)=@J-J —FIE T, TED)D (17.3)

where §(z) denotes the delta-distribution; see Appendix F. The advantage
of using online rather than offline (or ‘batch’) learning rules is a reduction
in the amount of calculations that have to be done at each iteration step;
the price paid for this reduction is the presence of fluctuations due to the
random selection of examples from the training set, with as yet unknown
impact on the performance of the system.

We will denote averages over the probability density p,(J) as

() = / dJ pe(De(l)

and averages over the full set Q of possible input vectors and over the
training set D, respectively, in the following way:

1 1

(KEha=-—=> K& (K&)p=—Y K&
2l & DI &

For finite system size N, the average (K (§))p will in general depend on the
precise realization of the training set D.

Performance measures

To quantify the goal and the progress of the student one finally defines
an error E(T(§),S(&)) = E(T (&), f(&;J)), which measures the mismatch
between student and correct (teacher) answers for individual questions. The
two key quantities of interest in supervised learning are the time-dependent
averages of this error measure, calculated over the training set D and the
full question set €2, respectively:

training error: Ei(J) = (E(T&), fEIN)D

(17.4)
generalization error:  E(J) = (E(T (&), f(&;))))a
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These quantities are stochastic observables, since they are functions of
the stochastically evolving vector J. Their expectation values over the
stochastic process (17.2) are given by

mean training error: (Ev) = ((E(T (&), f(& IN))D

mean generalization error:  (Eg) = ((E(T' (&), f(&;)))a 175)
Note that the prefix ‘mean’ refers to the stochasticity in the vector J; both
(Et) and (Eg) will in general still depend on the realization of the training
set D.

The training error measures the performance of the student on the ques-
tions it could have been confronted with during the learning stage (in the
case of online learning the student need not have seen all of them). The
generalization error measures the student’s performance on the full ques-
tion set and its minimization is therefore the main target of the process.
The quality of a theory describing the dynamics of supervised learning can
be measured by the degree to which it succeeds in predicting the values of
(E¢) and (Eg) as a function of the number of iteration steps £ and for arbit-
rary choices made for the function F[- - -] that determines the details of the
learning rules (17.1).

There are two main classes of situations in the supervised learning arena,
which differ fundamentally in their dynamics and in the degree to which
we can analyse them mathematically. The first class is the one where the
training set D is what we call ‘complete’: sufficiently large and sufficiently
diverse to lead to a learning dynamics which in the limit N — oo is identical
to that of the situation where D = Q. For example, in single perceptrons
and in multilayer perceptrons with a finite number of hidden nodes one
finds, for the case where Q = {—1, 1}"¥ and where the members of the train-
ing set D are drawn at random from 2, that completeness of the training
set amounts to limy_,oc N/|D| = 0. This makes sense: it means that for
N — oo there will be an infinite number of training examples per adapt-
able microscopic parameter. For this class of models it is fair to say that
the dynamics of learning can be fully analysed in a reasonably simple way.
We will restrict ourselves to single perceptrons with various types of learn-
ing rules, since they form the most transparent playground for explaining
how the mathematical techniques work. For multilayer perceptrons with a
finite number of hidden neurons and complete training sets the procedure to
be followed is very similar.32 The picture changes dramatically if we move
away from complete training sets and consider those where the number of
training examples is proportional to the number of adaptable microscopic

32 The situation is different if we try to deal with multilayer perceptrons with a number of
hidden neurons which scales linearly with the number of input channels N. This still poses
an unsolved problem, even in the case of complete training sets.
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parameters; in simple perceptrons and in two-layer perceptrons with a finite
number of hidden neurons this implies |[D| = N (0 < @ < oc0). In those
situations one needs much more powerful mathematical tools; we will not
deal with such cases here.

17.2 Explicit learning rules

We will now derive explicitly macroscopic dynamical equations that
describe the evolution in time for the error in large binary output per-
ceptrons, trained with several online learning rules to perform linearly
separable tasks. We restrict ourselves to complete training sets D =
Q = {—1,1}". There is consequently no difference between training and
generalization error, and we can simply define E = (Eg) = (Ey).

The family of learning rules

Consider a linearly separable binary classification task T: {—1,1}Y —
{—1,1}. Tt can be regarded as generated by a binary output teacher per-
ceptron with some unknown weight vector B € RV, that is, T(§) =
sgn(B - &), normalized according to |B| = 1. A student perceptron with
output S(&) = sgn(J - £) (where J € IRY) is being trained in an online
fashion using randomly drawn examples of input vectors & € {—1, 1}" with
corresponding teacher answers T (§). The general picture of Figure 17.1 thus
specializes to Figure 17.2. We exploit our knowledge of the perceptron’s
scaling properties and distinguish between the discrete time unit ¢ in terms of
iteration steps, and the scaled time unit# = £/N. Our goal is to derive well-
behaved differential equations in the limit N — oo, so we require weight

&1
. Student perceptron
— 5@
S(&) =sgn(J - §)
Teacher perceptron
T
: T(§) =sgn(B-§)
En

Figure 17.2 A student perceptron § is being trained according to online learning rules to
perform a linearly separable operation, generated by some unknown teacher perceptron T.
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changes occurring in intervals Az = N~! to be of order O(N~!) as well. In
terms of equation (17.1) this implies demanding that F[---]= O(N~1). If,
finally, we restrict ourselves to those rules where weight changes are made
in the direction of the example vectors, which includes most popular rules,
we obtain the generic33 recipe

1
J+At)=J@) + N”(t) EOFINIDI; J@) - &), B -&(1)] (17.6)

Here n(#) denotes a possibly time-dependent learning rate, and &(¢) is the
input vector selected at time ¢. The function F[---] is an as yet arbitrary
function of the length of the student weight vector and of the local fields
J - & and B - & of student and teacher. Importantly, however, because
the student only observes the teacher output, that is, sgn(B - £(¢)), the
function F[- - -] can depend on the sign of the teacher field only, not on its
magnitude. For example, for F[J;u, v] = sgn(v) we obtain a Hebbian rule,
for F[J;u,v] = 0(—uv)sgn(v) we obtain the perceptron learning rule, etc.
However, we will develop the theory for arbitrary choices of F[---]; this
will allow us not only to compare but even to optimize learning rules.

Finally, note that below we will use the variables (x, y) to denote local
fields, rather than (u, v); this is done in order to keep close contact with the
conventions in the relevant literature. Note also that from the more general
analysis of learning dynamics to be developed in this section one can recover
the simpler theory of Section 2.5 (to which it is related via the identification
€ = n/N) by the transformation ¢+ — ¢/n, followed by taking the limit
n — 0.

Deterministic equations for order parameters

We now try to solve the dynamics of the learning process in terms of the two
macroscopic observables that played a special role earlier in the perceptron
convergence proof (see Section 2.3):

ot)=J*t) Rt =J@ - B (17.7)

At this stage the choice of observables is still no more than intuition-driven
guess work. The formal approach, in the spirit of our previous analysis
of neuron state dynamics in recurrent networks, would be to derive an
expression for the time-dependent probability density P;(Q, R) = (§(Q —
0())8(R — R(2))). However, it turns out that in the present case there is a
short-cut. Squaring (17.6) and taking the inner product of (17.6) with the

33 One can obviously write down more general rules, and also write the present recipe
(17.6) in different ways.
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teacher vector B gives, respectively

Q@+ A1) — 0(1)
At

=2n)J@)-E@) FUJ@)|; J () - &), B - &(1)]
+ () F2 -]

R At) — R
(+AD RO _ Bl

At

Here we have used the property &(¢) - £(r) = N and indicated by [-- -] that
the arguments of the function F are the same in all its three occurrences.

After ¢ discrete update steps we will have accumulated ¢ such modifica-
tions, and we thus arrive at:

QU +tan—0w _ 1 ‘f Ot + (m+ AN — Ot +mAD)
N, e At
1 -1
= D o @nt+mANI (& +mAL) - E(t +mAD)
m=0

x FIIJ (@ +mAt)|; J(@ +mAt) - E(t + mAr),

B -E£(t +mAD] 4 n*(t + mADF?[--- 1)

§ R(t 4+ (m + 1)Ar) — R(r + mAD)

At

R(t + (A1) — R(1)
N, N

1
£

(=]

~ 3

—_

Nt +mAB -E(t + mAD)F[---]}
m=0

S| =

We now use the fact that the weight vector J only changes significantly after
£ = O(N) updates, where the time 7 changes by an amount of O(1). As long
as we consider £ < N, we can therefore replace J(r + mAr) by J(¢) on the
right-hand side of the previous equations.>* An equivalent way of putting
this is to say that the distribution of the “fields’ J (t + mA¢) - E(t +mAr) over
the random choice of the £(r + mAt) changes only negligibly for £ < N.
If ¢ itself is nevertheless large enough, the right-hand sides of our evolution
equations then simply become averages over the current field distributions.

34 To see this explicitly, set J(r + mA) = J(r) + AJ and abbreviate &(t + mAr) = &.
Our replacement changes (J + AJ) - & to J - €. In the difference AJ - &, each component of
AJ is at most O(m/N) because each update causes a change of O(1/N). But & is randomly
chosen, so each of the O(m/N)-changes gets a random prefactor of +1. The typical size of
AJ - £ is therefore at most O(N'/2m/N) = O(m/N'/2), which becomes negligible in the
thermodynamic limit.
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Formally, we choose to take the two limits N — oo and £ — oo in such a
way that /N — 0 (e.g. in the form N — oo followed by the limit £ — o0).
Then three welcome simplifications occur:

e The time increment At becomes infinitesimally small, and the time ¢
becomes a continuous variable.

o The left-hand sides of the above equations for the evolution of the
observables Q and R become temporal derivatives.

o If the learning rate n(r) is defined as a continuous function of time ¢,
so that n(r + mAt) — n(t), the summations on the right-hand sides of
these equations become averages over inputs &§ randomly drawn from the
training set D = Q = {—1, 1},

Suppressing time arguments, the result of these combined simplifications
can now be written compactly as

d
2= CEFIOV2 T -&,B - Ea + 2 (FAOY2 T £,B - Ee

d
pR=niB CEFIOY?% T &, B - £))q

As might have been anticipated, the only dependence of the right-hand
sides of these expressions on the microscopic variables J = J(¢) is via the
student fields’S J -& = Q2] - &, with J = J(t) = J/|J|. We therefore
define the stochastic field variables x = J - £ and y = B - & and their joint
(time-dependent) probability distribution P (x,y)

P(x,y) = (8(x — J(1)-£)8(y — B-&))q (17.8)

and the associated averages

(Fe ) = / dedyP(x, y) £(x, ) (17.9)

The use of brackets without subscripts for joint field averages cannot cause
confusion, since such expressions always replace averages over Q, rather
than occur simultaneously. Our evolution equations thus take the form

%Q =200 2 (x F1QYV%; 0V 2x, y1) + 2 (F20Y%; 0V 2%, y])  (17.10)

%R = n(yFIQY%; 012 x, ) (17.11)

35 This property of course depends crucially on our choice (17.6) for the form of the
learning rules.
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We now have a set of evolution equations for the macroscopic order
parameters Q and R. Unless we manage to express P (x, y) in terms of these
variables, however, these equations do not constitute an actual solution
of our problem: we would still be forced to solve the original microscopic
dynamical equations in order to find P(x, y) as a function of time and then
work out (17.10, 17.11). It is not yet obvious that our equations are closed.

The final stage of the argument is to assume that the joint probability
distribution (17.9) has a Gaussian shape, since Q = {—1,1}" and since
all § € Q contribute equally to the average in (17.9). This will be true in
the vast majority of cases; for example, it is true with probability one if
the vectors J and B are drawn at random from compact sets like [—1, 1]V,
due to the central limit theorem.3® Gaussian distributions are fully specified
by their first- and second-order moments (see Appendix D), which are here
calculated trivially using (£;)o = 0 and (§;§;)q = 8;j:

(x)=> JiEla=0 (=) Bil&)a=0 (17.12)

() =Y JijEENe =1 (y)=) BiBjE&a=1 (17.13)
ij ij

A R
(xy) =Y JiBj(&i&j)a = —— (17.14)
ij

Vo

Upon inverting the covariance matrix of the stochastic fields x and y we

then find

e~ +y*=2xyR/V/0)/2(1-R*/ Q)
271 —R2/Q

Note that, although we study here a more general class of models (not just
the perceptron learning rule) and a broader regime of applicability (not
just the limit of vanishing learning rate), the arguments relating to P(x,y)
and the final expression (17.15) are fully identical to those in Section 2.5,
with the identification @ = R/+/Q. The fact that P(x,y) depends on time
only through R and Q now ensures that the two equations (17.10, 17.11)
do indeed form a closed set. Note also that (17.10, 17.11) are deter-
ministic equations. Our derivation thus shows that the fluctuations in the
macroscopic observables Q and R vanish in the N — oo limit.

Finally, the generalization error Eg—which is here identical to the
training error E; due to D = €, and therefore simply denoted by E in

P(x,y) = (17.15)

36 Tt is not true for all choices of J and B. A trivial counter-example is Jy = 81, less

trivial counter-examples are, for example, J; = e* and J; = k™ with y > % For a more

extensive discussion of the matter see Appendix B.
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the following—can also be expressed in terms of our macroscopic observ-
ables. We define the error made in a single classification of an input
& as E(T(&),S(&) = 6(—(B - &)(J - &) € {0,1}. This means that the
error is 1 if student and teacher disagree in their predictions, that is,
if sgn(J - &) # sgn(B - &), and 0 otherwise. Averaging this error meas-
ure over £ gives the probability of a misclassification for randomly drawn
questions § € Q:

E(J (@) =(0(—[B-§lJ (@) -&D)a = (0(—xy))

=/0 /0 dxdy[P(x, —y) + P(=x,)]

The integral, with the distribution P(x, y) as given in (17.15), can be done
analytically (see Appendix D) and produces the simple expression

1 R
E=— — 17.16
- arccos( —Q> ( )

This result, which had also been encountered and used in Section 2.3,
has a transparent geometric interpretation as illustrated in Figure 17.3.
Input patterns § are classified by student and teacher according to whether
they fall on one or the other side of the (N — 1)-dimensional hyperplanes
J-&=0and B-§ = 0, respectively. If ¥ = arccos(R/+/Q) denotes the
angle between J and B, the fraction of input space on which student and
teacher disagree about the classification is then just E = ¢#/7. This assumes
that the projections of the & onto the plane spanned by J and B are iso-
tropically distributed. If we exclude pathological cases such as those from

)

Figure 17.3 Geometric interpretation of the generalization error. Shown are the
intersections of the hyperplanes J - & = 0 and B - & = 0 with the plane spanned by J and B.
If ¥ denotes the angle between J and B, and if the input data are distributed isotropically,
the fraction of input space on which student and teacher disagree about the classification is
expected to be given by E = /7.
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footnote 36, this is indeed true: the distribution of the projection is isotropic
and Gaussian.

It is clear from the above that, like R and Q, the generalization error
evolves deterministically for N — oo. We have thus achieved our goal:
we have derived a closed set of deterministic equations for a small number
(two) of macroscopic observables, valid for N — 00, and these observables
determine the generalization error at any time.

Since the operation performed by the student does not depend on the
length | J| of its weight vector, and since both R and Q involve | J|, we will
often find it convenient later to switch from R and Q to another equivalent
pair of observables:

J=|JI=J/0 w=B-J=R//O (17.17)

Using the simple relations (d/df)Q = 2J(d/d¢)J and (d/dr)R = J(d/dD)w+
w(d/dr)J we then find the compact expressions

d, _ . " o

al =nxF[J;JIx,y]) +ﬁ(}— [J;JJx,y]) (17.18)
2

a N, _ . _ N g,

dtw_J<(y wx)F[J;Ix,y]) 2J2<f [J;Jx,y])  (17.19)

The local field distribution reads

e—(x2+y2—2wxy)/2(l —o?)

P(x,y) = (17.20)
271 — w?
and the generalization error becomes
1
E = — arccos(w) (17.21)
s

We will sometimes use this last relation to convert the macrosopic evolu-
tion equations (17.18, 17.19) to yet another set of equivalent observables,
namely, J and E.

Hebbian learning with constant learning rate

We will now work out our general result (17.18-17.20) for specific members
of the general class (17.6) of online learning rules. The simplest non-trivial
choice is the Hebbian rule, obtained for F[J;Jx,y] = sgn(y), with a
constant learning rate n:

T+ D) = J(@0) + & @sgn(B - §(1) (17.22)
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Equations (17.18) and (17.19), describing the macroscopic dynamics
generated by (17.22) in the limit N — oo, now become

d ) nsmmon+ L L=y o -2
—J = n{xsgn — —w = —(|y| — wxsgn(y)) — —=
dr TASERLY dtw J Y BaLy 2J2
The integrals in these equations can be calculated analytically (see
Appendix D) and we get

d 2 p? d oon (2 wn?
—J= 4 Bl oL 2
al TNy Ty gD T

Thus, after eliminating the observable w in favour of E using equation
(17.21), we arrive at the following closed differential equations in terms

of J and E:
cos(er)\/7 (17.23)

2

E
diE __nsin(rE) n (17.24)

TJ 2w J2tan(nE)

The flow in the (E,J) plane described by these equations is drawn in
Figure 17.4, which is obtained by numerical solution of (17.23, 17.24).
From (17.23) we also have that dJ/dr > 0 V¢ > 0. From (17.24) it follows
that dE/dr = 0 along the line

Jo(E) = 25 TE)
2sin“ (T E)

which is drawn as a dashed line in Figure 17.4. Clearly, although
lim;_, o0 E = 0, the evolution of the error E can be non-monotonic, allow-
ing for an initial increase in E if the initial length J of the student’s weight
vector is small.

Let us now investigate the temporal properties of the solution
(17.23, 17.24) in more detail, and work out the prediction for the
asymptotic decay of the generalization error. For small values of E
equations (17.23, 17.24) yield

d J = 2 + I Ui + O(E?) (17.25)
TN T T2 ‘

d nE [2 n? E3 E

—E=—"" "4+ —"— EnE— 17.26
th J n+2n2J2E+O<J’J2> ( )
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Figure 17.4 Flow in the (E, J) plane generated by the Hebbian learning rule with constant
learning rate 7, in the limit N — oco. Dashed: the line where dE/dt = 0 (note that

dJ/dt > 0 for any (E, J)). The flow is asymptotically seen to give E — 0 and J — oo, for
all initial conditions.

From (17.25) we infer that J ~ nt,/2/m for t — oo. Substitution of this
asymptotic solution into equation (17.26) subsequently gives

d E 1 E3
R + -
dr t  4mEr?

E

We insert the ansatz E = Ar~¢ into equation (17.27) and obtain the solution
A = 1//2n, o = 1/2. This implies that, in the limit N — oo, online
Hebbian learning with complete training sets produces an asymptotic decay
of the generalization error of the form

E~ (t — 00) (17.28)

1
V2t

Figures 17.7,17.8, and 17.9 below show the theoretical results of this sec-
tion together with the results of doing numerical simulations of the learning
rule (17.22) and with similar results for other online learning rules with con-
stant learning rates. The agreement between theory and simulations is quite
convincing.
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Perceptron learning with constant learning rate

Our second application of the closed trio of macroscopic laws
(17.18-17.20) is obtained upon making the choice F[J;Jx,y] =
f(—xy)sgn(y) in equation (17.6), with constant learning rate n, which
produces the perceptron learning algorithm:

J@+ A =J@) + %&(I)G(—[B CEMIJ @) - E@)Dsgn(B - £(r))  (17.29)

In other words: the student weights are updated in accordance with the
Hebbian rule only when sgn(B - §) = —sgn(J - ), that is, when student and
teacher are not in agreement about the output. Equations (17.18, 17.19)
now become

iJ— ("O( )+i0 )
I = n{xsgn(y)d(—xy)) 2J<(—xy>

2

wn
([ly| = wxsgn(y)]0(=xy)) — =5 (0(=xy))

&’ 2J2

n
dr J
with the averages being over P(x,y) as given by (17.20). As before, the

various Gaussian integrals occurring in these expressions can be done
analytically (see Appendix D), which results in

. 2
dJ _n(l w)+ 7 arccos(w)

ds h N 27T 2nJ

d n(l — w?) wn?
—w = — arccos(w)

dr 2w J 2w J?

(17.30)

Elimination of w using (17.21) then gives us the equivalent dynamical
equations in terms of the pair (J, E):

d  n(l—cos(rE)) n*E

5] = S + 57 (17.31)
nsin(mr E) n*E

“Ep=_ 17.32

dr 727 +27rJ2tan(JTE) (17.32)

Figure 17.5 shows the flow in the (E, J) plane, obtained by numerical
solution of (17.31, 17.32). The two lines where dJ/dr = 0 and where
dE/dt = 0 are found to be J.1(E) and J.»(E), respectively:

Jo1(E) P E Jop(E) \/? E cos(TE)
U =57 Z cos(mE)’ 2 =I5 cos2(7E)
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Figure 17.5 Flow in the (E, J) plane generated by the perceptron learning rule with
constant learning rate 7, in the limit N — oo. Dashed: the two lines where dJ/dr = 0 (top)
and dE/dr = 0 (bottom), respectively. Note that the flow is attracted into the gully between
these two dashed lines, and asymptotically gives E — 0 and J — oco.

For E € [0,1/2] one always has J.1(E) > J.2(E), with equality only if
(J,E) = (00,0). Figure 17.5 shows that the flow is drawn into the gully
between the curves J. 1(E) and J.>(E).

As with the Hebbian rule we now wish to investigate the asymptotic
behaviour of the generalization error. To do this we expand equations
(17.31,17.32) for small E:

d nm?E*  n*E 4
—J=- ~— +O(E
O Wi +57t (E™)
E 2 ZEZ
— 7 L 1=+ O

E =— _
dr 2nJ + 272J2  6J2

For small E and large r we know that J ~ J.1(E) ~ 1/E. Making the
ansatz J = A/E, and hence dE/dr = —(E%/A)(dJ/dt), now leads to a
situation where we have two equivalent differential equations for E:

24 2p4

—E = - E®

P Wiz TREYY + O(E®)
2 22

— nk mE + O(EY

E=—
dr 2T A + 272 A2
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Since both must describe the same dynamics, the leading term of the second
expression should be identical to that of the first, that is, O(E*), giving us
the condition A = n+/27 /272 Substitution of this condition into the first
expression for dE/dr then leads us to

d _ 1 34 N

which has the solution

2\ 1/3
E ~ <§> 1B (= ) (17.33)

We find, somewhat surprisingly, that in large systems (N — o0) the
online perceptron learning rule is asymptotically much slower in converging
towards the desired E = 0 state than the simpler online Hebbian rule. This
will be different, however, if we allow for time-dependent learning rates.
Figures 17.7-17.9 below show the theoretical results on the perceptron rule
together with the results of numerical simulations and together with similar
results for other online learning rules. Again the agreement between theory
and experiment is quite satisfactory.

AdaTron learning with constant learning rate

As our third application we analyse the macroscopic dynamics of the
so-called AdaTron learning rule, corresponding to the choice F[J; Jx, y] =
|Jx|0(—xy)sgn(y) in the general recipe (17.6). As in the perceptron rule,
modifications are made only when student and teacher are in disagreement;
here, however, the modification made is proportional to the magnitude of
the student’s local field. Students are punished in proportion to their con-
fidence in the wrong answer. The rationale is that wrong student answers
S(&) = sgn(J - &) with large values of |J - &| require more rigorous cor-
rections to J than those with small values of |J - &|. The learning rule
thus reads

J@+AD)=J@) + %S(I)IJ(I) EMNO(—[B-EMI[J (1) - E@®)])sgn(B - &(1))
(17.34)

Working out the general equations (17.18, 17.19) for this case gives

d 1, 5
;7 =0/ (xlxl sgn(0O(=xy)) + 50" J(x70(=xy))

d 1
3@ = MPYI6(=xy)) = neolx|x| sgn(y)6(—xy)) — zwnz(xze(—xy))
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All averages over P(x,y) can once more be done analytically (see
Appendix D), giving the explicit macroscopic flow equations:

d J n> d n>

T/ ==(1-T)n@ Te=nh@-(1-T)he

with the two shorthands

(1-—w?3? wd-ow? 0*V1—w? &
— arccos(w)+ — — — arccos(w)
T T

L (w) = -

o(l — w?) o*V1—? &

DL (w) = E— arccos(w) + — Y arccos(w)

The usual translation from equations for the pair (J,w) into equivalent
equations in terms of the pair (J, E), following (17.21), turns out to simplify
matters considerably, giving

d n? cos(mE) sin(w E)

= a(Z =) [E— ! } (17.35)
d n sin?(7 E) n*E n? cos?(7E)

EE T 2 2rtan(rE) 272 (17.36)

The flow described by the equations (17.35, 17.36) is shown in Figure 17.6,
for the case n = 1. In contrast with the online Hebbian and the perceptron
learning rules, we here observe from the equations (17.35, 17.36) that
the learning rate n cannot be eliminated from the macroscopic laws by
a re-scaling of the weight vector length J. Moreover, the state E = 0 is
stable only for n < 3, in which case dE/dt < 0 for all z. For n < 2 one
has dJ/dt < 0 for all ¢, for n = 2 one has J(t) = J(0) for all ¢, and for
2 <n <3 wehavedJ/dt > O for all 7.
For small values of the error E equation (17.36) reduces to

iE:(f—nﬁﬁ+Owﬁ

de 3
giving
E ~ 3t—_1 (t — 00) (17.37)
n3—mn)
For n = 1, which gives the standard representation of the AdaTron

algorithm, we find E ~ %t‘l. Note from equation (17.35) that for the



17 : Dynamics of online learning in binary perceptrons

5.0

4.0 r

3.0

20 r

1.0 ¢

0.0 n 1 n 1 n 1 n 1 n
0.0 0.1 0.2 0.3 0.4 0.5

E

Figure 17.6 Flow in the (E, J) plane generated by the AdaTron learning rule with constant
learning rate n = 1, in the limit N — oo. Here it is impossible to have dE/dt = 0 or
dJ/de = 0.

AdaTron rule there is a special value for n which normalizes the length J
of the student’s weight vector at all times, being n = 2, which again gives
E ~ %t‘l. The optimal value for 5, however, is n = % in which case we
find E ~ 3171 (see (17.37)).

Theory versus simulations

We close this section by comparing the dynamics described by the various
macroscopic flow equations with measurements of the error E during
numerical simulations of the various (microscopic) stochastic learning rules
discussed so far. This will serve to support the analysis and its implicit and
explicit assumptions, but also to illustrate how the three learning rules
compare to each other. Figures 17.7 and 17.8 show the initial stage of
the learning processes, for initializations corresponding to random guessing
(E = 0.5) and almost correct classification ( E small), respectively. Note that
for the perceptron and AdaTron rules, starting at precisely E = 0 produces
a stationary state in finite systems. The solutions of the flow equations (solid
lines) were obtained by numerical iteration. The initial increase in the error
E following initialization with small values, as observed for the Hebbian
and perceptron rule, can be understood as follows. The error depends only
on the orientation of the weight vector J, not on its length J. This means
that the modifications generated by the Hebbian and perceptron learning
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Figure 17.7 Evolution in time of the generalization error E as measured during numerical
simulations, with N = 1000 neurons, of three different online learning rules: Hebbian
(diamonds), perceptron (triangles), and AdaTron (squares). Initial state: £(0) = % (random
guessing) and J(0) = 1. Learning rate: n = 1. The solid lines give for each learning rule the
prediction of the N = oo theory, obtained by numerical solution of the flow equations

for (E, J).
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Figure 17.8 Evolution in time of the generalization error E as measured during numerical
simulations, with N = 1000 neurons, of three different online learning rules: Hebbian
(diamonds), perceptron (triangles), and AdaTron (squares). Initial state: £(0) ~ 0.025 and
J(0) = 1. Learning rate: n = 1. The solid lines give for each learning rule the prediction of
the N = oo theory, obtained by numerical solution of the flow equations for (E, J).

rules, which in those particular recipes are of uniform magnitude, generate
large changes in E when J is small, but small changes in E when J is large,
with corresponding effects on the stability of low E states. The AdaTron
rule, in contrast, involves weight changes which scale with the length J,
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Figure 17.9 Asymptotic behaviour of the generalization error E measured during
numerical simulations, with N = 1000, of three different online learning rules: Hebbian
(diamonds, middle curve), perceptron (triangles, upper curve), and AdaTron (squares,
lower curve). Initial state: E(0) = % and J(0) = 1. Learning rate: n = 1. The dashed lines
give for each learning rule the corresponding power law predicted by the N = oo theory
(equations (17.28, 17.33, 17.37), respectively).

so that the stability of the E = 0 state does not depend on the value
of J. Figure 17.9 shows the asymptotic relaxation of the error E, in a
log-log plot, together with the three corresponding asymptotic power law
predictions (17.28, 17.33, 17.37). All simulations were carried out with
networks of N = 1000 neurons; we see that this is already sufficiently large
for the N = oo theory to apply. The teacher weight vectors B were in all
cases drawn at random from [—1, 1]V and then normalized to unit length.
We conclude that the statistical mechanical theory describes the simulations
essentially perfectly.

17.3 Optimized learning rules

We now set out to use our macroscopic equations in ‘reverse mode’. Rather
than calculate the macroscopic dynamics for a given choice of learning rule,
we will try to find learning rules that optimize the macroscopic dynamical
laws, in the sense that they produce the fastest decay towards the desired
E = 0 state. As a bonus it will turn out that in many cases we can even solve
the corresponding macroscopic differential equations analytically, and find
explicit expressions for error E(¢), or rather its inverse 7(E).
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Time-dependent learning rates

First we illustrate how modifying existing learning rules in a simple way,
by just allowing for suitably chosen time-dependent learning rates n(z), can
already lead to a drastic improvement in the asymptotic behaviour of the
error E. We will consider two specific choices of time-dependent learning
rates for the perceptron rule. Without loss of generality we can always put
n(t) = K(¢)J(¢) in our dynamic equations (for notational convenience we
will drop the explicit time argument of K). This choice will enable us to
decouple the dynamics of J from that of the generalization error E. For the
perceptron rule we then find equation (17.32) being replaced by

dE_ Ksin(nE)+ K2E
de w27 27 tan(w E)

which gives for small E

d KE K? I
—E=———+4— K*E
dz N2 + 272 +O( )

In order to obtain E — 0 for t — oo it is clear that we need to choose
our time-dependent learning rate such that K — 0. Applying the ansitze
E = A/t* and K = B/t? for the asymptotic forms in the previous equation
produces

—ABtr—@F  B2t—2P
+ 2
V27 2r

—a At =

+ O 228

andsoa = B = 1and A = B%/[n~/27 (B —/27)]. Our aim is to obtain the
fastest approach to the E = 0 state, so we wish to maximize « (for which
we found « = 1) and subsequently minimize A. The value of B for which A
is minimized is B = 2+/27, in which case we obtain the error decay given by

2J\ 2w

t

4
7~ . E~—" (t— 00 (17.38)
Tt

This is clearly a great improvement over the result for the perceptron rule
with constant 7, that is, equation (17.33); in fact it is the fastest error
relaxation we have derived so far.

Let us now move on to an alternative choice for the time-dependent learn-
ing rate for the perceptron. According to equation (17.31), there is one
specific recipe for n(r) such that the length J of the student’s weight vector
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will remain constant, given by

12J
n=,——(—cos(tE)) (17.39)
T E
Making this choice converts equation (17.32) for the evolution of E into

d _(1 — cos(tE))?

= 17.40
dt 72E sin(mE) ( )

Equation (17.40) can be written in the form dt/dE = g(E), so that 7(E)

becomes a simple integral which can be done analytically, with the result

HE) = mE + sin(7 E) B w Eg + sin(w Eg) (17.41)
1 —cos(nE) 1 — cos(w Egp)

This can also be verified directly by substitution into (17.40). Expansion of
(17.41) and (17.39) for small E then gives the asymptotic behaviour also
encountered in (17.38):

2J 27 )
; :

n~ E ~ i (t — 00) (17.42)
e

It might appear that implementation of the recipe (17.39) is in practice

impossible, since it involves information which is not available to the stu-

dent perceptron, namely the instantaneous error E. However, since we

know (17.41) we can simply calculate the required n(r) explicitly as a

function of time.

One has to be somewhat careful in extrapolating results such as those
obtained in this section. For instance, choosing the time-dependent learning
rate (17.39) enforces the constraint J2(r) = 1 in the macroscopic equations
for N — oo. This is not identical to choosing 7(¢) in the original equation
(17.6) such as to enforce J2(t + At) = J2(r) at the level of individual
iteration steps, as can be seen by working out the dynamical laws. The
latter case would correspond to the microscopically fluctuating choice

J() £ |
=-2 fF ; J(1)-£(t), B- 0
10 = 2 e S o E s LT OB 0-50), B-E0)] £

If we now choose, for example, F[J;Jx,y] = 6(—xy)sgn(y), implying
n() = 2|J () - £@t)|, we find by insertion into (17.6) that the perceptron
rule with ‘hard’ weight normalization at each iteration step via adaptation of
the learning rate is identical to the AdaTron rule with constant learning rate
n = 2. We know therefore that in this case one obtains E ~ 3/2¢, whereas
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for the perceptron rule with ‘soft” weight normalization via (17.39) (see the
analysis above) one obtains E ~ 4/mt. This shows that the two procedures
certainly are not equivalent.

Spherical online learning rules

We arrive in a natural way at the question of how to find the optimal
time-dependent learning rate for any given learning rule, or more generally,
of how to find the optimal learning rule. This involves variational calcu-
lations in two-dimensional flows because our macroscopic equations are
defined in terms of the evolving pair (J, E). Such calculations would be
much simpler if our macroscopic equations were just one-dimensional, for
example, describing only the evolution of the error E with a stationary or
simply irrelevant value of the length J. Often it will turn out that for find-
ing the optimal learning rate or the optimal learning rule the problem can
indeed be reduced to a one-dimensional one. To be able to obtain results
also for those cases where this reduction does not happen we will now con-
struct so-called spherical learning rules, where J?(r) = 1 for all 7. This can
be arranged in several ways.

Our first method will be to add to the general rule (17.6) a term pro-
portional to the instantaneous weight vector J, whose sole purpose is to
achieve the normalization constraint J? = 1:

1
J@+ A =J@) + ﬁ{fl(l)ﬁ(l)fﬂ.](l)h](l) &), B-E§0] - A J (D)}
(17.43)
The evolution of the two observables Q(J) and R(J) (17.7) is now given by

A J—
e Ati €O _ 2000 + 200 1) - £

x FUTO; (1) - &), B - £+ > () F?[---]
+ONhH

R At) — R
¢+ A’i O _ ORW) + 0B - EOFL -]

with Ar = N~1, as before. Following the procedure of Section 17.2 to
arrive at the N — oo limit of the dynamical equations for Q and R then
leads us to

%Q = 2902 (x FIQYV2; 012 x, y1) + n*(F2 QY% 012 x, y1) — 200

%R = n(yFIO%; 02 x,y]) — AR
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where we have dropped the explicit time arguments as usual. We now
choose the newly introduced function A(¢) such that Q(r) = 1 for all t > 0.
This ensures that R(f) = w(t) = J(¢) - B and gives, via dQ/dt = 0, an
explicit recipe for A(z):

A= nxFllx,y]) + 302 (F2 151, y])

This can be substituted into the equation for dw/dt = d(R//Q)/dt, which
follows from the above expressions for dR/dr and dQ/ds, to give

%w = n<(y — o) Fl15x,y] = %wnzﬁ[l;x,y]} (17.44)
The averages are, as usual, defined with respect to the Gaussian joint field
distribution (17.20). The latter depends only on w, so that equation (17.44)
is indeed autonomous.

A second method to arrange the constraint J> = 1 is to explicitly
normalize the weight vector J = J after each modification step, that is,

4 an = JO+ANNOEOFL T @) - £0), B -§0)]
1T @)+ (1/Nn@OEOFI; T () - £@1), B - E0)]]

A 1 A A n
=J@)+ Nn(t)[s“(t) —JOU @) -E@NIFIL;J () - &), B - £(1)]

1 o n
- ﬁnz(t)J(t)fz[l; J@®)-E@0),B-E0]+ON2) (17.45)

The evolution of the observable w (1) = J(¢) - B is thus given by

w(t + At) — w(t)

Ar =) [x() — 0@Ox O] F[1;x(@1), y(1)]

1
- Zwmnz(r)ﬁ[l;x(r),y(r)] + O

Following the procedure of Section 17.2 then leads to

d 1
7¢= n<(y — o) Fll;x,y] - zwnzfz[l;x,y]> (17.46)
which is seen to be identical to equation (17.44).

Finally we may convert equation (17.44) into a dynamical equation for
the error E, using (17.21), which gives the end result

d o nlly = cos(EMxIFLx, y1) | X (F2 (15, y1)
de ™ wsin(mE) 2r tan(w E)

(17.47)
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with averages defined with respect to the distribution (17.20), in which
w = cos(mE).

In summary, for spherical models described by either of the equivalent
classes of online rules (17.43) or (17.45), the evolution of the error E is for
N — oo described by a single first-order non-linear differential equation,
rather than a pair of coupled non-linear differential equations. This will
allow us to push the analysis further, but the price we pay is that of a loss
in generality.

Optimal time-dependent learning rates

We wish to optimize the approach to the E = 0 state of our macro-
scopic equations, by choosing a suitable time-dependent learning rate. Let
us distinguish between the possible situations we can find ourselves in.
If our learning rule is of the general form (17.6), that is, without spherical
normalization, we have two coupled macroscopic equations:

d, _ . o
_ . 2 21 7.
d g _mlly —cos@E)| FLIs Jx,p)) | n™(F7LI5 Jx, y]) (17.49)
dr Jmsin(m E) 2w J? tan(w E)

These are obtained by combining (17.18, 17.19) with (17.21). The probab-
ility distribution (17.20) with which the averages are computed depends on
E only, not on J. If, on the other hand, we complement the rule (17.6) with
weight vector normalization as in (17.43) or (17.45) (the spherical rules),
we obtain a single equation for E only:

d iy = cos@ExIF1sx, 1) (P21 x,5])
dr 7 sin(w E) 27 tan(w E)

(17.50)

Since equation (17.50) is autonomous—there are no dynamical variables
other than E—the optimal choice of the function n(¢) which generates the
fastest decay of the error E is obtained by simply minimizing the temporal
derivative of the error at each time-step:

9 (d
an(0) (EE) =0 70

which is called the ‘greedy’ recipe. Note, however, that the same is true
for equation (17.49) if we restrict ourselves to rules with the property that
FlJ;Jx,y] = y(J)FI[1;x,y] for some function y (J), such as the Hebbian
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(y(J) = 1), perceptron (y(J) = 1), and AdaTron (y(J) = J) rules. This
specific property can also be written as

o F[J;Jx,y] o F[J;Jx,y]
_ - =0 17.52
ox Fll;x,yl dy Fll;x,y] ( )

For rules which obey (17.52) we can simply write the time-dependent learn-
ing rate as n = 71J/y(J), such that equations (17.48, 17.49) acquire the
following form:

%hu = i{xFl15x,y]) + %ﬁz(fz[l;x,yb (17.53)
ot _ . ~2/172r1.
d._ 1y cosE)x]FILsx, 1) | (7%, y]) (17.54)
dr 7 sin( E) 27 tan(w E)

In these cases, precisely since we are free to choose the function 7j(¢) as
we wish, the evolution of J decouples from our problem of optimizing the
evolution of E. For learning rules where F[J; Jx, y] truly depends on J on
the other hand, that is, where (17.52) does not hold, optimization of the
error relaxation is considerably more difficult, and is likely to depend on
the particular time ¢ for which one wants to minimize E(¢). We will not
deal with such cases here.

If the greedy recipe applies (for spherical rules and for ordinary ones
with the property (17.52)) then working out the derivative in (17.51)
immediately gives us

(ly — cos(mr E)x]F[1;x,y])

N opt = 17.55
Mort = G )25, 1) 17:53)
Insertion of this choice into equation (17.47) then leads to
_ ) 2
d _ (ly — cos(m E)x]F[1;x, y]) (17.56)

dr - " 2w sin(w E) cos( E)(F2[1; x, y])

These and subsequent expressions we will write in terms of 7, defined as
71(t) = n(t) for the spherical learning rules and as 7(r) = n(t)J(t)/y (J(t))
for the non-spherical learning rules. We will now work out the details of
the results (17.55, 17.56) for the familiar choices for the function F[---]:
the Hebbian, perceptron, and AdaTron rules.

For the ordinary and spherical Hebbian rules, corresponding to
F[J;Jx,y] = sgn(y), the various Gaussian integrals in (17.55, 17.56) are
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the same as those we have already performed in the case of constant learning
rate 1. Substitution of the outcomes of the integrals (see Appendix D) into
the equations (17.55, 17.56) gives

. \/jsinz (TE) d sin® (7 E)
Nopt = — —E =—-—"=

7 cos(TE) dr [  72cos(nE)
The equation for the error E can be solved explicitly, giving
_1 s =2 1 s =2
t(E) = ymsin” “(TE) — 57 sin” “(7 Eo) (17.57)

as can be verified by explicit substitution. The asymptotic behaviour of the
process follows from expansion of (17.57) for small E, and gives

1 [ 1
Eopt ~ — 7?opt ~ |22 (t —> o0)
V2rt 2t

We conclude that, for the Hebbian rule, asymptotically there is nothing to be
gained by choosing the optimal time-dependent learning rate, since the same
asymptotic form for E was also obtained in (17.28) for constant 5. Note that
the property F[J; Jx, y] = F[1;x, y] of the Hebbian recipe guarantees that
the result (17.57) applies to both the ordinary and the spherical Hebbian
rule. The only difference between the two cases is in the definition of 7:
for the ordinary (non-spherical) version 7(t) = n(r)/J(t), whereas for the
spherical version 7(¢) = n(z).

We move on to the (ordinary and spherical) perceptron learning rules,
where F[J; Jx,y] = 0(—xy)sgn(y), with time-dependent learning rates n(r)
which we aim to optimize. As in the Hebbian case all integrals occurring
in (17.55, 17.56) after substitution of the present choice of F[---] have
been performed already (see Appendix D). Insertion of the results of these
integrals into (17.55, 17.56) gives

sin?(r E) d sin’ (7T E)

n = —F [ A
Hopt V21 E cos(TE) de | ope 472E cos(n E)

Again the non-linear differential equation describing the evolution of the
error E can be solved exactly:

2[rE + sin(w E) cos(w E)] B 2[m Eg + sin(r Eq) cos(mt Ep)]

E) =
"E) sin? (TE) sin? (mrEo)

(17.58)
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Expansion of (17.58) for small E gives the asymptotic behaviour

- 2V 2w

4
Eopt ~ — ~—— (t— o0
opt Tt Nopt : ( )

This is identical to that found in the beginning of this section, that is, equa-
tions (17.38, 17.42), where we explored the consequences of making two
simple ad hoc choices for the time-dependent learning rate (since 77 = n/J).
As with the Hebbian rule, the property F[J; Jx,y] = F[1;x, y] of the per-
ceptron recipe guarantees that the result (17.58) applies to both the ordinary
and the spherical version.

Finally we try to optimize the learning rate for the spherical AdaTron
learning rule, corresponding to the choice F[J; Jx, y] = |Jx|0(—xy)sgn(y).
Working out the averagesin (17.55, 17.56) again does not require doing any
new integrals. Using those already encountered in analysing the AdaTron
rule with constant learning rate (to be found in Appendix D), we obtain

. 3 2 ) 71
Nopt = M[E cos(rE) — cos (nE;s1n(nE)j|
iE _ sinS(ﬂE) |: 1 ]
dr opt ~ 272cos(E) | mE — cos(nE) sin( E)

Note that in both versions, ordinary and spherical, of the AdaTron rule we
simply have 7j(¢) = n(r). It will no longer come as a surprise that also this
equation for the evolution of the error allows for analytical solution:

(17.59)

T [4nE —sin(4rE) 4mwEy— sin(4nEo)]
8

E)=_
"5 sin4(7rE) sin4(nE0)

Asymptotically we find, by expanding (17.59) for small E, a relaxation of
the form

(t - o)

N W

Eopt ~ § ﬁopt ~

So for the AdaTron rule the asymptotic behaviour for optimal time-
dependent learning rate 7 is identical to that found for the optimal constant
learning rate n, which is indeed n = %, see (17.37). As with the previous two
rules, the property F[J; Jx,y] = JF[1;x,y] of the AdaTron recipe guar-
antees that the result (17.57) applies to both the ordinary and the spherical

version.
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It is quite remarkable that the simple perceptron learning rule, which was
at the bottom of the league among the three learning rules considered so
far in the case of constant learning rates, all of a sudden comes out at the
top as soon as we allow for optimized time-dependent learning rates. It is
in addition quite satisfactory that in a number of cases one can actually
find an explicit expression for the relation 7(E) between the duration of
the learning stage and the generalization error achieved, that is, equations
(17.41,17.57-17.59).

Optimal online learning rules

We need not restrict our optimization attempts to varying the learning rate
n only, but we can also vary the full form nF[J;Jx,y] of the learning
rule. The aim, as always, is to minimize the generalization error, but there
will be limits to what is achievable. So far all examples of online learning
rules we have studied gave an asymptotic relaxation of the error of the
form E ~ =9 with ¢ < 1. It can be shown using general probabilistic
arguments that

tlim tE(r) >0.44... (17.60)

No online learning rule for binary systems3’ can violate (17.60). On
the other hand, we have already encountered several rules with at least
the optimal power E ~ t~!. The optimal online learning rule is thus
one which gives asymptotically E ~ A/t, but with the smallest value of
A possible.

The function F[J; Jx, y]in the learning rules is allowed to depend only on
the sign of the teacher field y = B - &, not on its magnitude, since otherwise
it would describe a situation where considerably more than just the answers
T (&) = sgn(B - &) of the teacher are used for updating the parameters of
the student. One can easily see that using unavailable information indeed
violates (17.60). Suppose, for instance, we were to consider spherical online
rules, that is, (17.43) or (17.45), and make the forbidden choice

y —cos(TE)x
1‘ = -
nFl1;x,y] s E)

We would then find for the corresponding equation (17.50) describing the
evolution of the error E for N — oo:

d . __(y- cos( E)x]?)

dt™ = 2msin(wE)cos(tE)

37 This will be different, however, for graded-response perceptrons.
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with the averages as always calculated with the distribution (D.5). From
this it follows, using the Gaussian integrals done in Appendix D, that

d £ tan(7 E)
de 2x

This produces exponential asymptotic decay of the error, since tan(w E) =

7 E + O(E?), and thus indeed violates (17.60).

Taking into account the restrictions on available information, and anti-
cipating the form subsequent expressions will take, we write the function
FlJ;Jx,y] (which we will vary, and also allow to have an explicit
time-dependence38) in the following form

JFi(x,1), ify>0
nFlJ;Jx,y]l = (17.61)
JF (x,1), ify<0

If our learning rule is of the general form (17.6), without spherical
normalization, the coupled equations (17.48, 17.49) describe the mac-
roscopic dynamics. For the spherical rules (17.43, 17.45) we have the
single macroscopic equation (17.50). Both (17.49) and (17.50) now acquire
the form

d 1

—E=————— | {(y —0x)0 () F4(x,1)) + ((y — 0x)0 (=) F_(x,1))
dr 7 sin(rE)

1 1
~5OOWFHD) - 5003 0] (17.62)

with the usual shorthand @ = cos(r E) and with averages calculated with
the time-dependent distribution (17.20). To simplify notation we now
introduce the two functions

/dy O(y)P(x,y) = Q(x,1) /dy 0(y)(y —wx)P(x,y) = Ax,t)

and hence, using the symmetry P(x,y) = P(—x,—y), equation (17.62)
acquires the compact form

d

5 ——m/dx |:A(x,t).7:+(x,t)—EwQ(x,t)f+(x,t):|

1 1 5
- m/dx |:—A(—x,t),7:_(x, [) — sz(—x,t)]:(x,t)i|
(17.63)

38 By allowing for an explicit time-dependence, we can drop the dependence on J in
FIJ; Ix,y] if we wish, without loss of generality, since J is itself just some function of time.
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Since there is only one dynamical variable, the error E, our optimiza-
tion problem is solved by the greedy recipe which here involves functional
derivatives:

Vi, Vir: L(%)—L(EE)—O
SV SE o \di ) T sFE o \di) T

with the solution

Alx, 1) _ ACx)
ooy WD =ToaTiy = ey

er (X,l) =
Substitution of this solution into (17.63) gives the corresponding law
describing the optimal error evolution of (ordinary and spherical) online
rules:

dz

d _ 1 d AZ(x,1)
opt 7 sin(mrE) cos(TE) * Q(x,1)

Explicit calculation of the integrals A(x,#) and Q(x,7) (see Appendix D)
gives:

SINWTE) 2 2sin? ()

A(x,t) = =
b et
Q = 1 2
(x,1) 2\/E[ +erf(x/v2tan(w E))]

with which we finally obtain an explicit expression for the optimal form of
the learning rule, via (17.61), as well as for the dynamical law describing
the corresponding error evolution:

2 2
2 J tan(w E)e~ /2 tan* (T E)
nFLJI5Jx, ylopt = \/ (17.64)
7 1 + sgn(xy)erf(|x|/v/2 tan(w E))
d t 2 E —x2[1+c052(77E)]/2cosz(nE)
dp| —_w@h) [g.¢ (17.65)
dt o 7227 1+ erf(x/v/2)

The asymptotic form of the error relaxation towards the E = 0 state follows
from expansion of equation (17.65) for small E, which gives

d e
—E=—E* + O(E"Y

a” ~/_[1+erf(X/x/_)]

so that we can conclude that the optimum asymptotic decay for online
learning rules, whether spherical or non-spherical, is given by E ~ A/t for
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t — oo, with

Al = /dx e
B V271 + erf(x/v/2)]

Numerical evaluation of this integral, which is somewhat delicate due to
the behaviour of the integrand for x — —o0, finally gives

0.883...
E~ = (1> o)

It is instructive to investigate briefly the form of the optimal learning rule
(17.64) for large values of E (as in the initial stages of learning processes)
and for small values of E (as in the final stages of learning processes).
Initially we find

im P o 2
it an@E)  Vao

which describes a Hebbian-type learning rule with diverging learning rate
(note that tan(mE) — oo for E 4 %). In contrast, in the final stages the
optimal learning rule (17.64) acquires the form

2

J x| -

. , e
}glff(l) nFLJ5Jx, Y]opt = ﬁQ(—xy) sgn(y) Zlgglo 1 = erf()]

= J|x|0(—xy)sgn(y)

which is the AdaTron learning rule with learning rate n = 1.3

In Figures 17.10 (short times and ordinary axes) and 17.11 (large times
and log-log axes) we finally compare the evolution of the error for the
optimal online learning rule (17.64) with the two online learning rules which
so far were found to give the fastest relaxation: the perceptron rule with
normalizing time-dependent learning rate, giving the error (17.41), and
the perceptron rule with optimal time-dependent learning rate which yields
the error (17.58). This is in order to assess whether choosing the optimal
online learning rule (17.64) rather than its simpler competitors is actually
worth the effort. The curves for the optimal online rule were obtained by
numerical solution of equation (17.65).

39 The reason that, in spite of the asymptotic equivalence of the two rules, the optimal
rule does not asymptotically give the same relaxation of the error E as the AdaTron rule is
as follows. In order to determine the asymptotics one has to take the limit £ — 0 in the full
macroscopic differential equation for E, which, in addition to the function F[- - -] defining
the learning rule, involves also the Gaussian probability distribution (D.5). The latter depends
on E in a non-trivial way, especially near E = 0.
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Figure 17.10 Evolution of the error E for three online learning rules: perceptron rule with
a learning rate such that J () = 1 for all # > 0 (solid line), perceptron rule with optimal
learning rate (dashed line), and the optimal spherical learning rule (dotted line). Initial state:
E(0) = % and J(0) = 1. The curves for the perceptron rules are given by (17.41) and
(17.58). The curve for the optimal spherical rule was obtained by numerical solution of
equation (17.65).
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Figure 17.11 Evolution of the error E for the online perceptron rule with a learning rate
such that J(r) = 1 for all t > 0 (solid line), the online perceptron rule with optimal learning
rate (dashed line), and the optimal spherical online learning rule (dotted line). Initial states:
J,E)=(1, %) (upper curves), and (J, E) = (1, 1]@) (lower curves). The curves for the
perceptron rules are given by (17.41) and (17.58). The curves for the optimal spherical rule
were obtained by numerical solution of equation (17.65).
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Summary in a table

We close this section with an overview of some of the results on online
learning in perceptrons derived so far. The upper part of this table contains
results for specific learning rules with arbitrary constant learning rates n
(first column), optimal constant learning rate n (second column), and where
possible, a time-dependent learning rate n(¢) chosen to realize the normaliz-
ation J(¢) = 1 for all r. The lower part of the table gives results for specific
learning rules with optimized time dependent learning rates n(¢), as well as
lower bounds on the asymptotic generalization error.

17.4 Exercises

Exercise 17.1. (Relation with the earlier infinitesimal learning rate theory.)
If for the macroscopic laws describing online learning, as derived in the
present section, we re-define our time to be measured in units of the learning
rate 1, this implies switching to the new time variable s = n¢. Transform the
equations (17.30) for the perceptron rule into the language of s, and show
that subsequently taking the limit n — 0 reproduces the theory developed
earlier in Section 2.5, that is, equations (2.57).

Exercise 17.2. (Learning dynamics for generalized perceptron/AdaTron
rules.) Consider a perceptron with N inputs and weight vector J € RY,
which is trained in an online fashion to perform a task generated by a teacher
perceptron with weight vector B € RY (with |B| = 1). The learning rule
used is the following generalization of the perceptron (k = 0) and AdaTron
(k = 1) rules:

J@+Ar) = J(t)+ %E(t)SgH(B EW)IT @) -EDOIO(—[B-EOIT ) -E)])

with k > 0. The vector £(¢) € {—1,1}" denotes the input vector drawn at
random from {—1,1}", with uniform probabilities, at time ¢. 8(z) is the
step function, and Ar = N~1. Define the macroscopic observables J = | J|
and @ = B - J/J. Show that in the limit N — oo they obey the following
deterministic laws:

%J = —nJ*(Ix* 1o (—xy)) + %nZJZk*(kae(—xy»

d 1
7¢= n I (] + wlx]) [x[*0 (—xy)) — Ewnzﬂk—%x%e(—xy))



Generalization error in perceptrons with online learning rules

Constant learning rate n

Variable 7

Rule Asymptotic decay, constant n Optimal asymptotic decay, constant 5 n chosen to normalize J
Hebbian E ~ Lt_l/2 forn >0 E ~ Lt_l/z forn>0 N/A
2w V2
2\"° ~1/3 2\'° -1/3 4
Perceptron E ~ 3 Tt forn >0 E ~ 3 Tt forn >0 E~ —t
b
3 3
AdaTron E ~ =1 for0<n<3 E~—t7! forn== E~Zt!
3n — n? 3 2
Optimal generalization
Optimal time-dependent learning rate n
Rule Generalization error for optimal time-dependent n Asymptotics
b4 1 1 1
Hebbian t= —|: — :| E~—"1/?
2 Lsin?(rE) sin®(7Ep) V2
Perceptron . 2|:nE + SiTl(;TE) cos(mE) mE+ sifl(;rEo) cos(nEo):| £~ i,—l
sin“(w E) sin“(m Ep) V4
AdaTron L z|:47rE.—4sin(47rE) B 47‘[E04 —45ir1(47tE0)] £~ it 1
8 sin" (T E) sin™ (T Ep) 3
Lower bound for online learning (asymptotics of the optimal learning rule) E ~0.88t71
Lower bound for any learning rule E ~ 0.44t71

sasuex3 b/l
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Assume the field statistics to be described by (17.20), and show that

1
%J =" T,k +1)+ anJZk_lj(a), 2k)

%a) =nJ* [T,k + 1) + 0T (@, k + 1)] — %a)nZJZk_ZJ(a), 2k)

in which J(w, ¢) and Z(w, £) denote the following integrals:

T (@,0) = / oo/ TGt a-a
0 0

v 1 — w?

oo oo
T(w, ) = / / dxdy 2432 120m/20-0?) a1l
0 0

v 1 —w?

Now choose the learning rate 7 to be time-dependent in such a way as to
normalize J: J(t)=1 for all >0 (assume J(0)=1). Show that this results

in the following law for the remaining observable w:

d Tk +DI(wk+1)
i’ T (w,2K)

1
2

By using the relation @ = cos(r E) and retaining only the leading contribu-
tions for E — 0 in the two integrals above, show that asymptotically the

error decays as
E ~ Cit™' (1t — 00)

and give an expression for Cy.



Dynamics of online
gradient descent learning

In this chapter we consider learning in systems with continuous real-valued
outputs, rather than those with binary outputs as in the previous chapter.
A natural way of constructing learning algorithms for such systems is by
gradient descent on some appropriate error measure. This error measure
should tell us by how much student and teacher output differ. A popular
choice is the squared deviation between actual and desired outputs; carrying
out gradient descent on this measure for multilayer networks yields the well-
known error backpropagation algorithm. The results of our analysis are
therefore of relevance to practical neural network learning. For simplicity,
here we only analyse learning in continuous output perceptrons, that is,
systems without hidden layers; the case of networks with a single hidden
layer containing a finite number of neurons can also be treated, but requires
rather more complicated algebra.

18.1 Online gradient descent
Definition of microscopic learning rule

We modify the scenario from the previous chapter as follows. For a
given input & (drawn randomly from D = Q < {—1,1}", as before),
let us assume that both the teacher output 7(§) and the student output
S(&) = f(&;J) are real-valued rather than binary. Here J is the student
weight vector as before, but we now let the student output depend on J
in a smooth (differentiable) way. Similarly, let us assume that the error
measure E(T(£),S(&)) = E(T (&), f(&;J)) is differentiable with respect to
the student output S(&), and hence also with respect to J. Then a natural
way to construct a learning algorithm is by gradient descent on the error
made for the current training example:

J(t+ A = J(t) — %VJE(T(EU)): FED; @) (18.1)

As before, we define the time ¢t = £/N as the rescaled iteration number
¢ =0,1,..., with At = 1/N. The learning rate 5 is similarly scaled by



18 : Dynamics of online gradient descent learning

N to give sensible behaviour in the limit N — oo, and taken to be time-
independent (for simplicity). A very common choice for the error measure
is the simple squared deviation, £(T, S) = %(T — 8)2. With this choice, our
learning rule becomes

J@+ At =J@) - %[f(&(t);J(t)) —TEIVyfE@); J@) (18.2)

which is the backpropagation algorithm, as defined earlier in Section 2.4.
Recall that the name derives from the way in which the gradient Vj f is
calculated in multilayer networks, by propagating it backwards from the
output unit where it is measured towards the inputs, using the chain rule.

Let us now specialize to the case of perceptron (i.e. single layer) students
and teachers. The input—output relations then take the form

Té) =gB-& SE=/[ET) =88 (18.3)

with some sigmoidal transfer function g(-), which is assumed to be identical
for student and teacher. This transforms (18.2) into

J@+At) = J(@) - %E(I)[g(J(I) E(1) —g(B-EWNGJ (1) - £@)
(18.4)

Derivation of closed macroscopic laws

Equation (18.4) is seen to have the same form as the general learning
rule (17.6) analysed in the last chapter, provided we set F[J;x,y] =
—[g(x) — g(»)1g'(x). Simply by translating the results (17.10) and (17.11),
we can therefore immediately write down the equations governing the time
evolution of the observables R = J - B and Q = J? in the thermodynamic
limit for the present problem. However, here it will prove useful to define the
student’s local field in terms of the unnormalized student weight vector J,
that is, as x = J - &, rather than in terms of the normalized one as in the
previous chapter. This eliminates some factors of Q'/? which we would
otherwise have to carry around; it also makes sense intuitively, because in
the current scenario the length of the weight vector J does affect the student
outputs, in contrast to the previous binary perceptron case. We thus get

d

ER = —n{ylg(x) — g1g'(x)) (18.5)

d / 2 27 .7 2

EQ = —2n{x[gx) —gMIg' x)) + n~({[g(y) — g(x)]"[g' (x)]7)
(18.6)
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with averages in (18.5, 18.6) that are now defined with respect to the
redefined field distribution

Px,y) =(8(x = J-£)3(y — B-&))g (18.7)

Because we are dealing with the case of complete training sets, the average
in this definition is over all possible input vectors &, sampled with uniform
probability from Q = {—1, 1}". As in the previous chapter, we now assume
that P(x, y) has a Gaussian shape; this is true except for rather pathological
choices of J and B as discussed before. P(x, y) is therefore determined by
its first and second-order moments, that is, by the means and covariances
of x and y. Using (§;)o = 0 and (§;&;)q = §;j, we find these without much
effort, in analogy with (17.12-17.14) in the previous chapter,

W=(=0 H=0 (=R (=1 (18.8)

As before, we have assumed here that the teacher weight vector is normal-
ized, that is, BZ = 1. After inverting the covariance matrix given by (18.8),
we then find for P(x, y)

1

27/ Q — R?

Because this only depends on R and Q, the equations (18.5, 18.6, 18.9)
constitute a closed system of differential equations for the evolution of
the macroscopic observables R and Q. The generalization error is also
determined by R and Q alone, via the distribution P(x, y):

P(x,y) = o~ (! ~2Rey+0y") /20— R?) (18.9)

E=3gB &g -HMa =gl —gx)1? (18.10)

To find the time dependence of R, Q, and E we now need to carry out the
averages over x and y. In order to be able to do this analytically, we make
the following choice for the transfer function:

g(z)=2/ZDu=erf(z/\/§) (18.11)
0

with the shorthand Du = (Zn)’l/ze’(l/z)"z, and where erf(x) denotes the
error function as before. The function g(z) is certainly sigmoidal, in the
sense that it produces bounded outputs (between —1 and +1) and increases
monotonically with z. It is also not too different from the tanh(z) transfer
functions that are used frequently in applications, and one may assume
that the slight differences between the two choices will not cause qualitative
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differences in the results. With the above choice of g(-), all averages over x
and y in equations (18.5, 18.6) can be calculated analytically, and one finds

d
ER =nr(R, Q) (18.12)
d 2
EQ =ng1(R, Q) + n°q2(R, Q) (18.13)
with
2 1 1+Q—R? R
R, Q)= — - 18.14
r(R, Q) 7r1+Q|:\/2(1+Q)—R2 «/1+2Q} ( )
4 1 R 0
Ra = - - 18.15
q1(R, 0) zr1+Q|:\/2(1+Q)—R2 J1+2Q} ( )

41 : 0 [ 1+2(0-R?»
qz(R, Q) = FTZQ |:arcsm (m) —+ arcsin (2(1 n zQ — Rz))

- Zarcsin( R )j| (18.16)
VI+30V2(1+20 - R?)

These first-order differential equations can now be solved numerically, and
from the values of R and Q the generalization error can be calculated; for
our choice (18.11) of transfer function, the latter takes the relatively simple
form

+ —arcsin (18.17)

b2 eg) ¢ Lo 1)
"6 "\ maro) T x 1+0

Behaviour of the macroscopic laws

Figure 18.1 shows examples for the evolution of E with the (scaled) number
of learning steps t = £/N. We see that for small enough learning rates n
the system converges to E = 0, and that the speed of convergence increases
with 1. As n becomes larger, however, convergence slows down again,
and finally for n larger than some critical value n. ~ 4 the systems stops
converging to E = 0 altogether; perfect generalization is not obtained even
after an infinite number of learning steps per student weight.

To understand these observations, let us analyse the asymptotic beha-
viour of the system in some more detail. The numerical data show that
for small enough n, convergence to a state with E = 0 does indeed occur.
For monotonic transfer functions g(-)—the case which we treat here—it
follows from (18.10) that zero generalization error can be obtained only
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Figure 18.1 Evolution of generalization error E versus the rescaled number of learning
steps t = £/N, for the different values of  shown. The initial values of the macroscopic
observables were in all cases: R(0) = 0, Q(0) = 1/4.

if x and y are identical with probability one. This means that we need
to have ((x — y)2) = 0, and hence R = Q = 1. It is easy to show that
this is a fixed point of the dynamics (18.12, 18.13); the numerical solu-
tion also confirms that R and Q both tend to 1 for small n. We now
linearize around this particular stationary point, setting R = 1 — §r and
0 =1 — 8q and expanding (18.12, 18.13) to first order in 8r and 8¢. This
yields

d [sr Sr - 4 _%
- =M M=— 18.18
dt <6q) (Sq)’ 7 (—4(1 —37) 301 - 217)) ( )

where

CcC =

2 5
g i=— = n\/; — 4.05577 ... (18.19)

The notation 5. here is deliberately suggestive; we will see in a moment
that 5. is actually the critical learning rate. The eigenvalues {A1,1,} and
associated eigenvectors {e1,ey} of the matrix M can be calculated, and
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turn out to be
M =—6cn(l—n) e =
- 1
Ay = —c7) e = <2) (18.20)

Using these, we deduce from (18.18) that the asymptotic time evolution of
dr and 8¢ can be written as

(g;) = C1eMle) + Cretiey (18.21)

Here Cq and C; are two constants that will depend on the initial conditions.

The eigenvalues A and A, are shown in Figure 18.2 as a function of 5. In
order for the stationary point R = Q = 1 around which we are expanding to
be stable, we need both these eigenvalues to be negative (compare (18.21)),
which leads to the condition n < nc. For n > n¢, on the other hand, Aq
is positive, the stationary point is unstable, and the system will no longer
converge to a state where £ = 0. This justifies the interpretation of 5. as
the critical learning rate.

0 T
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Figure 18.2 The values of the two eigenvalues {11, A2} that govern the dynamics around
the fixed point R = Q = 1, which corresponds to perfect learning, as functions of the
learning rate n. For the asymptotic decay of E, A1 and 22, (rather than 1, itself) turn out to
be relevant; see the main text.
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The eigenvalues A1, also provide information on the speed of conver-
gence. For n < n, we see from (18.21) that R and Q converge exponentially
to their limiting values, with a decay rate given by min{—A1, —12}; the
least negative eigenvalue is dominant asymptotically, because it gives the
slowest convergence. As the critical learning rate is approached, one has
—X1 ~ n¢ — n and hence the decay time—which is the inverse of the decay
rate—diverges as 1/(n. — n). In physics, this type of phenomenon is called
critical slowing down. Precisely at the critical learning rate, that is, for
n = n¢, we have power law rather than exponential convergence; here one
can show that both R and Q approach their limiting values as ~1/z, that is,
via power law relaxation.

An intuitive interpretation of what happens at the critical learning rate
is provided by the following analogy. Assume there is only a single student
weight, which is adapted by gradient descent on a parabolic (quadratic)
error measure. If the learning rate is too high, the gradient descent steps
can overshoot the minimum of the parabola and land on the other side,
further away from the minimum than where it was previously. This obvi-
ously prevents convergence, and leads to larger and larger moduli of the
weight. In the perceptron case, matters are somewhat more complicated
because the error measure is bounded whenever the transfer function g(-) is.
For our choice of g(-), one can show that R and Q still tend to finite limits
(which are >1) for nc < n < n/arcsin(1/3), and only actually diverge for
even larger values of 7.

Finally, let us analyse the asymptotic behaviour of the generalization
error in the regime of sub-critical learning rates, that is, when n < n..
Expanding (18.17) for small values of §r and 8 we find

28}’ —56] 2
E=————+0(rrdq,8q) (18.22)
V3 704

From the asymptotic behaviour (18.21) of §r and 8¢, we see that the first
term in (18.22) will give contributions that decay as exp(A17) and exp(Az1),
while the quadratic terms exhibit time dependencies of the form exp(2A11),
exp((A1 + A2)1), and exp(2A21). However, due to the specific form of the
eigenvector ey, see (18.20), the linear contribution proportional to exp(Aa1)
drops out. Hence we are left with terms with decay rates —Aq, —2A3,
—A1 — A2, and —2Aq (and higher order terms that decay even faster). The
last two of these are always larger than the first one, and so we have the
final result that the asymptotic decay rate of the generalization error E is
given by min{—X1, —2A,}; the dependence of these two rates on 7 is shown
in Figure 18.2. We read off that the fastest asymptotic convergence of the
generalization error E occurs when A1 = 21; from (18.20) it follows that
this happens for the learning rate n = %'k- Note, however, that this specific
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value of n optimizes only the asymptotic convergence rate; the initial decay
of E(t) can be faster for other values of 7.

18.2 Learning from noisy examples

The scenario which we have considered so far is rather idealized, in that we
assumed that the outputs provided by the teacher are noise free. In practice,
training data are often noisy. We therefore now consider the more general
case where the teacher output for training example &(¢) is g(B - £(¢)) + €/,
with €, some additive noise variable. We make the natural assumptions that
the distribution of ¢, is the same for all ¢, and that ¢, and ¢, are independent
for t # t'. Intuitively, this means that the noise process that corrupts our
data does not change over time and that it has no memory carrying over
from one example to the next. Our gradient descent learning rule now takes
the following form, with the shorthand G[x, T] = [g(x) — T]g’(x):

J@+At)=J() — %E(t)Q[J(t) -E(),g(B()-£(1)) + ¢ (18.23)

We once more follow the procedure in Section 17.2, setting Q(r) = J>(1)
and R(¢) = B - J(t). Taking the scalar product of (18.23) with B gives us

R At) — R
— ii m=—”B'E(f)g[l(ﬂ-E(t),g(B-s(t))Jre,] (18.24)

while by taking the scalar product of (18.23) with itself we get

A —
o 2 OO — 2J -G 1472621 (18.29)

where we have used §(¢) -£(t) = N. One can now make the transition to the
continuous time limit by accumulating ¢ discrete learning steps, and taking
the limits £ — oo, N — oo in such a way that £/N — 0. This allows us to
replace the left-hand sides of (18.24) and (18.25) by time derivatives, and
the right-hand sides by averages over the random quantities involved. These
averages are now over all £ € {—1, 1}" and over the noise variables ¢;. The
inputs & again enter only through the fields x = J - § and y = B - §, and
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after inserting explicitly the definition of G[x, T] we end up with

d
k= —n(ylg(x) — g(y) — €1g'(*))x,y,e (18.26)

d /
4 0 = —2n(x[g(x) — g(y) — €lg (X))x,y,e
+ 02 ([g(x) — g(») — €1*[8 ()% )x,ye (18.27)

The averages in (18.26, 18.27) are over the distribution (18.7) of the fields x
and y, and over the noise €, which is independent of x and y. We now
assume that the noise has mean zero, since a nonzero mean can always be
absorbed by adding it to the teacher’s transfer function, and some finite
variance which we will denote by o2. Because the noise € appears only in
linear and quadratic terms, the noise averages have become trivial; linear
terms simply drop out. This gives us the final form for the equations of
motion for R and Q, where we drop the subscripts on the averages again,
since they are now over x and y as before:

d
o k=10l — g»g' () (18.28)
d )
32 =208 () — g(g'()

+ 02 ([g(x) — gL' 1) + n*o ([ (0)1F)  (18.29)

Comparison with (18.5, 18.6) shows that, at the macroscopic level of
description and for N — oo, the only effect of the noise in the teacher
outputs is to add an extra term to dQ/dr. As expected, this term is propor-
tional to the strength of the noise as measured by the variance o2. As soon
as there is any noise at all (i.e. as soon as o> > 0), this additional term is
positive, which means that the optimal solution R = Q = 1 can no longer
be a stationary state. The asymptotic generalization error, as reached in
the limit ¢ — oo, must therefore be nonzero. Its actual value depends on
n and o2. In general, it cannot be calculated analytically and has to be
obtained from a numerical solution of the stationarity conditions for R
and Q. For small noise levels 02, however, the stationary state will be close
to R = Q = 1. One can therefore again linearize the equations of motion for
small values of 5 = 1— R and 8¢ = 1 — Q, and find their stationary values.
Focusing as before on the case of the transfer function g(z) = erf(z/v/2),
and inserting the stationary values §r and 8¢ into the linearized expression
for the generalization error (18.22), one then obtains

\/_g 2 n/nc

L Omtet 18.30
Sy U (18.30)

E(t > o0) =



18 : Dynamics of online gradient descent learning

This illustrates an important point: the effect of noisy training inputs on the
asymptotic generalization performance depends not only on o2, but also
on the learning rate n. The optimal value of E(f — o0) is obtained for
n — 0; this remains true also for larger values of 0%, even though the above
expansion for small o2 can then no longer be used. This means that there
is actually a tradeoff between the asymptotic value of E and the speed with
which it is reached. For small learning rate n, the asymptotic convergence
rate is proportional to 1, and so the corresponding timescale ~1/#n diverges
for n — 0. In practice, one therefore often strikes a compromise by using
time-dependent learning rates when learning from noisy data. Initially, a
relatively large value of 7 is used in order to achieve fast convergence; then
n is gradually reduced to zero (n(t) ~ 1/t can be shown to be optimal
asymptotically, see Exercise 18.3) to get good asymptotic generalization
performance.

18.3 Exercises

Exercise 18.1. (Verification of details in derivations.) Confirm that
R = Q =1 is a stationary state of the equations of motion (18.12, 18.16).
Derive the linearized equation of motion (18.18)—this is not difficult con-
ceptually, but involves a fair bit of algebra. Calculate the eigenvalues and
eigenvectors of the matrix M; see (18.20) for the result. Also verify the lin-
earized representation of the generalization error (18.22). Finally, show
from the condition A1 = 2X; that the learning rate that optimizes the
asymptotic convergence rate is indeed given by n = (2/3)n..

Exercise 18.2. (Learning dynamics in the presence of teacher noise.) Work
out the final term in (18.29) (which is due to the noise in the training out-
puts) explicitly for g(z) = erf(z/~/2); you should find the result n?02(2/7) x
(14 20)~1/2. Expand this expression to first order in 8¢ = 1— Q. Combin-
ing the result with (18.18) for the noise free case, show that the linearized
equations of motion in the presence of noise are given by

i (o) =60) - (@) =2 o)

where d = 2n%0%/(+/3). By setting the left-hand sides to zero, obtain the
stationary values of §r and 8¢ as

sry _ -1 (0 2 4 V1S 5 (1/4 2 4
(50) =071 (0) #oure = T3 7 (5]3) + 007




18.3 Exercises

You can do this either by inverting M explicitly, or by noting that the relative
deviation between the elements of M and M is of order O(5o?). Finally,
confirm expression (18.30) by inserting your result into the linearized
representation of the generalization error (18.22).

Exercise 18.3. (Linear student and teacher.) Apply the formalism in Sec-
tion 18.2 for learning by continuous output perceptrons in the presence of
teacher output noise to the case of a linear transfer function, that is, to
g(z) = z. Show that the differential equations for R and Q simplify to

—R=—-—nR+
dr n n

d
7 @=210 =R +n(n—-2)0+ n*(1+0?2)

and that the generalization error becomes E = %(1 —2R+0Q). Show from the
definitions of R and Q that R* < Q and that Q > 0. Use these inequalities
to show that E is always non-negative, and that it achieves its minimal
value for R = Q = 1. Find the stationary state (R,, Q) of the dynamical
equations; show that the generalization error in this state is given by

no?

E,———
22 —mn)

Deduce that the stationary state is not accessible (because it violates one of
the constraints R> < Q, Q > 0) for n > 2. Starting from your expressions
for dR/dt and dQ/ds, find an expression for dE/dr. You should find that
this is a linear differential equation. Find its general solution, and the value
of n which gives the fastest convergence of E to its asymptotic value. Next
solve the equations for R and Q explicitly. The equation for R(¢) is simple; to
get Q(1), you can simply combine the results for R(¢) and E(¢). Draw a flow
diagram in the R—Q plane, separately for values of n below and above 2.
From the second diagram you should see explicitly how the stationary point
becomes physically inaccessible.

Assume from now on that 2 > 0. Why does it make sense to reduce 7
to zero for t — 00, in spite of your previous claims? Find the optimal 7(7);
since the aim is to minimize E, the optimal 7(¢) is the one that maximizes
|dE/dt| for any given r. Show that this gives n(r) = 2E(1)/[2E(t) + ¢*].
For this choice of 5(t), integrate the differential equation for E(f) to get
—InE +02/Q2E) = t + constant. When E — 0, the first term on the
left-hand side can be neglected compared to the second one; hence show
that the optimal learning rate is of the form n(¢) ~ 1/t for large .

Exercise 18.4. (Mismatched student and teacher.) Extend the formalism of
Section 18.2 to the case where the transfer function of the teacher, h(z),
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is different from that of the student, g(z). Derive the dynamical equations
for R and Q in the limit N — oo; the only change compared to the case
of identical transfer functions should be the replacement of g(y) by A(y)
everywhere. Specialize to the case of a linear student, that is, g(z) = z,
and a teacher with a small non-linearity, that is, h(z) = z 4+ az>. Perform
the averages over x and y in the dynamical equations explicitly. You will
need the result that for zero mean Gaussian random variables (z*) = 3(z%)2
(you may want to show this yourself, or see Appendix D). Show that at
the macroscopic level the ‘unlearnability’, that is, the mismatch between
student and teacher transfer functions, just acts as extra noise source, giving
an increased effective noise level of o2 + 3a2.



Notes and suggestions for
further reading

In carrying out dynamical studies such as those in the previous three
chapters one always relies on general background knowledge of stochastic
processes (at the microscopic level of description), and of non-linear
dynamical systems (at the level of deterministic macroscopic observables);
recommended general textbooks on these topics are the ones by van Kampen
[79] and by Khalil [81], respectively. In contrast to the situation in
equilibrium, however (see Part V), it is difficult to give references to text-
books on the specific problems that we have been concerned with here, viz.
the processes of operation in recurrent networks and of learning in layered
ones. Such books appear to be surprisingly hard to find, partly, it seems,
because dynamical studies only got started seriously towards 1990 (whereas
many neural network textbooks were written immediately before then).
The first to analyse the dynamics of recurrent neural networks at the level
of macroscopic observables appears to have been Amari in 1977 [82]. His
ideas were worked out further and generalized in [83] and [84]. Amari’s
method was based on approximating the distribution of the local fields in
recurrent networks by a Gaussian one, followed by an analysis of the
evolution of the moments of this Gaussian distribution. In Chapter 16
we have discussed only those cases where, as a result of restricting oneself to
small numbers of stored patterns, the fields are fully deterministic (so that
we do not need to calculate field distributions), allowing for exact closed
equations. This simplifying property was discovered and exploited by
several authors in the late 1980s, see, for example, [85-87]. An altern-
ative class of models that allow for a relatively simple derivation of exact
closed macroscopic laws are the so-called asymmetrically extremely diluted
networks, see, for example, Derrida et al. [88] or the review by Kree
and Zippelius [89]; here the field distributions are indeed Gausssian. The
problem originally addressed by Amari (fully and symmetrically connec-
ted networks with a number of stored patterns that is no longer small),
in contrast, was found to be solvable without resorting to approximations
only via the more demanding generating functional analysis formalism;
the first to take this route were Rieger et al. [90] and Horner et al. [91].
Examples of alternative (and simpler but approximate) methods, developed
in roughly the same period, are [92] and [93]. A relatively recent review
of the analysis of the dynamics of recurrent neural networks, including
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many of the above distinct and complementary model types and analytical
approaches (and also others), is [94].

The application of statistical mechanical methods, which the calculation
of dynamical equations for macroscopic observables from stochastic micro-
scopic laws represents, to learning processes in neural networks was largely
initiated by the equilibrium analysis of Gardner [95, 96], to be discussed
in Chapter 22. Many subsequent dynamical studies were influenced signi-
ficantly by the early two papers [97] and [98]. Early studies can be traced
via the review papers [99-101]; a more recent review is [102]. The online
learning algorithms for training perceptrons as considered in Chapter 17
were introduced by Rosenblatt [5] (the perceptron rule), Vallet [103] (the
Hebbian rule), and Anlauf and Biehl [104] (the AdaTron rule), although
at the time they were not yet studied with the methods described here.
Kinzel and Rujan were the first to derive, in embryonic form, closed equa-
tions for the observables J? and J - B in perceptrons [105]. Many of
the results derived in Chapter 17 can be found in [106-108]. The lower
bound E, ~ 0.44... t~! for online learning rules was derived in [109].
The systematic optimization of learning rules to achieve the fastest decay
of the generalization error in perceptrons was introduced by Kinouchi and
Caticha [106].

The approach to online learning by gradient descent described in
Chapter 18 was pioneered by Biehl and Schwarze [110] and generalized
to multilayer neural networks by Saad and Solla [111]. A useful overview
of later developments is the collection [112] of contributions to a workshop
on online learning.

Finally, just like in the case of the dynamics of recurrent networks one
has a parameter regime where the problem demands more sophisticated
methods (operation close to saturation, that is, with large numbers of stored
patterns, see Chapter 21), also in the dynamics of learning one has such a
regime. In the latter case one finds that more advanced methods are required
as soon as the size of the training set is of the same order as the number
of dynamic variables (i.e. the synaptic weights), such that the data must
inevitably be re-cycled in the learning process. Examples of papers where
these more complicated scenarios are studied are [113-116].



Equilibrium statistical
mechanics of neural
networks

Statistical mechanical techniques are employed in those cases where the
microscopic dynamical equations of a given many-particle system are too
complicated to be solved directly and explicitly for all times. In the preceding
part of this book we used non-equilibrium statistical mechanical tech-
niques to avoid having to solve our stochastic equations at the microscopic
level, by instead first deriving stochastic equations for suitable macroscopic
observables, which could then be solved much more easily than the micro-
scopic ones (at least in the limit of an infinite system size). Whenever this
method applies, whether in studying the operation or the learning of neural
systems, it leads to closed and deterministic dynamical laws for macroscopic
quantities.

In equilibrium statistical mechanics the route towards a deterministic
macroscopic theory is different: here one focuses on those stochastic pro-
cesses which evolve towards an equilibrium state, where the so-called
detailed balance property holds. This property is a mathematical condition
that rules out the existence of microscopic probability currents in the sta-
tionary state, and enables us to write down the microscopic equilibrium
state probabilities of our system in explicit form. Put differently, in such
systems we are able to solve the microscopic stochastic equations after all,
but only in a stationary state. This then serves as the starting point for the
derivation of macroscopic laws, in the limit of an infinite system size. This
route is in one sense more limited than the non-equilibrium one, in that
we can at most find a macroscopic theory describing specific systems in
equilibrium; there will be no description of how the system will get there.
In another sense it is more powerful: one finds that the interactions between
the microscopic elements can be much more complicated, compared to the
situation in non-equilibrium studies, without impairing our ability to derive
the macroscopic laws.

We first discuss applications of equilibrium statistical mechanics in the
domain of recurrent neural networks (where the condition for evolution
towards detailed balance equilibrium translates into restrictions on the
synaptic matrices), allowing us to study the operation of such systems
as associative memories not only at modest storage levels but also when
they operate close to saturation. Furthermore, one finds that also certain



problems in learning theory (especially those related to settling questions
regarding the existence of weights and thresholds required for layered
networks to solve a given problem) can be mapped onto an equilibrium
statistical mechanical calculation; this latter application domain is known
as Gardner theory. Both types of applications will involve a mathemat-
ical method, replica theory, which has been developed to deal with the
complexities induced by randomness or disorder in the microscopic system
parameters.



Basics of equilibrium
statistical mechanics

Rather than explaining the ideas and methods of equilibrium statistical
mechanics in an abstract setting, we illustrate them directly in the context
of neural network models. In Section 16.1 we defined our basic model for
the operation of recurrent networks with binary units. Their dynamics was
found as a process of stochastic alignment of spin variables o; € {—1,1},
representing the neurons, to local fields ;. This takes the form of a Markov
chain, for both parallel and sequential state updates:

pr1(@) =) W(o,0)pi(o’) (20.1)

with the transition matrices (16.7) and (16.13), respectively, and with
o € {—1,1}". In general, Markov processes can have quite complex beha-
viour, including limit cycles, absorbing states etc. However, we will see that
the processes we are interested in are ergodic, and the probability distribu-
tion p, (o) of a finite system is guaranteed to converge to a unique stationary
distribution pe (o) for r — oo. If, in addition, the interaction matrix J;;
is symmetric, the dynamics obey what is known as detailed balance. The
resulting stationary state is then called an equilibrium state, and poo (o)
has the form of a Boltzmann distribution, the consequences of which can
be analysed using the formalism of equilibrium statistical mechanics. These
concepts and properties will be explained and derived in the present chapter.
We conclude with a simple example, which will illustrate the subtle but
important issue of the order of the two limits N — oo and + — oo and its
relation to phase transitions.

20.1 Stationary distributions and ergodicity
Ergodicity

The main property of our transition matrices which ensures convergence to
a unique stationary distribution is that they describe Markovian processes
that are ergodic, except in the special limit 8 — oo to be discussed separately
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in Section 20.2. Intuitively, ergodicity means that all possible states o of the
network are connected to each other; for any two microscopic states o and
o’ there is a chain of allowed microscopic transitions that allows us to go
from o to ¢’. If we are prepared to wait long enough, the probability will
then spread out over all states, whatever initial distribution pg(o) we start
from. More formally, a Markov process is ergodic if, whatever the initial
conditions pg(o), there exists a time 7 such that

pi(0)>0 foralloandallz >+ (20.2)

For parallel dynamics (16.6) just one iteration is needed for ensuring that all
probabilities p;(a) are positive: Tps, = 1. For sequential dynamics (16.9),
at most N iterations are needed since we can reach any state from any other
by at most N spin flips, hence t4eq = N.

By repeated iteration of (20.1) one may write the solution p;(o) of
the Markov chain as p;(6) = Y » W'(6,06") po(c”), where W' denotes the
tth matrix power of the 2V x 2/ transition matrix W. If we then choose the
initial conditions po(6”") = 84 4 for some arbitrary o’ € {—1,1}", we find
pi(a) = W'(a,a’). It now follows, in view of (20.2), that an ergodic system
must obey

W'(e,6') >0 forallo,oc’andallt >t (20.3)

Here the time 7, which characterizes the minimum number of transitions
required to connect arbitrary microscopic states, is the one referred to in
(20.2). Since, in turn, property (20.2) is an immediate consequence of
(20.3), the two can be regarded as equivalent definitions of ergodicity.

Existence of a stationary distribution

Let us consider ergodic Markov processes of the type (20.1), with some
2N x 2N transition matrix W with entries W (o, 0'). Conservation of prob-
ability guarantees that the transition matrix has a left eigenvector (namely
the vector u = (1,1,...,1)) with eigenvalue one:

Zu(a)W(a,a’) = Z W(o,0') =1=u(o)

o

Now, for any finite-dimensional matrix W, the spectrum of left eigenvalues
is identical to the spectrum of right eigenvalues, since

det(W — A1) = det(W — AD)T
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We can therefore be sure that there exists also at least one non-trivial right
eigenvector ¢ with eigenvalue one, that is, with

Y W(o,0)p(0') = ¢(0) (20.4)

We next prove that for ergodic systems (20.2) there exists an eigenvector of
the type (20.4) with positive components only (since the components must
represent probabilities, we must demand they be non-negative). To do so
we first define S, So, and S_ as the sets of all system states o € {—1, 1}V
for which ¢ (o) > 0, =0, and < 0, respectively. From (20.4) we can derive,
by summation over either all 0 € S or over all 0 € S_, respectively, the
following two equations:

dod@)=> | Y W,oh)+ ) W(o,0 90|

oeSt oeSy —o’eSt o’eS_

Yop@r=> | Y W,0)p6)+ ) W(o,0)6(6")

oeS_ oeS_ “o'eSt o’eS_

or, after relabelling & — o’ on the left-hand sides,

Do|1- D W)= Y We,0)¢6) (20.5)

o’eSt oS, oeSo’eS_

D= We,a) ¢ =D D We,o)d@) (20.6)

o'eS_ - oeS_ oeS_o'eSy

By construction, all terms on the left-hand side of (20.5) are non-negative,
while those on the right-hand side are all non-positive. Similarly, all terms
on the left-hand side of (20.6) are non-positive, while those on the right-
hand side are all non-negative. It follows that both sides of both equations
(20.5, 20.6) must be zero. Let us now focus on the implications for the
left-hand sides of (20.5, 20.6), which are, respectively:

foralle’ € Sy: Z W(,0)=1

O'ES+

foralle’ e S_: Z W(e,0)=1

oeS_
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Since ), W(o,0') = 1 for any state ¢’ (probability conservation), this
statement, in turn, implies that

forallo’ € Sy, o ¢S:: W(o,0)=0

foralle’'eS_, o¢S_: W(o,6))=0

We conclude that our stochastic process allows for only two types of
transitions away from states ¢’ € Sy | J S—, namely

c'eS_—oeS_ c eSS, >oeS,

Since ¢ is a non-trivial eigenvector, we know that either S, or S_ is not
empty (or even both). Now suppose S; is not empty. Given that our sys-
tems are ergodic (20.2) and that starting from a state in S; we can never
go to a state outside S, it follows immediately that S, must then contain
all states. In other words: if ¢ has positive components, then all its com-
ponents must be positive. Similarly, if S_ is not empty, it must contain all
states: if ¢ has negative components, then all its components must be neg-
ative. Since from any solution ¢ of (20.4) with only negative components
we can obtain one with only positive components by switching ¢ — —¢
(which can then be properly normalized so that its components sum to
one), we have proven the existence of a non-trivial stationary probability
distribution.

Convergence and uniqueness

We now turn to the evolution in time of the difference ; between
two individual probability distributions p¢ and p’, which are obtained
as a result of iterating (20.1) from different initial conditions a and b.
Due to the linearity of the problem, 4, is itself again a solution
of (20.1):

Ui(@) = pi@) = pl@)  Yir1(0) =Y W(o,0 ) (0)

Thinking again of v;(a) as the components of a 2"-dimensional vector
¥, and of W(o,0a’) as the entries of a 2V x 2V matrix W, we can simply
write ¥, 11 = Wy, At all times and for all ¢ we have ¥, (o) € [—1,1],
simply because all entries W (g, 0’) represent transition probabilities. So the
sequence ¥, (t = 0,1,2,...) is bounded. Since 3_, p%(0) = Y, p’(0) = 1
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for all t > 0, we also know that

Zw,(a) =0 forallt>0 (20.7)

We will show below that lim;_, » ¥:(6) = 0 for all ¢ individually. If we
now choose pg (o) to be the stationary distribution pe(0), whose existence
we have already demonstrated, we know that p? (o) = peo(0) forall t > 0,
so that the asymptotic vanishing of v, translates into

tl_1)nc}o pi(0) = poo(e) foralle e {—1,1}" (20.8)

This holds for all solutions p; (o) of the ergodic Markov chain (20.1), since
p§ (o) could be chosen arbitrarily. This gives the desired result: the prob-
ability distribution p, (o) will converge to ps, for t — oo, from any initial
condition pg (o). The existence of more than one stationary probability dis-
tribution {pso(0)} would lead to a contradiction in (20.8), and is therefore
ruled out.

To prove that lim;_, », ¥;(6) = O for all ¢, we generalize the construction
that we employed in proving existence of a stationary distribution. We again
divide the set {—1, 1}" of all micro-states into subsets, now depending on the
sign of the components ¥, (o). However, since (in contrast to ¢) the vector
Yy is not invariant with time, these sets will here be time-dependent as well.
We define

S.(y)= all oe{-1,1}" withy (o) >0
So(y) = all o e{-1,1}V withy (o) =0

S_(y)= all oe{-1,1}¥ withy(e) <0

We define the following function of :

U =Y Iw@l= Y v@)— Y )

oeS+(¥) geS_(Y)

It is clearly bounded from below, U(y) > 0. If for ¥ we now substitute
the solution of the time evolution equation ¥, 1 = Wi, we find that U
is also decreasing monotonically with time, until a stage is reached where
U () = 0. This can be seen as follows. In any single iteration step ¥ — W1
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we have
UWy) —U)
= Y W) - > ¥
geS (W) geSL(¥)
- > W@+ Y )
oeS_(Wy) oeS_(¥)
=— > |w<a/>|[1— > W(a,a/)}
o'eSL () oEeS (W)
- Y Wpeh Y. W(,d)
o'eS_(¥) geSL(Wy)
- > |w<a/>|[1— > W(a,a@]
o'eS_(Y) geS_(Wy)
- Y Wpeh > W(e,d)
o'eS1 () oeS_(Wi)
=- > |«/f<a/>|[2 > We,eh+ Y W(a,a@]
o'eS (V) oeS_(Wy) aeSo(Wy)
- > |w<a’>|[2 > We,eh+ Y. W(G,a’)}
o'eS_(¥) oeSL(Wy) oeSo(Wy)
<0 (20.9)

Since U(y) is also bounded from below, it must tend to a limit:
limy 00 U(Ws) = Us > 0 exists. We now prove that this limit must be
Usx = 0.

Let T denote the time required for all states to be connected by an allowed
transition, in the sense of the ergodicity definition (20.3). Since our process
is assumed ergodic, we know that

IWy € (0,1): Wi(o,0") > Wo2™V forallo,o’ € {—1,1} (20.10)

The specific factor 27V will prove convenient. The inequality Wy > 0
follows directly from (20.3), whereas Wy < 1 follows by summing the
inequality (20.10) over all o for fixed ¢’. We can now repeat the above
steps leading to our expression (20.9), but now applied to the change in U
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after t iterations, viz. U(W*v) — U (). This gives simply

UW'y) U@ =— Y. |1/f(a’)|[2 Y Wi,

o’'eSL(¥) geS_(Woy)
+ 0y wf<a,a/)]— Y. @)l
aeSo(Woyr) a'eS_()

x[z Z Wi(o,0') + Z WT(G,G/)}

oS+ (W) oeSy(Woyr)

We may now use (20.10) to write

UWS) —U@) < =Wo2™ > [9(0)| [2IS- (W )| + [So(W )]

oS (¥)

W2 ST @) 21 (W] + [So (W]
gES_(Y)

From (20.7) it follows that always ZUESJr(l/f) [ (o)| = Zaesm//) |V (o) =
1U (). Therefore

UW™Y) — UW) < —WoU@)2 NIS_ (W )| + LSo(Wi )]
— WoU@)2 VIS (W )| + HSo(WF )]
— —WoU )2 VIS_ (W) [ +1S+ (W) |+ So(WT )]

=—WoU(¥)

We conclude that UW™y) < (1 — Wo)U(). Thus also UW,) <
(1 — Wo)U (¥), and (upon repeating the argument ¢ times): U(Yy;) <
(1 — Wo)*U (). Taking the limit £ — oo, together with the lower bound
U(er) > 0, gives the desired result: lim;— o U(¥;) = 0. Given defini-
tion (20.1), we can now indeed be sure that lim;_ o ¥;(0) = 0 for all
o € {—1,1}". This completes our proof. Ergodic Markov processes have
a unique stationary distribution to which they will converge from any initial
distribution over states.
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20.2 Detailed balance and interaction symmetry
Definition of detailed balance

In the previous section, we have shown that for our Markov process models
describing the operation of recurrent neural networks, there is a well-defined
and unique stationary distribution ps.(c') over the 2V possible microscopic
states o, which is reached in the limit # — oo (at fixed N). This distribution
is determined by the stationarity condition

forallo € {—1,1}": poo(o) = Z W(o,0") pool(a’)

o

While it is reassuring that ps, exists, to calculate it we would have to
solve this system of 2V linear equations for the 2V values poo(o), sub-
ject to the conditions ps(0) > 0 and ), pac(0) = 1. This seems rather a
hopeless task.

However, for some Markov processes the stationary distribution obeys
the following stronger condition:

W(o,0") poo(6') = W(o',0)poo(a) foralle,o’ € {—1,1}V  (20.11)

Such Markov processes are said to obey detailed balance, and (20.11) is
called the detailed balance condition. By summing (20.11) over all ¢/, and
using the normalization of the transition probabilities, ", W(o',0) = 1
for all o, we see that any distribution peo(6) which obeys (20.11) is
necessarily stationary; the converse is not true.

Detailed balance is a special feature which greatly simplifies the calcu-
lation of the stationary probability distribution peo(c). It states that, in
addition to the probability distribution being stationary, the latter describes
equilibrium in the sense that there is no net probability current between any
two microscopic system states ¢ and o’. A useful analogy is an electric net-
work. If we identify the nodes of this electric network with the possible
microscopic states o, and the charge at each node with the probability for
that state, then stationarity means that the currents flowing into and out of
each node add up to zero, so that there is no net current into or out of the
node. In equilibrium, that is, if we also have detailed balance, the currents
do not just add up to zero: they are actually all zero individually.

We now show that, in our model of network operation as stochastic
alignment of the spins (or neurons) o; to the local fields h;(o) given in
equation (16.3), detailed balance holds if and only if the neural interactions
are symmetric, that s, if J;; = Jj; for all neuron pairs (i, j). A slight proviso
is that for sequential dynamics there must also be no self-interactions, that s,
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Jii = 0 for all i. We consider the cases of parallel and sequential dynamics
separately.

Parallel dynamics

For parallel dynamics the transition matrix is given by (16.7) and the
detailed balance condition (20.11) becomes

’ N ’
P L@ (o) PTLAN@) (g

7 = — for all 6,0’ (20.12)
[1i21 cosh(Bh;(a")) [ 1,21 cosh(Bh; (o))

Our transition matrix (16.7) indeed describes an ergodic system, that is,
from any initial state o one can reach any final state ¢’ with nonzero prob-
ability in a finite number of steps (in this case: one). As a consequence all
stationary probabilities poo(6') must be nonzero. Without loss of generality
we can therefore put:

N
poo(0) = ePIZ1 oK@ T cosh(Bhi (a)) (20.13)
i=1

which, in combination with the definition (16.3) of the local fields #; (o),
simplifies the detailed balance condition to:

N
K(0)— K@) =Y _0i(Jij— Jj)o} foralle,o’ (20.14)
ij=1

Now, if the interactions are symmetric, the right-hand side of (20.14) is
zero, and so (20.14) can be satisfied by simply choosing K (6) = K (a con-
stant). Hence our Markov process obeys the detailed balance condition with
respect to the probability distribution

N
poo(0) = &K f T 7 [T cosh(Bhi(a)) (20.15)
i=1

and poo(0) is therefore the (unique, because of ergodicity) equilibrium dis-
tribution; the actual value of K is determined from the normalization of
Poo- Interaction symmetry implies detailed balance.

Conversely, let us assume that detailed balance holds, that is, that there
is a function K(g) obeying (20.14). If we now take a uniform average
of (20.14) over the 2V states ¢/, the right-hand side becomes zero and
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we obtain:
K(o) = (K(d'))y forallo

This implies that K must again be a constant. But then (20.14) implies

N
> 0iUij = Jjidol =0 forallo,o’
ij=1

For 2V=1 > N (or: N > 2) the vector pairs (¢,0”) span the space of all
N x N matrices and so it follows that J;; = J;; for all i, j. For N = 1, this
is automatically true (since J11 = J11).

In summary: for parallel dynamics as defined by (16.7), interaction sym-
metry implies detailed balance and vice versa. If detailed balance holds, the
equilibrium distribution is given by (20.15).

Sequential dynamics without self-interactions

Now consider the case of sequential dynamics without self-interactions;
Jii = 0 for all i. Because of the form of the transition matrix (16.13), the
detailed balance condition (20.11) is then non-trivial only if either ¢’ =
F;o for some i, or ¢’ = o. For all other state pairs (¢/,0), the transition
probabilities are zero, so both sides of (20.11) vanish. In the case where
o’ = o, the two sides are also trivially equal. Thus we only have to consider
the case ¢’ = F;o, where (20.11) simplifies to:

e_ﬂ(Fio'i)hi(Fi‘T)poo(Fio-) B e_,BUihi(O')poo(o-)

cosh(Bh;(F;o)) ~ “cosh(Bhi(a)) for all o and all i

Because of the absence of self-interactions, the local field acting on o, viz.

hi(e) =Y Jiox + v; (20.16)
ki

is independent of o;. So h;(6) = h;(F;0), and the detailed balance condition
becomes

e PioDhi(Fio) , (Fio) = e Pohi@ p (0) foralle andalli (20.17)

As discussed previously, the sequential transition matrix (16.13) describes
an ergodic system; we can get from any initial state ¢ to any desired final
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state o’ with nonzero probability in at most N iterations. Since all stationary
probabilities po (o) must therefore be nonzero, we can write:

1
Poo(0) = exp [ﬁ(z or+ 5 > ocduor + K(a))] (20.18)
k k#l

This simplifies (20.17) to
gi(Fio) =gi(o0) forallo andalli (20.19)

where

1
gi(0) = —oihi(@) + Y _ drox + 3 > owduoi + K (o)
k kAl

The detailed balance condition (20.19) requires that g; (o) be independent
of 07, so we separate off terms not involving o;. Inserting &; (o) from (20.16),
this gives

1
gi(o) =— foi Jikok + Z Okok + 5 Z .O'k-]klUl
ki ki kALl i

1 1
+ 3 Zaka,-U,- + 3 Zo'i]ilal + K (o)
ki I£i

. . 1
= terms not involving o; + 3 Zcr,-(Jki — Jir)or + K (o)
ki

The detailed balance condition (20.19) thus becomes, after cancelling all
terms that are independent of o;,

K(Fio) — K(0) =0; Z(Jk,- — Jix)or forall o and all i (20.20)
lAi

We have shown, therefore, that for sequential dynamics without self-
interactions detailed balance holds if and only if a function K (o) obeying
(20.20) exists.

We can now prove our statement that detailed balance implies interaction
symmetry and vice versa. Assume first that detailed balance holds. Since
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(20.20) is then obeyed for all o, it also holds for all Fjo (where j # i):

K(F;Fjo) — K(Fjo) =01 Y _(Ju — Jiw)Fjor
ki

=0 Z(Jki — Jir)ox — 20i(Jji — Jij)o;j
ki

Subtracting (20.20) from this, we get
K(FiFjo) — K(Fio) — K(Fjo)+ K(0) = —20;(Jji — Jij)o;

Because the left-hand side is symmetric under permutation of the pair (i, j),
so must be the right-hand side. This implies that the interactions must be
symmetric, J;; = Jj; for all (i, j), as we wanted to show.

Conversely, if the interactions are symmetric, the detailed balance con-
dition (20.20) has a trivial solution, namely K(6) = K (a constant). Thus
detailed balance holds and the corresponding equilibrium distribution is,
from (20.18),

N N
. 1
Po(0) = PE e PHO)  ith H(o) = —E Z a,-J,-jaj — Zl?,‘O'l'
ij=1 i=1
(20.21)

In summary: for sequential dynamics without self-interactions, interaction
symmetry implies detailed balance and vice versa. If detailed balance holds,
the equilibrium distribution is given by (20.21).

Sequential dynamics with self-interactions

In this final case the situation is considerably more complicated. In principle,
detailed balance may now hold for both symmetric and non-symmetric
systems. However, one can show that such cases must be pathological ones,
since only for very specific choices for the matrix elements {J;;} can the
corresponding requirements be met (e.g. in systems with self-interactions
only).

Zero noise dynamics for symmetric interactions

Let us briefly mention the special case 8 — oo where the dynamics of our
network is deterministic, at least up to the random choice of site for an
update in the sequential dynamics case. We then no longer have ergodicity,
but can still often say something about the long time (i.e. t — oo) behaviour



20.3  Equilibrium statistical mechanics: concepts, definitions

of the system, by constructing appropriate Lyapunov functions, that is,
functions of the dynamic state variables which decreases monotonically and
are bounded from below. This approach has been explored in Part I of the
book. As would be expected from our discussion of detailed balance above,
systems with symmetric interactions are the simplest, and these are indeed
the ones for which we were able to find Lyapunov functions in Section 3.2.

20.3 Equilibrium statistical mechanics: concepts,
definitions

Hamiltonians

So far we have seen that the evolution of our networks is described by
Markov processes which are ergodic, and which must therefore converge
to a unique stationary distribution peo (o) over the possible microscopic
states o. If the Markov process obeys detailed balance, which is the case
if the interactions J;; are symmetric (and if, for sequential dynamics, there
are no self-interactions), the stationary distribution represents equilibrium
and we write it as peq(0). For symmetric models we have found the form
of peq explicitly:

1
Peg(@) = — e PH (20.22)

where Z is a normalization constant (which we previously wrote as e #K),
and the function H (o) is called the Hamiltonian. For sequential dynamics,
from (20.21) we have

N N

1

H(o) = 5 2Uifij0j — Xl:z?ioi (20.23)
lj= 1=

For parallel dynamics, peq can still be written in the form (20.22), but with
a different Hamiltonian H (o), which follows from (20.15) as

N N
H(o) = — Zﬂiai — %ZIHZ cosh(Bh;(0)) (20.24)
i=1 i=1

Since here the function H (o) depends on the noise parameter B, in contrast
to (20.23) and to ‘normal’ physical systems, the function in (20.24) is in fact
usually called a pseudo-Hamiltonian.
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Partition function and free energy

In statistical mechanics, distributions of the form (20.22) are called
Boltzmann distributions. The normalization constant

7 = Ze—ﬂf“f’) (20.25)
o

is called the partition function or sum over states; the notation Z comes
from the German word for this, ‘Zustandssumme’. Statistical mechanics
was originally developed for systems of point particles obeying the laws of
classical mechanics, hence the name, and the general theory shows that the
equilibrium behaviour at temperature T = 1/B of any system is described
by a Boltzmann distribution, where the Hamiltonian represents the energy
of the system. Our Hamiltonian for sequential dynamics, equation (20.23),
is called the Ising Hamiltonian, and its first part corresponds in physics
terminology to the interaction energy between the spins, while the second
part represents the energy of the spins in an external field. The Hamiltonian
(20.24) has no equally direct interpretation as an energy.
We will mostly be interested in averages over the distribution peg:

1
{(fleq = Z f(0)peq(o) = ~Z Z f(o)e PH©

of certain observables f (o), which are simply functions of the network
state o, over the equilibrium distribution. For this purpose, it is useful to
define the free energy

F=-TlnZ= —%an (20.26)

If we can calculate F, then by taking derivatives we can also get the required
averages. This can be seen as follows. If the Hamiltonian depends on a
parameter A, then the derivative of F with respect to A is given by

oF 19z 1 _ M@ s _ [PH) 5027
or _ BZor Bz on o [,
o q

For example, if in the case of sequential dynamics we apply this relation to
A =9; and A = J;;, we obtain

oF oF
_8_1% = (Gi)eq 57 (0i0j)eq
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As an aside we note that, in the case of parallel dynamics, the averages
generated by the same derivatives are more complicated,

oF

50 = (0j)eq + (tanh(Bhi(0)))eq

oF

——— = (7 @anh(Bh; (@))eq + (0 tanh(Bhi(@))eq fori # j
oF

—— = (oj tanh(ﬁhi(a)»eq

reflecting the different structure of the Hamiltonian (20.24).

More generally, the equilibrium average of any arbitrary observable f (o)
can be obtained by adding suitable generating terms to the Hamiltonian,
taking a derivative of the free energy, and then setting the generating terms
back to zero:

. OF
H(o) — H(o) +1f(0) (f)eq:}!l_%ﬁ

While its derivatives are useful for calculating averages, the free energy
is also an interesting quantity in its own right. By averaging the rela-
tion H(o) + T'ln peq(0) = —TInZ (which holds for all o, as follows
from (20.22)) over the equilibrium distribution, one finds

F=E-TS where E = (H)eq, S=-— Zpeq(a) In peq(o) (20.28)

Here E, the average of the Hamiltonian H, is simply the (average) energy,
while § is the entropy of the equilibrium distribution, a concept which we
have encountered before in Part III of this book devoted to information
theory and its applications.*? If the Hamiltonian is independent of B, both
terms in (20.28) can be written in terms of derivatives of F with respect
to B (see Exercise 20.1):

dnZ  9(BF) Car e a20F
_ = —8ﬁ S=B(E—-F)=p % (20.29)

40 Note that the information entropy (or Shannon entropy) was defined in terms of
digital rather than natural logarithms, and thus differs from the present convention by a
factor 1/1n2.
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If we extend (20.28) and use it to define the free energy for any general
distribution p(¢) over states o,

Flp(@)]=(H)-TS
where (H) = Z p(o)H (o), S=-— Z p(o)1n p(o) (20.30)

then one also finds that the Boltzmann distribution peq(o) is the distribution
that actually minimizes F[p(ca)]. This provides an alternative interpretation
of the effect of the temperature T on the equilibrium distribution peq(0).
The entropy S has its maximal value N In2 when p(¢) = 1/2", a uniform
distribution over all states o; in this sense, minimization of the term —T7'S
in the free energy F[p(o)] favours disorder. The minimal value of S is 0,
and is achieved for a distribution p(¢) which gives nonzero probability
only to a single state o. The first term in the free energy, (H), on the other
hand, favours order: it prefers distributions p(o) which give weight only
to the states of minimum energy H (o), the so-called ground states. The
temperature T determines the tradeoff between these two contributions: for
large T, more disorder results, while for small T the entropic contribution
becomes unimportant and the tendency is to minimize the average energy.
This agrees with our earlier interpretation of T = 1/ as a noise parameter.

Constrained free energy

We can also extend the concept of a free energy to that of a so-called con-
strained free energy, in order to obtain information about the distribution
of values of observables m (o) in an equilibrium situation, rather than just
their averages. The observables we will normally be interested in are macro-
scopic in the sense that they describe the overall behaviour of the system. An
example would be the average neuron activity m(o) = N1}, 0y, whereas
the activity of an individual neuron, o;, is a microscopic observable. The
probability of m (o) taking a certain value 7 can be written as

P(m) = (§(m —m(0)))eq = Zpeq(d)r?(ﬁ’t —m(0))

using the §-distribution (see Appendix F). That this is a sensible defini-
tion can be seen from the fact that it gives the correct average of any
function f(m(0)):

/ din P () f () = / dif (8 — m(0)))eq f (1)

= </ dm §(m — m(a))f(nﬁ)> = (f(m(0)))eq

€q
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Using the Boltzmann form (20.22) of the equilibrium distribution, we can
now rewrite P(m) as

. 1 . _ Z(m) _ .
I _ BH(o) __ _ B(F(m)—F)
P(m) = 7 Ea d(m —m(o))e =— = e (20.31)

where

Z(m) = Z(S(m — m(o))e PH©@ F@m) = —T In Z ()

are the constrained partition function and free energy, respectively. We have
chosen the name ‘constrained’ here because the sum over states defining
Z () is constrained to those states o which give the correct value of m (o).

In the notation up to now, we have distinguished the observable m (o),
a function of o, from its desired value /. To make things more concise,
we will follow convention and henceforth drop the tilde on i, writ-
ing the definitions of the constrained partition function and free energy,
for example, simply as

Zm) =Y 8(m—m(@)e PH@  F(m)=—TInZ(m) (20.32)

The fact that the same symbol m is used for the observable m (o) and its
value m should not cause confusion; which one is meant is clear from
whether the function argument o is given or not. Finally, we note that
the definition (20.32) can be extended straightforwardly to a constrained
free energy that depends on the values of any finite number of observables

mi(0),...,mi(o).

Thermodynamic limit, fluctuations, and saddle point integration

As mentioned earlier, statistical mechanics focuses on the limit of large sys-
tems, N — oo. This is called the thermodynamic limit, for mainly historical
reasons. For systems of particles obeying the laws of classical mechanics, it
turns out that in this limit the free energy F, the (average) energy E = (H)¢q,
and the entropy are extensive: they are, for large N, proportional to N.
Considering the case of the energy, the underlying intuitive idea is that
there is a well-defined energy per particle, and that if we make our system
twice as large, then the total energy will simply double. More precisely, the
free energy being extensive means that the limit f = limy_ o, F/N exists,
so that for large N we can write F = N f up to terms which are negligible by
comparison, being either independent of N or increasing more slowly than
linearly with N. Such finite-size corrections are (nearly) always neglected in
statistical mechanics.
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For the models of network operation that we will consider, we will
similarly find that F, E, and S will be proportional to N in the thermo-
dynamic limit, so that we can write, for example, F = Nf. For suitable
macroscopic observables m(o), the same scaling with N applies to the
constrained free energies F (m) = Nf (m). The corresponding partition func-
tions Z = e ¥ = ¢"NBS and Z(m) = e NP/ are thus exponential in N.
From the N-dependence of F(m) = Nf(m) we can draw an important con-
clusion regarding the fluctuations of m across the equilibrium distribution.
Let us assume that m is normalized such that its range of typical values does
not depend on N, and let us consider the simplest case where f(m) has a
single (local and global) minimum at m = m*. Expanding f(m) to second
order around this minimum, we find from (20.31) that

P(m) = e NBLf(m)—f1 e—Nﬂ[f(Vn*)—f]—Nﬁf”(M*)(m—M*)z/l

This is a Gaussian distribution of width O(N~1/2)), centred on m* (the
symbol O(---) is, as always, read as ‘of the order of and indicates the
dependence on N or other variables while ignoring constant prefactors and
terms which are negligible by comparison). We see that only values of m
for which m — m* = O(1/+/N) have a significant probability of occurring.
For N — oo, the fluctuations of m vanish, m takes the value m* with
probability one, and m* is therefore also the average value of m. Hence,
in the thermodynamic limit suitably chosen macroscopic observables take
deterministic values. This is the intuitive reason why we consider this limit:
fluctuations average out and vanish for N — 00, and this makes calculations
feasible which would otherwise be impossible.

The thermodynamic limit also produces a corresponding simplification
in the calculation of the free energy. Suppose we have managed to find the
constrained free energy per neuron/spin/particle, f(m). Then, from (20.32),
the unconstrained partition function is given by

Z:/dmZ(m):/dme_Nﬁf(m)

As always, integrals without explicitly written limits run from —oo to oo;
if m cannot assume all of these values, the ‘impossible’ ones are automat-
ically excluded because they give Z(m) = 0. For large N, the integrand is
very sharply peaked around the minimum m* of f(m). Expanding to second
order around this minimum, we obtain

7~ / dm e~ NBIG™) ;= NB S ") m—m*2/2 _ ~Npfmw) |__ 27
NB f"(m*)
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and thus the free energy (per neuron) becomes

1 N o In27/Bf"(mM*)] —InN .
f——N—ﬁanNf(m)— INB — f(m™) (N — o00)
(often the thermodynamic limit N — oo is understood to be taken even
if not written explicitly). So the free energy f per neuron is simply the
value of f(m) at its minimum. We will often use this so-called ‘saddle-point
integration’ technique to calculate free energies. It applies to all integrals
with integrands which are exponential in some large parameter, and gives
the general result

1
Nli_r)noo -5 In / dx e N = min g (x) (20.33)

Such integrals can therefore be evaluated by finding the stationary points
of g(x) and selecting the one with the smallest value of g. Under suitable
conditions, this result even holds when these stationary points are in the
complex plane; the fact that stationary points of a function of a complex
variable always have the structure of a saddle point gives the technique its
name. For further discussion of the saddle point method see Appendix I.

20.4 A simple example: storing a single pattern
Reduction to calculating the density of states

To show how the above definitions and concepts of statistical mechanics
are applied in practice, let us consider a neural network with uniform
interactions J;;, no self-interactions, and zero external fields:

J
Jy=Jji=5 @#j,  9=0 (20.34)

We will see that this recipe can be thought of as storing a pattern of all +1s
(or all —1s) in the network. In physics terminology, the system defined
by (20.34) is called an ‘infinite range ferromagnet’. The name ‘infinite
range’ comes from the fact that if we imagine arranging the neurons/spins
in space, there is an interaction between them independently of how far
apart they are.

We focus on the case of sequential dynamics. Accounting for the fact
that there are no self-interactions, the relevant Ising Hamiltonian (20.23)
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can then be written as
J 5 NJ J
H(O') = —E<ZO}'O‘J‘ — ZO’,- > = —Tm (0') + 5
ij i
with the average neuron activity, or ‘magnetization’ of the spins,

1
m(o) = NZUk
k

The second term in the Hamiltonian is O(1), that is, does not scale with N,
and only gives a corresponding O(1) factor e=#//2 in the partition func-
tion and thus an additive contribution to the free energy F which is
also O(1), namely J/2. This can be neglected compared to the dominant
O(N) contribution, so we can write directly

Z =Y N @2HON  p o _Tinz (20.35)
o

The fact that the Hamiltonian depends on ¢ only through m (o) suggests the
introduction of the constrained partition function and free energy for m:

7 = /dm Z(m), Z(m)= ZeNﬂfm2<“>/2+0<1>3(m —m(a))

— NBImM*/2+0(1) Z 8(m — m(o)) (20.36)

o

Using saddle point integration, the free energy per neuron in the thermo-
dynamic limit is then

— i — _ qim L L2
f= min fm), f@m)= Nh_r)nC><> N InZ(m) = 2Jm Ts(m) (20.37)
where

s(m) = Nli_r)noo % InDm)  D@m) = Za(m —m(a)) (20.38)

From the last definition, we see that D(m) = ¢"*"™ (to leading order in N)

basically counts the number of states o with a given value of m(a). It is
therefore often called the ‘density of states’, and s(m) the (normalized) log-
density of states. Comparing (20.37) with (20.28), and noting that the first
termin f (m) isjust H (m(o))/N, apart from vanishing terms, the normalized
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Hamiltonian for the given value of m, gives an alternative interpretation of
s(m) as a constrained entropy per neuron.

Calculation of the density of states

To evaluate s(m), we use the integral representation of the §-function (see
Appendix F). We choose the integration variable in this representation as
Nx rather than x; this guarantees that we will be left with an integral which
can be evaluated by saddle point integration:

Ndx Ndx . :
S(m — m(0)) = / S Aol [ Soh e (20.39)

The point in using (20.39) is to relocate m(a) = N~ Y. o; into the expo-
nent; this gives an expression which factorizes over the different o;, so that
the sum over states can be carried out. Let us look at this idea of factoriza-
tion in more detail. Suppose we are trying to work out the sum ), f (o).
For general f (o), thisis hard. Butif f factorizes over the different o;, that s,
if f(0) = fi1(o1) x f2(02) X ... X fn(on), we can make progress. First note
that the sum over o corresponds to summing over the possible values +1
for each spin:

Yofey= > - > file) x...x fnlon)

o1=%x1 oy=%1

Now oy only appears in fy(oy), and we can therefore sum over it:

Y ofery= Y Y f1(o1>x...fo_1<aN_1)< > fN<aN>>

o1==%1 oy_1=%1 oy==1

We can repeat the same process for all other spins, oy _1,0n_2,...,01 and
get the general expression for a factorized sum

> f1(01))< > fz(Oz)) ( > fN(CTN))

o1==x1 oy=%1 ony==x1

Zfl(al)x--'fo(GN):(

or in short

S [ fiton =[] (Zﬁ(m)) (20.40)

i
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Applying this to the sum over o of (20.39) which gives us the density of
states (20.38), we have

D(m) = Z/ ]\;?Tx eiNxm—ix >0 ]\;ix eiNxm Z e—ix >ioi
o o
Ndx y . Ndx v ivo
— S eNxm ; l_[ eTX0i > e Nxm l_[ < X::H e~ 1X0 )
i i o=

Z/Ndx eiNxm[ZCOS(x)]N Z/Ndx eN[ixm-i-ancoS(x)] (20.41)
2m 2

The stationary point of the exponent is given by
im—tanx =0 = x = arctan(im) = iartanh (m)

So, upon evaluating the integral by saddle point integration and using the
relations cos(io) = cosh(a), cosh(a) = [1 —tanh? (@)]71/? and artanh (@) =
%ln[(l + a)/(1 — a)], we arrive at

s(m) = %ln D(m) = —m artanh (m) + In 2 cosh(artanh (m))

1+m 1+m 1—-—m 1—m
=-— ln( > )— 5 ln( 5 ) (20.42)

This result for the constrained entropy (or log density of states) per neuron
makes sense: to get the desired value of m, each spin o; must be +1 with
probability (1 & m)/2, and s(m) is just the entropy of a distribution over
two possible states with these probabilities (see Equation (12.3)).

Properties and interpretation of the solution

The result of our modest calculation is that the constrained free energy and
free energy are (20.37), with s(m) given by (20.42). If J < 0 (the so-called
anti-ferromagnetic case), both terms in f(m) are minimized for m = 0,
so this is the single minimum of f(m) at all T (see Figure 20.1, right).
We therefore focus now on the case of a ferromagnetic coupling, J > 0.
Here the first (energetic) term in f(m) favours large values of |m|, that is,
ordered states, while the second (entropic) term favours the most disordered
state m = 0. Correspondingly, as shown in Figure 20.1 (left), f(m) has a
single minimum at m = 0 for large T, where the entropic term is dominant,
but develops two minima as T is lowered. This is reflected in the condition
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0.5

f(m)
-0.

-0.5

Figure 20.1 The constrained free energies f(m) for the infinite-range ferromagnet
with sequential dynamics, for the ferromagnetic case J > 0 (left, J = 1) and the
anti-ferromagnetic case J < 0 (right, J/ = —1). In each graph a sequence of decreasing
temperatures T is shown from bottom to top, corresponding to increasing values of

B=1/T.
f'(m) = 0 for the stationary points of f(m). Using

s'(m) = —% In (H—_m) = —artanh (m)

1—m
one finds that the extremal condition f'(m) = 0 is equivalent to
m = tanh(8Jm) (20.43)

This equation for m is called the ‘Curie-Weiss’ equation in the context of
magnetism. As shown in Figure 20.2, it has a single solution m = 0 for large
T = 1/8, but develops three solutions for low T. The transition between
the two regimes takes place at BJ = 1. This is clear graphically by looking
at Figure 20.2. Nonzero solutions appear at the point where the graphs
of m and tanh(8Jm) have the same slope at the origin. More explicitly,
expanding the function tanh around m = 0, equation (20.43) gives

m=BJm — L(BJ)’m> + Om>)
Neglecting the higher order terms, we can write the nonzero m solutions as

m?> =3(8J — 1)/(BJ)’
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1 /V
BJ>1 ///
0.5+ pJ=1 7 BJ<1 :
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tanh(8Jm)
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Figure 20.2 Graphical solution of the Curie-Weiss equation (20.43), viz. m = tanh(8Jm).
Solid lines show the function tanh(8Jm) for different values of 8J. Dashed: the diagonal
which this function must intersect. For 8J < 1, m = 0 is the only solution; for larger values
of BJ, there are two additional solutions mg and —mg.

We find two nonzero solutions for 8J > 1. For BJ close to (and above) 1
these are, to leading order in 8J — 1, given by

m==+J/3J — 1)+

Denoting the transition (or ‘critical’) temperature by T, = 1/8. = J, and
expanding BJ — 1= - T)/T ~ (J —T)/J = (T, — T)/T, to leading
order in T, — T, this can also be written in the more conventional form

m=+3(T. — T)/T.

Thus, the magnetization, or average neuron activity, has (initially) a square-
root dependence on the deviation of T from T, for T < T,. For T > T,, on
the other hand, the above analysis suggests that the only stationary point
of f(m), that is, the only solution of the Curie-Weiss equation (20.43),
is m = 0. This can also be shown more rigorously, by using the relation
dtanh(z)/dz =1 — tanhz(z) to write

z]
[tanh(z)| = tanh(|z|) = / dz'[1 — tanh?(z)] < |z| (20.44)
0
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(which is obvious graphically; see Figure 20.2). If m is a solution of the
Curie-Weiss equation, this gives

Im| = |tanh (BJm)| < BJ |m|

which for 8J < 1 (i.e. for T > T,) is possible only for m = 0, as claimed.

Finally, we note that (20.43) has a simple intuitive interpretation. If spin i
is updated at time ¢, then from our basic update equation (16.2) its value
at time ¢ + 1 is on average

(oi(t + 1)) = tanh(Bh;(a (1))) (20.45)

In equilibrium, both sides must be equal on average because the probability
distribution over states is stationary, so

(0i)eq = (tanh(Bh;(0)))eq (20.46)

For our choice of interactions (20.34), the local fields are

hi(o) = %;01 = Jm(o) + O(1/N) (20.47)
VE:)

and we recognize equation (20.43) simply as the average of (20.46) over i.

20.5 Phase transitions and ergodicity breaking
Ergodicity breaking for sequential dynamics

Let us consider in more detail the equilibrium distribution of the mag-
netization m in the above example of the long-range ferromagnet, again
with J > 0. For T > T, = J, the function f(m) has a single minimum.
Hence P(m) ~ exp(—Npf(m)) has a single maximum at m = m* = 0;
because this maximum is very sharp, of width O(1/+/N), we also have
(m(g))eq = m* = 0. The same conclusion can be reached using the
relation (20.27) to find this average. We replace

H(a):—%]mz(a) +01) > —%sz(a) + Nam(o) + O(1) (20.48)

where the factor N in front of the extra term ensures that it is O(N), and
will remain relevant in the thermodynamic limit compared to the first term.
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This replacement is seen to carry through to the constrained free energy
(per neuron/spin), which becomes

fm;n) = —3Jm* + am — Ts(m) (20.49)

This new function will have a minimum at some m* (1), which then gives
the free energy per neuron

f) = H’lnin fm;a) = f(m*(A); 1)
Applying (20.27) we now have

INFO) _ [aH\ _af)
ETN _<3)\ >eq—N<m(U)>eq = <m(0)>eq— %

where all derivatives are to be evaluated at A = 0 if we wish to return to
our original model. The chain rule gives

af() _afm*(;a) d af(m*(A); 1)

oA om da oA
The first term on the right-hand side is zero due to the stationarity condition
for the free energy, 9 f(m;1)/dm = 0 at m = m*()). In the second term
we may use d f (m;1)/dA = m, so that altogether

(m(0))eq = m* (k) (20.50)

Evaluating this at A = 0 indeed gives (m(0))eq = m*, as before.

Now consider the regime T < T,. Here the constrained free energy f(m)
has two distinct minima m* = £mg, where mg is the positive solution
of the stationarity condition (20.43). Hence P(m) ~ exp(—Np f(m)) has
two narrow peaks at those two values. However, because of the symmetry
m — —m of f(m), P(m) is likewise symmetric about the origin, so the
average value of m(o) is

(m(0))eq =0 (20.51)

What is the meaning of this average over the two peaks of P(m)? Let us
return to the beginning of our analysis: the equilibrium distribution peq (o)
over network states ¢ is the unique stationary distribution to which any net-
work of fixed size N will converge if we wait long enough. The distribution
P(m), derived from peq(a), tells us which values of m we would observe
if we monitored the operation of such a network, once it has reached its
stationary state. Mostly, m would be close to +mg, but over time it could
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and would flip between these two values, giving on average (m(0))eq = 0.
Our analysis leading to (20.51) thus corresponds to taking the infinite time
limit # — oo first, and then the thermodynamic limit N — oo of large
system size.

How relevant is this order of taking the limits in practice? This depends
on how long we would have to wait to see the network flip between the two
preferred values of m (o). It turns out that this time is generically exponential
in N. This follows from the exponential form of P(m) ~ exp(—=NB f(m)):
to go from m = +mg to m = —mg, the system has to pass through the
exponentially unlikely values of m in between; we therefore have to wait
for an exponentially long time for this transition to occur by chance. But
this means that, even for moderate values of N (N = 1000, say) we will
in practice never see such transitions, because we would have to wait for
an astronomically long time: 1990 ~ 10400 which even if we set our time
unit to 10~15 s, say (the order of the fastest atomic processes) is still unima-
ginably much longer than the age of the universe.*! The network will thus
get stuck in one of the two preferred values of m at long but not exponen-
tially long times . For N — oo at fixed 7 it will do so with probability
one. The parts of the equilibrium distribution associated with the oppos-
ite value of m (o) are effectively inaccessible on such timescales: ergodicity
is broken by the limit N — oo, and the system can only explore part of
its phase space. Formally, to see this ergodicity breaking, we have taken
N — oo first and then t — oo; the above discussion shows that this limit
is the one that is relevant for the behaviour of large networks on practical
timescales.

For T < T, and in the thermodynamic limit N — oo, we have seen
that m (o) will converge to either +mg or —mg at long times; which one of
these will depend on the initial conditions. This is entirely consistent with
our dynamical analysis in Chapter 16, where we showed that for N — oo
and sequential dynamics, m evolves in time according to the deterministic
equation

%m = tanh(BJm) —m (20.52)

which indeed has as its stable fixed points exactly m* = +mg. These two
values of m are associated with different ergodic sectors or components
into which phase space is split, and correspond to the different local minima
of f(m). If we plot the equilibrium value of m as a function of T, it bifurcates
at T = T, into the two different values in the low temperature regime. We
have what is called a phase transition from a ‘paramagnetic’ (disordered,
m = 0) phase at high T to a ‘ferromagnetic’ (ordered) phase with m # 0 at

41 According to the latest estimates the age of the universe is about 13.7x10%y ~ 4x 1017 s.
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low T. The fact that the transition of m from zero to nonzero values indicates
the onset of order justifies our use of the term order parameter for m. Trans-
itions where the order parameter is a continuous function of T are called
second order, while those with a discontinuous jump of the order parameter
are called first order. For T — 0 (i.e. B — o0), m converges to *1; this is
clear from the Curie-Weiss equation (20.43), with tanh(8Jm) — sgn(m).
It also agrees with our general discussion in Section 20.3: at zero temperat-
ure, the equilibrium distribution pq only gives weight to the ground states
o which minimize the Hamiltonian H (o). For our present model, because
H(o) = —NJm?%(0)/2 + O(1), these are the states with m(¢) = +1, that
is, where either o; = +1 for all i, or 0; = —1 for all i. These states are
also called attractors: the network is ‘attracted’ to one of them (depending,
again, on the initial conditions) in the long time limit (at 7 = 0).

As an aside, we note that in the present case the method of calculat-
ing averages using the trick (20.27) can also give us information about
ergodicity breaking. The relation (20.50),

(m(0))eq = m* (1)

still holds, but now the limit A — 0 is no longer unique. For A < 0, the
minimum of f(m;1) (equation (20.49)) is located at a positive value of m,
while for A > 0 it is at a negative value, so

m*(A — 07) = +mg m*(h — 01) = —mg

and we recover precisely the averages of m(o) in the two ergodic sectors.
The special feature that causes the ergodicity breaking to show up in the
limit A — 0 is the fact that both ergodic components (local minima of f(m))
have the same free energy; any infinitesimal A is sufficient to select between
these two degenerate minima. The same would not happen for local minima
with different values of f(m); but these would still locate ergodic sectors of
phase space in which the system would be trapped in the thermodynamic
limit.

Ergodicity breaking for parallel dynamics

The general approach to the analysis of the infinite-range ferromagnet
(20.34) with parallel dynamics is very similar to that for sequential dynam-
ics. For the case of ferromagnetic couplings (J > 0), we will see that
also the results are identical; for J < 0, there are some subtle differences.
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Using (20.47), the pseudo-Hamiltonian (20.24) becomes

N
H(g) = —% Zancosh(,BJm(a) — BJoi/N)
i=1

= —NT In2cosh(BJm(c)) + O(1)

Going through exactly the same steps as for the sequential case, we then
find the constrained free energy (per neuron or spin) as a function of
magnetization m:

f(m) = —TIn2cosh(BJm) — Ts(m)

and the free energy f = min,, f(m). The stationary (saddle point) condition
f'(m) = 0 now gives

m = tanh(8J tanh(BJm)) (20.53)

The solutions of this equation again obey a Curie-Weiss law. This can be
seen as follows. The definition 7 = tanh(8|J|m) transforms (20.53) into

m = tanh(B|J|m) M = tanh(B|J|m)
from which one derives
0 < (m — m)* = (m — )[tanh(B|J ) — tanh(B|J|m)] < 0
This immediately implies that m = m, so
m = tanh(B|J|m) (20.54)

For J > 0, we therefore have the same results as for sequential dynamics:
a phase transition occurs at 7, = J, from a paramagnetic phase m = 0
to a ferromagnetic phase where phase space is broken into two ergodic
components with the values m = +mg.

For J < 0, there are differences. Whereas in the sequential case we found
m = 0 for all T, for parallel dynamics the behaviour is the same as for J > 0
(because f(m) depends only on |J|), with m = £mg for T < T,. Here mpg is
the positive solution of m = tanh(8|J|m). This can be understood from the
different dynamics. In the sequential case, equation (20.52) shows that, for
J < 0, the system is always driven towards the fixed point m = 0. In the
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parallel case, on the other hand, we know that (for N — oo, as usual) m(z)
evolves according to

m(t + 1) = tanh(BJm (1)) (20.55)

(see Section 16.3). For J/ < 0and T < |J|, m(¢) will now approach the limit
cycle m(t) = mg(—1)', or its twin brother m(t) = —mg(—1)". Ergodicity
breaking manifests itself in the fact that only one these two limit cycles is
chosen. For large but finite N, on the other hand, if we were prepared to
wait for very long times, we would occasionally see transitions between the
two cycles. As a consequence, at any given (long) time ¢, we could only
predict that m would be close to either +mg or —mg, but not which one.

Stepping back—the general strategy

The analysis of the infinite-range ferromagnet in the previous sections shows
the general ingredients of a statistical mechanics analysis of equilibrium
network operation. One first finds the Hamiltonian for a given choice of
interactions J;; and external fields ©;, which will often (but not always)
be expressible in terms of a finite number of order parameters. One then
introduces the density of states for these order parameters, and calculates
it using integral representations for the delta functions constraining the
order parameters to their required values. The log-density of states gives
the constrained entropy, and combining this with the known Hamiltonian
gives the constrained free energy. One then locates the local minima of
the constrained free energy. For N — oo, the system will stay in one of
the ergodic components of phase space (which one is determined by the
initial condition) which these local minima represent. The values of the
order parameters at these local minima are those that will be observed in
the limit of long but not exponentially long times. On exponentially long
timescales, on the other hand, the system would equilibrate fully. Only the
lowest (global) minimum of the constrained free energy would then remain
relevant, and this would determine the so-called ‘thermodynamic’ value of
the unconstrained free energy f.

20.6 Exercises

Exercise 20.1. (Completion of proofs.) Derive the expressions (20.29) for
energy and entropy in terms of temperature derivatives of the free energy,
starting from the definition of the partition function and for a generic
(B-independent) Hamiltonian. Prove that F[p(o)] of (20.30) is minimized
when p(o) takes the Boltzmann form; you will need a Lagrange multiplier to
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enforce the constraint that )", p(o) = 1. Fill in the details of the calculation
of s(m), equation (20.42), for the infinite-range ferromagnet. Show that
s'(m) = — artanh (m).

Exercise 20.2. (Parallel dynamics Hamiltonian and partition function.)
Consider the parallel dynamics process (20.1, 16.7), with symmetric inter-
actions {J;;}. Show also that limg_, o, H(0) = L(0'), where the Hamiltonian
is given by (20.24) and L(o) denotes the zero noise Lyapunov function
(3.8) of the parallel dynamics. Show that the partition function Z =
Y o €xp(—BH (o)) can also be written as

1Y 1
Z =ZZexp|:—,B<— 5 Zaijijq;' - 5 ZC’;J!’J‘UJ'
o o’/

ij=1 ij=1
N N
_ Z Vio; — Z 191-0[>:|
i=1 i=1

Exercise 20.3. (Parallel dynamics Hopfield model with p = 1.) Con-

sider the parallel dynamics process (20.1, 16.7). For a given state

o at time 7, denote averages over the state o’ at time ¢ + 1 by

(f(a")) =3 f(6)W(a',0). Show that (o/) = tanh(Bh;(0)); this is equa-

tion (20.45), which also holds for sequential dynamics when neuron i is the
! !

one chosen for the update. Derive the analogous result for (o/07}). Apply

these results to the overlap m(o) = N~ 3N | &0; of the state o with a
pattern & = (£1,...&y) € {—1,1}", in order to find (m(a’)), (m*(a’)) and
the variance (m2(¢”)) — [(m(a”))]*. Show that the latter is less than N 1.

Consider now the Hopfield model with p = 1, which has J;; = (J/N)&;§;
and ¢; = 0. This is essentially the infinite-range ferromagnet covered in
this chapter, up to the transformation o; — &;0;. Use your earlier results to
show that, for N — oo, m evolves deterministically according tom(r +1) =
tanh[BJm(¢)]; this is (20.55). Depending on the sign and modulus of 8J,
work out the implications for the time evolution of m(¢), particularly at
long times .

The same method can also be used to analyse the dynamics of simple
models that do not have detailed balance. Consider, for example, J;; =

N_lv,-&‘j, ¥; = 0, with v; € {—1,1}, and derive the evolution equa-
tion for m(¢) in this case. (Hint: The v; should appear only through
the parameter « = N~1Y"; v;&.) Compare your results with those in

Chapter 16, in particular to (16.44) and its analogue for sequential
dynamics, equations (16.23, 16.24).

Exercise 20.4. (Combinatorial derivation of density of states.) An altern-
ative derivation of s(m) can be given using some combinatorics. To carry
out the sum over states o in the partition function (20.35) we have to count
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how many states there are for each possible value of m (o). For finite N, we
can write m(o) = 2n/N — 1, where n is the number of spins which are in
state +1. The number of states with a given n is just a binomial coefficient,

and so
N N 2
7 — E NBJ(2n/N—-1)=/24+0O(1)
. ( n) ¢
n=

Write the binomial coefficient in terms of factorials, and use the Stirling
approximation (see next exercise) to show that, for large N,

1 N
N In ( I’l> = S(m)|m=2n/N71

where s(m) is the constrained entropy as calculated previously in (20.42).
Insert this into the previous result for Z and convert the sum over n into an
integral over m = 2n/N — 1, which is justified for N — oco. Show that

1
7 =/ dm eN[,BJmZ/Z-‘rs(m)]
-1

up to factors that only make a negligible contribution to N~!In Z in the
limit N — oo. Finally, derive equation (20.37) by saddle point integration.

Exercise 20.5. (Stirling’s formula.) The Stirling approximation is an
approximation for large factorials,

K\ K
k'~ ~2mk (Z) (k — o0)
This holds asymptotically, in the sense that the relative error of the approx-
imation goes to zero for k — oo (in other words, the ratio of the left-
and right-hand side tends to one). Test the quality of the approximation
for a few values of k; you should find reasonable agreement for k > 12
or so. Then derive it, as follows. The factorial can be written in terms of
the Gamma-function integral:

o0
K=Tk+1) = / dx xke™
0

You can show this by induction, using integration by parts for the induction
step. By a change of integration variable to y = x/k, find

00
k! = k1 / dy ek(lny—y)
0
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Expand the exponent around its maximum, to second order. With this
approximation, and extending the integration range to y € R (why is this
justified?), you are left with an integral which should give you the desired
result.

Exercise 20.6. (Solution by Gaussian linearization.) Another way of solving
the infinite-range ferromagnet and similar models is via so-called Gaussian
linearization, which applies when the Hamiltonian is quadratic in one or
more order parameters. First add a generating term A ) ; 0; = NAm(o) to
the Hamiltonian, as in (20.48), to deduce the average value of m (o) later.
This gives for (20.35)

7 — ZeﬁJ(Z[ 0 /2N—BLY; 0;+0(1)

o

Now use

dz 292 2 2
/ e~ 1207 pxz _ X702
V2mwo?

to write Z as

3 e~ N /2B +@=pM) ¥, 0i+O(1)

Z—/ dz
~J J27BI/N %

Note that the scaling of the variance o2 = 8J/N with N has been chosen
such that both terms in the exponent are of order N. The sum over states
now factorizes over the different i and you should get

S, / L o~ Nz?/2BJ+N In2 cosh(z—p2)+O(1) (20.56)
27BJ/N

Then show by saddle point integration that

—tim F o mind T 7102 cosh(z — p1)
J= N =gy T Tinzcoshe—p

Show that at A = 0, the saddle point condition for z is
z = BJ tanh(z) (20.57)

Differentiate f with respect to A at A = 0, and show that (m(0))eq =
tanh(z), and hence that (20.57) is equivalent to the Curie~Weiss law (20.43).

Exercise 20.7. (Ergodicity breaking in networks with parallel dynamics.)
Consider the infinite-range ferromagnet with parallel dynamics. Consider
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the probability W (o, a) that the system will be in state ¢’ at time 7 + 1 if
it was in state o at time ¢. Anticipating that this will depend exponentially
on N, define

1
wparticular(a/a o) = N InW(o',0)

and show that, for large N, the right-hand side depends on the new state
o’ and the previous state ¢ only through their respective magnetizations
m' =m(c’) and m = m(o). You should find

wparticular(a/aa) = —BJmm’ +1In2 cosh(BJm)

As suggested by the subscript, exp(—Nwparticular (0”5 0)) gives the probab-
ility of landing in any particular state o’ with magnetization m’ at time
t + 1. If we want the probability of landing in any state with magnetiza-
tion m’, we have to multiply with the number of states with that particular
magnetization, which is (see Exercise 20.4)

N ~ Ns@m')
(N(l + m/)/z) ~e (V=00

Terms which are not exponential in N have been neglected on the right-
hand side, as usual. Show that for large N the probability of landing in a
state with magnetization m’ at time ¢ + 1, given that the magnetization at
time ¢t was m, 1s

e Nwe'm)wich  w(m',m) = —s(m’) — BJmm’ + In 2 cosh(BJm)

It follows that for N — oo only values of m’ for which w(m’, m) is minimal
have a significant probability of occurring at time 7 + 1. Determine where
this minimum is, by differentiating with respect to m’. Hence confirm that,
in the thermodynamic limit, the magnetization follows the deterministic
evolution equation

m' = tanh(BJm) (20.58)

as stated in equation (20.55). Specialize to J > 0 now. Iterate the evolu-
tion equation (20.58) numerically, starting from different starting values
of m. For large temperature (small 8), you should observe convergence to
m = 0, whatever the initial conditions. For larger 8 > 1/J, you should see
convergence to one of two nonzero values of m, depending on the initial
condition. What determines which of the two values you converge to, and
why do the limiting values of m satisfy the Curie-Weiss law (20.43)?

For large B, the limiting value of m depends on the initial conditions
(ergodicity breaking). Let us try to understand how this is linked to the ther-
modynamic limit N — oo. Call mg the positive solution of the Curie—Weiss
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equation (20.43) (for J > 0, and B > 1/J). Assume we are initially in a
state with magnetization m = mg. What is the probability of being in a
state with m" = —mg, the other (stable) solution of the Curie-Weiss law,
at the next time step, for large but finite N? The inverse of this probab-
ility gives us an estimate for the number of time steps one would have to
wait to actually see this transition. Confirm that for large N, we have to
wait an exponentially long time for the system to become ergodic, that is,
for it to explore the whole of its phase space. Choose some reasonable
values for 8 and J and calculate how many time steps we would need to
wait for N = 100, 1000, 10000. Explain why the strict ergodicity break-
ing described by the thermodynamic limit N — oo really is relevant for
describing the behaviour of large, but not necessarily enormous, systems
on realistic timescales.
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Network operation:
equilibrium analysis

In this chapter we restrict ourselves to networks which obey detailed
balance, so that we know the equilibrium probability distribution and
equilibrium statistical mechanics applies. We will only consider the case
of sequential dynamics; the results for parallel dynamics can be derived
along very similar lines, and are largely identical. To have detailed bal-
ance, we thus assume that the interaction matrix J;; is symmetric and that
there are no self-interactions (J;; = 0 for all ;). We will study in detail the
Hopfield model, which is the archetypical model for describing the function-
ing of symmetric neural networks as associative memories. The basic ideas
behind such systems, based on the creation of attractors in the microscopic
state space, was introduced and illustrated already in Section 3.3.

To make the connection with the models and preliminary analyses in
Section 3.3 more explicit, and re-phrase them in equilibrium statistical
mechanical terms, let us return to the early example (3.16), where a single
pattern & € {—1,1}" was stored in an infinite-range network, via

1
Jij = && G #D)s Ji=0,  0;=0 (21.1)

The Ising Hamiltonian (20.23) for this system is seen to be

1< Al N (1 21
H(0)=_§Z(7i]ij5j—zﬁi0i=—E<N25i0i> +3
i=1 i

ij=1

It is essentially the same as that of the infinite-range ferromagnet of
Section 20.4, up to the so-called gauge transformation o; — §&o;. Its
ground states are those for which N™! 3", &0; = £1; this requires either
o =& oro = —&. At T = 0, that is, in the noise-free limit, the equi-
librium distribution peq(0) will assign probability % to each of these two
states. Due to ergodicity breaking, the network will then converge to one of
these two states, dependent on the initial condition. For this simple model,
and for T = 0 only, the same conclusion could also be reached using the
Lyapunov function of Section 3.2. Below we will apply the more powerful
tools of equilibrium statistical mechanics to the more complicated attractor-
based recurrent neural network models, for which the simpler methods of
Section 3.3 would no longer be inadequate.
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21.1 Hopfield model with finite number of patterns
Definition

The Hopfield model is obtained by generalizing the recipe (21.1) to the case
of an arbitrary number p of patterns:

1 p
Jj= 2 8 %i=0 (21.2)
n=1

For now we consider the case where the number of patterns p remains finite
in the thermodynamic limit N — oo, so that p/N — 0. The case of extens-
ive p, where p = Na, is more complicated and is left for later. Remembering
that there are no self-interactions, the Ising Hamiltonian (20.23) can then
be written as

p p
H(o) = —% Y oitloEl + % PN AGES

N, 1
=—§Zmu(")+§1’ (21.3)
n=1
with the pattern overlaps
1 X
mu(o) = > gl (21.4)
i=1

Each of these p overlaps measures the resemblance between the current
microscopic network state ¢ and one particular pattern.

Free energy and saddle point equations

The partition function and free energy are, by definition,

7 = Ze—/‘“’(”) F=-TIlnZ
o

The Hamiltonian depends on o only through the pattern overlaps m,,
so we choose these as our order parameters and define the correspond-
ing constrained partition function. Introducing the shorthand notation
m = (mi,...,mp),and discarding the O(1) term p/2 from the Hamiltonian,
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we have
- /dm Zm)  Z(m) = NPM /2 D(m) (21.5)

with the density of states:

D(m) = Za (m — m(c))

Note that the §-function occurring here is a p-dimensional one, that is, a
product of p ordinary §-functions:

p
§(m—m(0)) =[] 80m, —mu(o))
n=1
So we also need p integration variables x = (x1,...,x,) to represent these

d-functions as integrals. As usual, these are scaled such as to produce
extensive terms in the exponent. Writing &; = (Sil, cevs Eip ), we have

D(m) = (l)p/dx eNxm Ze_iZzNzlf’iSi'x
\2n
N \7?
= (E) /dx exp(N[ix -m + (In2cos (§ - x))¢])

with the abbreviation
1 N
(@) = D _g(&) (21.6)
i=1

The log-density of states, that is, the constrained entropy, can now be
evaluated by saddle point integration:

s(m) = extry s(m,x) s(m,x) =ix -m+ (In2cos (£ -x))g (21.7)

From (21.5), the free energy (per neuron/spin) is then

f=— lim —ln/dm e NBSm) — m1n f(m) (21.8)

N—oo N

with the constrained free energy

f(m) = ——m — Ts(m) (21.9)
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To identify the ergodic components, we need to find the stationary points
of f(m), which are given by the conditions

afom) _

omy,

ds(m)
omy, o

my

0 (u=1,...,p) (21.10)

Finding the derivative ds(m)/dm, may seem difficult at first because the
saddle point condition for the x,, viz.

ais(m,x) =0 = im=(§tan(§ - x))¢ (21.11)

Xu
cannot be solved explicitly for x. But this is not actually a problem, as can
be seen by an argument similar to the one that lead us to (20.50). If we
write the solution of (21.11) as x(m), then s(m) = s(m, x(m)) and

ds(m) z”: ds(m,x(m)) dx,(m) N ds(m,x(m))

omy, 9xy omy, om,

v=1
ds(m,x(m)) .
= ———— =ix,
omy,
The terms with the unknown derivatives dx,(m)/dm, do not contribute,
because of the saddle point condition for x. Inserting this into (21.10), we

see that the conditions for a stationary point of f(m) are
x =18m im = (§tan (§ - x));¢ (21.12)
These are equivalent to x = ifm and
m = (§ tanh (B§ - m))¢ (21.13)

The saddle point value of x is purely imaginary, as was the case for
the infinite-range ferromagnet of Section 20.4. We refer to (21.13)
as the saddle point equation for the order parameters m; the alternative
name ‘stationarity condition’ is less common.

As far as the derivation of saddle point equations is concerned, the above
analysis illustrates a general point. It does not matter whether we find our
saddle point equations in different stages for different subsets of variables—
as done above: we first found the saddle point condition for x, inserted the
solution x (m) into s(m, x), and then worked out the saddle point condition
for m—or for all variables simultaneously. Indeed, equation (21.12) is what
we would have obtained if we had looked directly for the extrema of

fm,x) = —im* — Ts(m, x) (21.14)

with respect to x and m.
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Yet another method for obtaining the saddle point equation (21.13) for
m is to use x = iBm to eliminate the so-called ‘conjugate order parameters’
x from f(m,x). Using (21.7), this gives

f(m) = tm* — T(In2 cosh (B - m))¢ (21.15)

The notation f(m) is meant to emphasize that, for general m, this is zot the
constrained free energy f(m), equation (21.9), because we have incorrectly
used the saddle point conditions for m rather than those for x to eliminate x.
Nevertheless, at a saddle point m of the true constrained free energy f
(where x = iBm from (21.12)), we do have f(m) = f(m). Moreover,
by differentiating (21.15) we see that the stationary points of f(m) obey
(21.13). So f and f have identical saddle points. This conclusion can be
checked more generally, and in summary we can state: one is allowed to
use the ‘wrong’ saddle point conditions to eliminate the conjugate order
parameters, as long as one bears in mind that the resulting function only
has physical significance (as a constrained free energy) at its saddle points.
We will call f the ‘pseudo-free energy’.

The rest of the programme from here on is clear: we need to find the
solutions of the saddle point equation (21.13) as a function of temperature
T, and then check whether they are stable in the sense that they are local
minima of f(m).

Self-averaging

Before we proceed, however, let us emphasize another important property
of the free energy given by equations (21.7-21.9) and of the corresponding
saddle point equation (21.13). Both depend on the patterns to be stored
only through the statistics of the &, = (Sil, .. ,fip ), as already suggested
by the notation (21.6). Each of the N vectors &; can only take on a finite
number of values (namely 27), so the average (g(§))¢ is simply an average
over these values, weighted by their relative frequencies.

Let us now assume that the p patterns are drawn randomly and independ-
ently from some distribution. The simplest case, on which we focus in the
following, is that where this distribution is uniform over all the 2V possible
patterns. Each of the N pattern bits £ of a given pattern 4 then takes on its
two different values +1 with equal probability. For a given sample of p such
patterns, we can then simply go through the list of the {§;} fori = 1,..., N,
and count the relative frequencies of the 27 different values that they can
have. Because of the assumed pattern distributions, these relative frequen-
cies should all be roughly equal, but for finite N, there will be deviations
from this depending on the details of the sample. However, for N — 00 and
by the definition of probability as the limit of a frequency count, all relative
frequencies will become exactly equal with probability one, independently
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of the particular sample of patterns. Since only these relative frequencies
affect the value of the free energy and the saddle point equations derived
from it, we conclude that the free energy is self-averaging in the thermo-
dynamic limit: it only depends on the distribution of patterns, but not on
which particular set of patterns we have sampled from this distribution.

This property will be crucial when we extend the analysis of the Hopfield
model to an extensive number of patterns. It is then no longer possible
to calculate the free energy for a given set of patterns as we have done
above; but an average over all sets of patterns from a given distribution can
be calculated. Self-averaging guarantees that this average gives meaningful
results: the average free energy is the same as that for any particular set of
patterns, with probability one in the thermodynamic limit.

A note on terminology is in order here. Because the patterns are random
samples from some distribution, they are often thought of as ‘disorder’
affecting the operation of the network. This disorder is imposed from the
outside onto the network, and remains fixed while it operates. For this
reason, it is more specifically referred to as ‘quenched disorder’ (quenching a
molten metal essentially means freezing it, and thus fixing its structure). The
average over patterns is therefore also called ‘quenched average’ or ‘disorder
average’. This kind of disorder is to be distinguished from the ‘annealed’ or
‘thermal’ disorder that we have already encountered in the operation of a
network (the stochasticity in the evolving microscopic variables), for fixed
patterns and hence interactions.

Analysis of saddle point equations: mixture states

As explained above, for randomly drawn patterns all possible values of the
&, have the same relative frequencies; this applies with probability one in
the limit N — oo, whatever the particular set of patterns chosen. So we can
evaluate the averages over the {&;} simply as

(g®)e=27" Y g

(-1

In particular,

(%ﬁ)é =0 (Suéu)& = (Suv (21-16)

The average over a product of two pattern bits is nonzero only when p = v,
in which case we get “;‘i = 1. Similarly, for a product of four bits the average
equals one if we can pair up the indices into two pairs or if all four are equal,
giving

(éugvgp%-A)& = Suv8pk + 5up8vk + 8;M5vp - zauvfsvpfspk (2117)
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The last term here prevents us from over-counting in the case where all
four indices are equal. As for the infinite-range ferromagnet, we suspect
that nonzero solutions m of the saddle point equation (21.13) will bifurcate
continuously from the trivial solution m = 0, as we lower the temperature.

We first establish an upper bound for the temperature T = 1/8 at which
this bifurcation occurs. Taking the scalar product of (21.13) with m and
using the inequality | tanh(z)| < |z| (equation (20.44)) together with (21.16)
gives

= ((& - m) tanh(B& - m))g = (& - m|| tanh(BE - m)|)
< BUE-m))g =By mumy(EE)e = pm* (21.18)
jay

which for 8 < 1is possible only for m = 0. So for T > 1 the only solution of
(21.13) is the paramagnetic state m = 0. To find the bifurcation of nonzero
solutions at T = 1, we expand (21.13) for small |m| in powersof T = 8 —1
and use (21.16,21.17):

my, = Zﬂ Eubu)gmy — —ﬁ 3N (EukugoEaemomomy + O(m)

VPA

={1+1)my, +mu( m? + imﬂ) + Om’,tm>)

In the second line, we have anticipated that the values of the {m,} will be
O(x1/2) for small 7, so thatin 83 = (1 4+ 1)3 =1+ 37 +--- we only need
to keep the leading term; the first neglected term is (’)(tm3) and thus of the
same order as the O(m>) terms that we are discarding anyway. Neglecting
now all the higher order terms, we have

my (T — m* + %mz) 0
which gives, for each u:

m,=0 or 0=1—m? —I—%m2

The solutions are of the form m, € {—a,0,a}, with a = \/3(m? —1)/2.
If we denote by n the number of nonzero components in the vector m, we
have therefore m? = na?. Thus a? = 3 (m —)=3 (na2 — 1), from which

we find a = /37/(3n — 2) and so

3 1/2
m, =0 or mu«:i<3n_2> /2
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This confirms the anticipated t'/? scaling. The above saddle points are
called mixture states, since they correspond to microscopic network states
that are correlated equally with a finite number n of the stored patterns
(or their negatives). Without loss of generality we can always perform
transformations on the set of stored patterns (permutations and reflections
& — —E&M) such that these mixture states acquire the form

n times p-n times

PN — 1/2
m=m,(,...,1,0,...,0) mn=<3—2) (13_1)1/2_’_'“
n_

(21.19)

With a more complicated dependence of m, = m,(T) on temperature T,
these states are in fact valid saddle points at any T < 1, as can be verified by
substitution of (21.19) as an ansatz into (21.13). By setting M = ) _, &,
we then find that (21.13) reduces to -

u=n: my=(§ tanh(ﬁmnM»E

(21.20)
w>n: 0= (& tanh(Bm,M))g

The second equation is automatically satisfied since &, only appears outside
the tanh. The first equation leads to a condition determining the amplitude
m,, of the mixture states:

My = 1(M tanh(Bm, M))g (21.21)
n

The corresponding values of the (pseudo-) free energy f(m) (equation
(21.15)), to be denoted by f;,, are

fu = tnm? — T (In2 cosh(Bm, M))¢ (21.22)

As explained at the end of Section 21.1, because we are considering saddle
points, f(m) actually gives the true constrained free energy. This is why we
are allowed to omit the tilde on f,.

Stability of saddle points

The relevant question at this stage is whether the saddle points found
above are stable in the sense that they correspond to local minima of the
constrained free energy f(m). To check this, we need to find the matrix
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of second derivatives of f(m) at the saddle points and check whether it
is positive definite. The procedure is slightly complicated because of the
dependence of the saddle point values of x on m which we only know
implicitly. Fortunately, however, it turns out in this case (and many others)
that saddle points which are local minima of f(m) are also local minima
of the pseudo-free energy f(m). So we can consider the matrix of second
derivatives of f, as given by (21.15):

2 f

amuom, Suv — BlEuEL[1 — tanh®(BE -m)))g  (21.23)

D, =

and our saddle points will be stable if this is positive definite. In the trivial
saddle point m = 0 we have D, = §,,(1 — B), so at T = 1 this state
destabilizes. In a mixture state of the type (21.19) the second derivative
becomes:

D) = 8, — B(EuEu[1 — tanh® (B, M)])g (21.24)

Due to the symmetries in the problem, the eigenspaces and eigenvalues of
the matrix D™ can be calculated. One finds three distinct eigenspaces:

Eigenspace Eigenvalue
Im x=(0,...,0,%41,...,%p) 1-8(1-0)
. x=@a,...,1,0,...,0) 1-B1 -0+ 1 —-n)R)

O x=(x1,..2,0,...,0), ¥, 5, =0 1-p(1L—Q+R)

with
Q = (tanh*(Bm,M))s R = (£1& tanh®(Bm, M));

Eigenspace III and the quantity R only come into play for n > 1. The
matrix D™ is positive definite if all its eigenvalues are positive, so we can
concentrate on the smallest eigenvalue. For n = 1 this is /. For n > 1, one
can show that R is positive, and so the relevant eigenvalue is III. We can
then also combine Q and R into one single average, which reduces to a
trivial expression for n = 2. Altogether, the conditions for the n-mixture
states to be stable become

n=1: 1-B[l—tanh*(Bm1)] > 0
n=2 1-8>0

n>3 1- ﬂ[l - <tanh2 <,an angp)u >0

p=3
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The pure n = 1 states, correlated with one pattern only, are the desired
solutions. They turn out to be stable for all T < 1, since partial dif-
ferentiation with respect to B of the n = 1 amplitude equation (21.21)
gives

mq[1 — tanhz(ﬂml)]
am1/op -

m1 = tanh(Bmq) = 1— B[1 — tanh*(Bm1)] = 0

(Looking at the graphical solution of m1 = tanh(8m1) shown in Figure 20.2,
it is clear that sgn(m1) = sgn(dm1/0B)). The n = 2 mixtures, on the other
hand, are always unstable. For n > 3 we have to solve the amplitude
equation (21.21) numerically to evaluate their stability. The result is shown
in Figure 21.1, together with the corresponding free energies f, (21.22).
It turns out that only for odd n will there be a critical temperature below
which the n-mixture states are local minima of f(m). From Figure 21.1 we
can also conclude that, in terms of the network functioning as an associative

1\\\ T T T T T T TTT 7~2\\\‘\‘(\‘\\\\\\\\\
_ \

OH\\\H\H\\H\\H\ ,.77\\\\\\\\\\\\\\\\\\
0 2 4 6 .8 1 0 2 4 .6 .8 1

T T

Figure 21.1 Left picture: amplitudes m,, of the mixture states of the Hopfield model as a
function of temperature. From top to bottom: n = 1,3,5,7,9, 11, 13. Solid: region where
they are stable, that is, local minima of f(m). Dashed: region where they are unstable.
Right picture: corresponding free energies f;,. From bottom to top: n = 1,3,5,7,9,11,13.
Dashed line: free energy of the paramagnetic state m = 0, shown for comparison.
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memory, noise is actually beneficial in the sense that it can be used to elim-
inate the unwanted n > 1 ergodic components while retaining the relevant
ones, that is, the pure n = 1 states.

In fact the overlap equation (21.13) do also allow for stable solutions
different from the n-mixture states discussed here. These solutions are in
turn found to be continuously bifurcating mixtures of the mixture states.
However, for random (or uncorrelated) patterns they come into existence
only near T = 0 and play a marginal role; phase space is dominated by the
odd n-mixture states.

Simulation results that illustrate the functioning of the Hopfield model
as an associative memory, and the description of the pattern recall pro-
cess in terms of overlaps, were already shown earlier in Figures 3.2-3.4 of
Section 3.3.

21.2 Introduction to replica theory: the SK model
Definition and motivation

The method of analysis presented so far breaks down if p no longer remains
finite for N — oo, but scalesas p = aN witha > 0.1In(21.7, 21.8), we can
then no longer evaluate the constrained entropy and free energy by saddle
point integration, since the dimension of the integral involved diverges at
the same time as the exponent of the integrand (see Exercise 21.7). The num-
ber of ground states of the Hamiltonian (21.3) and the number of ergodic
components will diverge, and we will encounter phenomena reminiscent of
so-called spin glasses. As a consequence we will need corresponding meth-
ods of analysis, in the present case the replica method. As an introduction
to this, we consider the so-called Sherrington—Kirkpatrick (SK) spin glass
model.

We can motivate the form of the interactions in this model from the large
a = p/N limit of the Hopfield model (21.2). In the case of randomly drawn
patterns, the law of large numbers tells us that the couplings J;; (i # j)
then become Gaussian random variables, with zero mean

_ 1 _
Jij:ﬁzgiugjlf:o
i

(because the pattern bits are uncorrelated for i # j) and covariances

1 ———— [e/N, for (k,0) = (i, ) or (j,i)
Jijhe = — ) &l'elere) = (21.25)
JIE= N2 ; J okt 0, otherwise
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Here we have introduced the notation ~-- for averages over the patterns,
that is, the quenched disorder. The choice of interactions in the SK model,

Jo J _ 7
Ji=Ji=0-8) =+ —=z:]), =0, z2. =1 21.26
Jj J ( ])<N+\/NZJ> ij Zl] ( )

in which the z;; (i < j) are independent Gaussian random variables, is
very similar, except for the addition of a ferromagnetic contribution Jy/N;
the parameter J would correspond*? to /. We will forget about external
fields ¢; for the moment. Alternatively one could view the prescription
(21.26), after a simple gauge transformation where o; — &;o0; for all i, as
referring to a recurrent network in which a single pattern § = (§1,...,&n)
has been stored, with embedding strength Jy, on a background of zero
average random Gaussian synapses.*3 In the latter case

Jo J _ -
Jij = Jji = (1 =36ij) <ﬁ§i§j + ﬁzu), 7 =0, ;=1 (21.27)

For the choice (21.26), the Ising Hamiltonian H (20.23), correspond-
ing to sequential dynamics, that is, to the Markov chain with transition
matrix (16.13), becomes

Ji J
H(G):—NOZO‘Z'U]‘—\/—NZGIU]'ZU (21.28)

i<j i<j

Anticipating self-averaging, and because we clearly cannot calculate the free
energy for every given microscopic realization of the interactions {J;;}, our
aim is now to calculate the disorder-averaged free energy

F=-Thz z=) eFft® (21.29)
(o8

The replica trick: general strategy

In the form (21.29), the disorder average is difficult to carry out, because
we have to average the logarithm of a sum and cannot pull the average
inside the logarithm. However, we can use the following trick to transform

42 There are further differences, however, in loop-correlations of higher order such as
JijJjxJdxi. They vanish in the SK model, but take the value a/N*~' for loops of length s
in the Hopfield model. Also, apart from the removal of the self-interactions, the interaction
matrix in the Hopfield matrix is non-negative definite, whereas that of the SK model has both
positive and negative eigenvalues.

43 Note that the gauge transformation o; — 0;&; would also imply that zij — zij&i§j, but
for & € {—1,1} the moments of the new z;; are simply identical to those of the old z;;.
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the average of the logarithm into an average of powers of the partition
function Z. Expanding Z" for small n, we have

Z"=e"MZ _ 1 4 ylnZ + Om?) (21.30)

Taking the disorder average, this shows that

InZ = lim 1(7—1) (21.31)

n—0n

An alternative form is often more convenient for calculations. If we first
take the disorder average of (21.30) and then take the logarithm, we have

InZ" =ln(1+nlnZ + O@?*) =nln Z + O?)
and so

mZ=lim  InzZe (21.32)

n—0n

Crucially, the disorder average now appears inside the logarithm on the
right-hand side. The so-called replica trick now consists in evaluating the
averages Z" for integer values of n, and taking the limit n — 0 afterwards,
under the assumption—which to date is only beginning to be justified rig-
orously in non-trivial cases—that the resulting expression is correct for
non-integer values of n as well. The integer powers of Z are written as a
product of terms, each of which can be interpreted as an equivalent copy,
or ‘replica’, of the original system. The disorder-averaged free energy now
becomes

- T, T
F=—lim—InZ"=—lim —In) e BHE) x ... x ) -BHGE"
n—0n n—0n 21: Z
o

oh

T ——

=—1lim —In =B a=1 H(@)

n—0n ( Z ¢
gl..gn

Henceforth, indices a, b, ... from near the beginning of the alphabet will
label replicas, for example, a = 1,...,n. The general strategy now is to
carry out the disorder average of the exponential and to write the result in
the form

o BO@! 0" _ —BYn_ H(a®)
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®(al-..6")iscalled the ‘replicated Hamiltonian’, because it arises from the
sum of the Hamiltonians of the individual replicas. Note that the average
over the disorder, which acts on all replicas equally, will produce interaction
terms in ® which couple the different replicas. The free energy is now

— T 1 n
F=—Ilim—In —pP(@ o)
n—0n < Z ¢

0’1---0’"

Assuming that the order of the limits N — oo and n — 0 can be
interchanged, we can now write the thermodynamic limit of the disorder-
averaged free energy per spin as

o n =t (L) o) s

The term in square brackets is now of exactly the same form as the free
energy of a system without quenched disorder, and can be calculated using
the same method: we (i) identify which order parameters the (replicated)
Hamiltonian ® depends on, (ii) introduce the corresponding density of
states using §-functions, and (iii) evaluate the final result using saddle point
integration. In the end, we then divide by n and take the limitn — 0. At this
point, one has to make assumptions about how the saddle point values of
the order parameters behave for n — 0. We will only explore the simplest
assumption of this kind, called ‘replica symmetry’.

Application to the SK model

To calculate the replicated Hamiltonian, we use the following abbrevi-
ation for the Gaussian measure: Dz = (27)~ /2 ¢=2*/2dz. We now note the
important identity (which was also the basis of the Gaussian linearization
trick encountered earlier in Exercise 20.6):

/Dz 57 = 12 (21.34)

For the Hamiltonian (21.28), application of (21.34) allows us to write

P A = (PN Eiey Taofof T ( / Dz BV Y, a;’rrf)
i<j

o (BI0/2N) Yu Yinj aﬁa"+(ﬁ212/41v) Yub L or,“a]“olha]h
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The replicated Hamiltonian is therefore

1..."__£ aa_ﬂ_‘lz a_a_b_b
V!0 = =35 ) ) ofef =G5 ) ) oiojelo)

a j#j ab i#j

and we can clearly see in the second term how the disorder average has
coupled the different replicas. If we now complete the sums over sites in
this expression,

2 2
Zoiaaj‘.l = (Zoﬁ) —N Zaiaafaiba;’ = (Zoﬁa}’) —N
i#] i i#j i
we can write (using the shorthand {¢} =0o'---¢")
N Ji NBJ
®({o}) = —TO my({o}) — ﬁ— anb( H+01)  (21.35)

a

with the order parameters
1
qur((oh) =+ Y ofel ma({o}) Za (21.36)
i

So we can write the disorder-averaged free energy per spin (21.33) as

f=—lim ln / dmdg D(q, m) eN1BI0/D Ly mi+B2129) Y0y 03]

n~>
(21.37)
where the limit N — oo is not written explicitly (but is understood to be
taken, so that subleading terms in N may be discarded), and the density of
states is

D(q,m)

_ZH (qab——Za >1:[8<ma _%Xi:gia)

{o} ab

—Z( ) /dqdm o St QoG —X; 0802 INVHN T alima Y, 08 /N)

The integrations in (21.37) and in D(g, m) are over the n x n matrices g and
g and over the n-vectors m and m. The sum over states now factorizes over
the different sites i as usual, and we are left with a sum over the states of a
single n-replicated spin ¢ = (o!,...,0"); this notation replaces our earlier
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use of ¢ as an N-component vector describing the state of an individual
network:

N n2+n ] R . A
D(qsm) = (E) /dédﬁl elN > b dabqab+iN Y-, Mamg

X (Ze’izabéaboaob*izama“)[\] (21.38)

o

Inserting this expression into (21.37), and evaluating the integrals by saddle
point integration gives for the free energy

f = lim extr f(q,m;q,m) (21.39)

n—0

where

- Jo BJ? Tl - O
f(q,m;q,m)=—£§:m§—ﬁi ng—;[lz Qaanb+1§ MaMg
a b ab a

a

+1n (Z o= Sapdabo o’ =i Y, ma)] (21.40)

We recognize in the first two terms the replicated Hamiltonian (21.35), up
to the 1/n factors, while the term in square brackets is the log density of
states (21.38), up to terms which are negligible for N — o0o. The saddle
point conditions for {g,} and {m,} are found to be

Gab = YiB2 I qap  tia = iBJomg (21.41)
while those for {g,p} and {m,} give

Y 0%k (o)

Qo = =5 (21.42)
m, = % (21.43)

where

k(o) = exp ( — iZc}aboaab — izmao“)
ab a
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Using (21.41) to eliminate the conjugate parameters m and ¢ simplifies
K to

1
k(o) = exp (E,BZJ2 anbaaab + BJo Zma0“> (21.44)
ab a

The saddle point equations (21.42, 21.43) for the order parameter ¢ and
m are now closed: the conjugate order parameters no longer appear. They
have the form of averages of 0%’ and o¢, respectively, over all possible
states of the n-replicated single-site spin o. Given the original definition
(21.36) of the order parameters, this is quite plausible. The weight factor for
these averages is given by « (¢); the denominators in (21.42, 21.43) are just
the normalizing factor for the averages. Because (6%)> = 1, the diagonal
elements of ¢ are always g,, = 1; again, this was to be expected from
the definition (21.36) of these order parameters. For high temperatures,
B =T"1— 0, we obtain k(¢) = 1 and hence the trivial result

qab = Sab mg =0

Assuming a continuous transition to a non-trivial state as the temperature
is lowered, we can expand the saddle point equations (21.42, 21.43) in
powers of ¢ and m and look for bifurcations. This gives (for a # b, and
using the fact that averages over odd powers of 0% vanish):

Gab = B2 qap + -+ mg = Bomg + -+ (21.45)

Therefore we expect second-order transitions either at T = Jy (if Jo > J)
orat T = J (if J > Jp). The remaining programme is as follows. For
T < max{Jp, J}, find the saddle point (g, m) which minimizes f(q,m;q,m),
and take the limit n — 0. The latter is in fact the most complicated part of
the procedure.

As at the end of Section 21.1, we could have also got the saddle
point equations (21.42, 21.43) from a pseudo-free energy. The latter is
obtained by using (21.41) to eliminate the conjugate order parameters from

f(qamQQs’h):
. Jo ,  BJ? 5
flg,m) = Z;m“ + E%%b

— gln (;exp (%,BZJZ Xb:qabaacb + BJoy Xa:mao”>)

(21.46)
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As explained earlier, f coincides with the true constrained free energy
f(g,m) at its saddle points, but not generally elsewhere.

Physical interpretation of saddle points

In order to get a better idea of how to select saddle points, we now turn to a
different although equivalent version of the replica trick (21.32) that allows
us to attach a physical meaning to the saddle point parameters (m, q). This
version transforms (as yet arbitrary) averages with a given weight factor W,
according to

20 8@W0) 3., 8@WO)D ., W)
>0 W(o) > W(@)]"

= lim Xaj s W) Z W(or)]"_l
= lim Y gehH[[we

a‘l...g‘" a=1

= lim - Z > g(ab)l_[W(a”) (21.47)

n—0n
b gl..gn

The trick again consists in evaluating this quantity for integer n, whereas
the relevant limit refers to non-integer n.

We now use the above identity to write the distribution P(m) of the
magnetization in the SK model in equilibrium as

>y 8m—N"1Y 0;) e PHO
Z e*ﬂH(a)

e

P(m) =

If we average this distribution over the disorder, we find identical expres-
sions to those encountered in evaluating the disorder averaged free energy.
By inserting again delta-functions constraining the values of the order
parameters ¢ and m, we arrive at the saddle point integration (21.39)

and find

P(m) = lim =~ Za(m mp) (21.48)

n—0n

where {m;} refers to the relevant solution of (21.42, 21.43).
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Similarly we can imagine #wo systems o and o’ with identical realizations
of the interactions {J;;}, both in thermal equilibrium. We now use the replica
identity to rewrite the distribution P(q) for the mutual overlap between the
micro-states of the two systems

Za,a’ 8(6] _ N*l Zi o_io,i/) efﬂH(a)fﬁH(o—/)
Sy g e PH@—FH@)

R e —pH(o®)
~Jm 2 X (o= 5 Seter ) [T

b#c gl...

P(q) =

Averaging over the disorder again leads to the saddle point integration
(21.39), and we find

P(g) = lim n(n D) Zam ) (21.49)

where {gp} refers to the relevant solution of (21.42, 21.43).

We can now partly interpret the saddle point parameters (m, g), since
the shape of P(g) and P(m) gives direct information on the structure of
phase space with respect to ergodicity. The crucial observation is that for
an ergodic system one always has

1 1
P(m) = a(m - Z(a,->eq> P(q) = 8(q - Z(an%q) (21.50)

i

If, on the other hand, there are L ergodic components in our system, within
each of which we have microstate probabilities proportional to exp(—BH)
and corresponding averages {---)¢, and if we denote the probability of
finding the system in component £ by Wy, we find for P(g) and P(m):

L 1
P(m) = ; Wz5(m - IZ«W)
L 1
P(g)= ) WeWz'5<q - Z<m>z<o~,~>y)

6,0'=1 i

We see that for ergodic systems both P(m) and P(g) are §-functions,
whereas for systems with a finite number of ergodic components they are
composed of a finite sum of §-functions. A diverging number (in the limit
N — o0) of ergodic components, however, generally leads to distributions
with continuous pieces. If we combine this interpretation with our results
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(21.48, 21.49) we find that ergodicity is equivalent to the relevant saddle
point being of the form:

Gab =08ap +q(1 —b0p)  mg=m (21.51)

Replica symmetric solution

The ansatz (21.51) for the order parameters (which we found to be equival-
ent to assuming our system to be ergodic) is called the ‘replica symmetry’
(RS) ansatz, because it has the property that order parameters do not change
if we permute the replica indices arbitrarily. The physical meaning of m and
q is provided by (21.50):

1 1 —
m=— Z Gideg 4= ) (o0 (21.52)

i

Given the definition (21.36) of the order parameters g,» and m,, this
result also makes intuitive sense: the disorder average arises simply because
such an average was already contained in the definition of the replicated
Hamiltonian ®.

Insertion of the above RS ansatz (21.51) into the equations (21.42, 21.43,
21.46) gives

Flgsm) = 870~ g+ 3 Jom? - gln;aa) +Om)

B Y, olo?i(o) o >, 0lk(o)
X, k(0) S X k)

k(o) = exp (%qﬁ212<20”)2 + BJom Za“)

To perform the summations over o, we linearize the terms (), aa)z with
the identity (21.34) (this is the by now familiar Gaussian linearization trick).
In the free energy and in the denominators of the saddle point equations,
we then get

with

Ze(q,szﬂ/z)(za o) +BIom Y, 0 _ Z/ Dz exaBJom+BIz /@)
o o

= / Dz [2 cosh(BJom + BIz/q)]"
(21.53)
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The solutions m and ¢ of the RS saddle point equations turn out to have
well defined limits for n — 0, so we can also take this limit directly in the
(pseudo-) free energy. We then get

. 3 _ 1 2 2 1 2
l}gr%)f(q,m)——4ﬁf 1-q) + 5 Jom

— T lim 1 ln/ Dz [2cosh(BJom + BJz/q)]"

n—0n

The integral over z in the last line, being properly normalized, can now
be interpreted as an average (over a Gaussian random variable z with zero
mean and unit variance). This enables us to use the replica identity (21.32)—
which holds for any average, not just a disorder average—in reverse, to get

lirr%) f(g,m) = —%ﬂ]z(l—q)z—F%Jomz—T/Dz In2 cosh(BJom+BJz./q)
(21.54)

Similarly, again using Gaussian linearization we can evaluate the numer-
ators in the saddle point equations (21.42, 21.43), abbreviating E =

BJom + BJz./q:
Zo_lo.z e(q52j2/2)(za o‘“)z—‘,-ﬁjom Za o? — / DZ [2 Slnh(E)]z[z cosh(E)]n—Z
o

Zale(qﬂzfz/z)(zaU“)2+/310mzu0a = / Dz [2sinh(E)][2 cosh(E)]" !

and obtain in the n — 0 limit, using (21.53),

q = / Dz tanhz(,B(Jom + Jz/9)) (21.55)

m= / Dz tanh(B(Jom + Jz/q)) (21.56)

We note that, rather than deriving the saddle point equations (21.55, 21.56)
by taking the n — 0 limit of the nonzero-n saddle point equations (21.42,
21.43), as was done here, we could also have found them as the saddle point
conditions of the n — 0 (pseudo-) free energy (21.54); see Exercise 21.9.
This shortcut is often useful in replica calculations. Comparing (21.56)
with the Curie-Weiss equation (20.43), we also see that the only difference
is the integral (average) over z; the term involving z is proportional to J, so
we can interpret this average as a consequence of the quenched disorder in
the couplings (21.26).
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Upon linearizing (21.55, 21.56) for small ¢ and m, one now finds the
following continuous bifurcations of non-trivial solutions of the RS saddle
point equations (see Exercise 21.10):

at from to
Jo > J: T =Jy m=q=0 m#0,qg>0
Jo < J: T=1J m=qg=20 m=0,qg>0

T <max{Jy,J}: Jo=1A—-¢)/T m=0,g>0 m#0,qg>0

So, within our replica symmetric analysis we have found that the SK model
has three phases: a paramagnetic phase (P) with m = g = 0, a ferromagnetic
phase (F) with both m and ¢ nonzero, and a new phase with m = 0 but
g # 0, which is called a ‘spin glass’ (SG) phase. The location of two of the
phase boundaries is given by T = Jy and T = J, respectively; the third
one is obtained by solving numerically the equations T = Jo(1 — ¢) and
(21.55,21.56). One then arrives at the phase diagram shown in Figure 21.2.
The case where there is no disorder (J — 0, i.e., Jo/J — 00) reproduces
our earlier results for the infinite-range ferromagnet, where we found a
paramagnetic and a ferromagnetic phase, with a transition at T = Jp.
As the strength of the disorder increases (Jp/J decreases), we can now have
a transition from the ferromagnetic to a SG phase. The nature of this SG
phase is rather peculiar. There is local order, in the sense that the average
local magnetizations (o;)cq are nonzero; this follows from (21.52) and from

2 T T 1 T T T T T 1 T T T

\\\\‘\\\\
,_U

SG

S
[ B R R

L1

O“““““““““‘
5 1 15

Jo/J

o
N

Figure 21.2 Phase diagram of the SK model, as obtained from the RS solution. P:
paramagnetic phase, m = ¢ = 0. SG: spin glass phase, m = 0, ¢ > 0. F: ferromagnetic
phase, m # 0, ¢ > 0. Solid lines: phase transitions. Dashed: the AT instability, where the RS
solution becomes unstable. For Jy/J < 1 this instability coincides with the P—SG
transition line T/J = 1.
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the fact that ¢ is nonzero. Nevertheless, there is no global order in the
conventional sense: the overall magnetization m = N1 Y i(0i)eq s zero
(m is self-averaging, so (21.52) also holds without the disorder average).
The name ‘glass’ comes from the analogy with ordinary (i.e. window) glass:
there, the local arrangements of the atoms is also ordered, as in a crystal,
but globally there is no crystalline order.

We have not yet checked the stability of the saddle points that we have
calculated. If this is done, it turns out (see below) that below the dashed
line in Figure 21.2 our RS saddle points are actually unstable. This region
includes the whole part of the phase diagram for which we had found a
spin glass phase, so our predictions for this phase should not be trusted;
nevertheless, the presence of the instability itself does indicate that a SG
phase must exist at low temperatures.

Breaking of replica symmetry: the AT instability

If for the RS solution we calculate the disorder-averaged entropy
S = B23F /3B, we find that for small temperatures it becomes negative.
It follows from the information-theoretic definition (20.28) that this cannot
happen (see Chapter 12), so the RS solution must be incorrect in the low
temperature region. The reason for this is that the RS ansatz (21.51) no
longer corresponds to the correct physical saddle point of f(g,m), (21.46),
for low temperatures. If saddle points without RS bifurcate continuously
from the RS, we can locate the occurrence of this ‘replica symmetry break-
ing’ (RSB) by studying the effect on f(g,m) of small fluctuations around the
RS solution. It was shown by de Almeida and Thouless that the ‘dangerous’
fluctuations are of the form

Gab = Sab+q(1 = 8ap) +nap Y _Mab =0 (21.57)
b

in which ¢ is the solution of (21.55), 7] <€ 1, 1aa = 0 and n4p = npa.
We can calculate the resulting change in f(g,m), away from the RS
value f(ggs,mrs), the leading order of which must be quadratic in the
fluctuations {n,p} since the RS solution (21.55, 21.56) is a saddle point:

. B /3-]2 ’ 133']4
f@,m) = fgrsmrs) = 7= > gy = —g = D > NavteaGabea + -
n a#b n a#b c#d
with

Za oclobocad e(qﬂzJZ/Z)(Za 0“)2+/3m]0 Y .0

21.58
> eI/ D(E, 04)24pmsy Yy 0 ( )

Gabcd =
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Because of the index permutation symmetry in the spin-average (21.58), we
can write for any a # b and ¢ # d:

Gabed = 8acOpd + 8aadpe + Ga(1 — 84c) (1 — 8pa) (1 — 84a) (1 — 8pe)
+ G2[8ac(1 - 8bd) + 5bd(1 - 86[0) + 5ad(1 - 8bc) + 8bc(1 - 5ad)]

with

_ [ Dz tanh® (B (Jom + J2./q)) cosh™ (B(Jom + Jz./q))

G
¢ [ Dzcosh" (B(Jom + Jz./q))

Only terms which involve precisely two §-functions can contribute to our
expansion for f(q,m), because of the requirements a # b and ¢ # d, and
due to Y, nap = 0. As a result we obtain:

. . J?
Fasm) ~ Flgrsymrs) = 2211 = 27200 262 + o)) >

The condition for the RS solution to minimize f(g,m), if compared to the
so called ‘replicon’ fluctuations (21.57), is therefore

1> B%J? lir%(l —2G,+ Gy)
n—
After taking the limit in the quantities G, this condition can be written as
1> ﬂZJZ/Dz cosh™ (BJom + BIz./q) (21.59)

The so-called AT line in the phase diagram, where this condition ceases
to be met, indicates a phase transition to a SG state where ergodicity is
broken (i.e. to a state where the distribution P(g) in (21.49) is no longer a
8-function). It is shown in Figure 21.2 (following numerical evaluation) as
a dashed line for Jy/J > 1, and coincides with the line T/J = 1 for Jy < 1.

21.3 Hopfield model with an extensive number of
patterns

Having dealt with the SK model as a ‘warm-up’ for replica calculations,
we now return to the Hopfield model with an extensive number of patterns
stored, that is, with p = aN in (21.2). Although we can still write the log
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density of states and the free energy in the form (21.7, 21.8), this will not
be of help since here it involves integrals over an extensive (i.e. O(N)) num-
ber of variables, so that saddle point integration does not apply. Instead,
following the approach of the SK spin glass model, we assume that the free
energy is self-averaging, so that we can average it over the distribution of
the patterns with the help of the replica trick:

F=—T lim 1lnﬁz—lim Zln< Z e—ﬁzzle(a"))

n—0n n—0n
ol...gn

Again, Roman characters a, b, . . . will be used to label replicas (a = 1,...,n)
while Greek indices will be used for the pattern labels (. = 1,..., p). The
pattern components {£/'}, of which there are now aN 2. are assumed to be
drawn independently at random from {—1, 1}, as usual.

Replica calculation of the disorder-averaged free energy

By analogy with the case of a finite number of patterns, we anticipate that
the ergodic components of our system will be characterized by the pattern
overlap order parameters m, (21.4), and that for large N only a finite
number ¢ of these overlaps will be nonzero (while the others will be of
order N~1/2, similar to the overlap values one would find for randomly
chosen micro-states). Since all patterns are equivalent in the calculation,
we may choose the ¢ ‘nominated’ patterns with which the system has non-
vanishing overlap as u = 1,...,¢. To draw out the analogy with the case
of a finite number of stored patterns, it is useful to keep the nominated
patterns &', ..., £ fixed at first, and average only over the disorder that is
responsible for the complications: the non-nominated (or ‘non-condensed’)
patterns £T1 . £P. Asin the SK case we denote this disorder average by
. To calculate the replicated Hamiltonian, we first rewrite H (o) as

H((,)z_%Z(ZafsyY_%Z(ngﬁ>2+§

n<t i u>L i

taking account of the absence of self-interactions, as usual. The disorder
average defining the replicated Hamiltonian is then

e BIn H@) — fB2N) X ey (5 0161 ) =Nnpa/2 (B/2N) Xy 3o 08/)
(21.60)
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The disorder average over the non-nominated patterns is now seen to
factorize:

p—L

S BIIN) T St (5 o6 _ [e<1/z> T (AN Y, o;'si)Z}

The square in the exponent still couples the variables &; at different sites i,
so we need to use Gaussian linearization (21.34), with n auxiliary Gaussian
integration variables z = (z1,...,2,) to linearize the exponent:

/D S (BN S o6 _ / Dz eVPIN a7
:szHcosh (Vﬂ/NZzaai“)

To simplify this, one writes the product as exp[)_; In cosh(- - - )] and expands
in the argument of the In cosh. The leading term is of O(1/N) and, when
summed over i, gives a contribution of O(1). The next term only gives a
negligible correction of O(1/N) to the sum, so

l_[cosh (x/ﬂ/NZZana> = ¢(B/2N) Lap 20z T 0f o/ O/ N)
i a

When we raise this to the power p — ¢, the O(1/N) term in the exponent
only results in an overall O(1) factor. Replacing p — ¢ by p also gives a
factor of the same order, so altogether

P
BN X0 Yoo (i 080 |:/ Dz eP/2N) Yy 2azp i "fl"ibj| x O(1)

Inserting this into (21.60), we obtain the replicated Hamiltonian (with, as
in the calculation of the SK model, {6} =¢"---0")

o (o)) = —%mm

ZZ(ZU"S) + = Nnoz

/1<€ a i

— NTa ln/ Dz e#2N) L zan Eiof'ol 4 0(1)
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This function depends on {6} only through the following order parameters:
danloh) =~ S otob  mideh =~ otel  (21.61)
a N i i " N i 150 N

These are nearly identical to those (21.36) of the SK model, except that
instead of a single magnetization order parameter m, we now have the ¢
nominated pattern overlaps m¢, for each replica a. We can further simplify
® by carrying out the n-dimensional Gaussian integral over z; this factorizes
in the standard way after an appropriate orthogonal transformation of the
integration variables z, with the result:

1
ln/ Dz e/ Xap 2azbdab — -3 In det(1 — Bq) (21.62)

in which T denotes the n x n identity matrix. So the replicated Hamiltonian
becomes

1 1 . 1
FoUoh =—5 ; ;mu({a}))z + Sna

+ %Ta Indet(1— Bg({s})) + O(%) (21.63)

Here and in the following all sums and products over p run from 1
to ¢ unless stated otherwise. From our discussion at the beginning of
Section 21.2, one would expect that (21.63) should, in the limit & — oo,
become identical to the replicated Hamiltonian (21.35) of the SK model
without the ferromagnetic part, that is, with Jo = 0. This can indeed be
shown to be the case; see Exercise 21.11.

By direct analogy with the SK model, we can now write the disorder-
averaged asymptotic free energy per spin (21.33) as

f=— lim lim —ln/dqde(q,m)

N—oon—0 N

xexp( [ ZZ( )—ﬂ——lndet(l ﬂq)})

(21.64)
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with the density of states

Dig,m) =) []¢ (qab——Za )l—[(S(mZ—%ZU[“Si“)

{0} ab an
n +n€
=Z<N> /dqdmelNZabeab[Qab A/N) Y 0f z]
= 2w

o AN L1 [me—a/n) Y, ote! ]

where m and /i now stand for the n x £ matrices with entries {m¢,} and {ri{, }.
The sum over states now factorizes over the different sites i as usual, and
we are left with a sum over the states of a single n-replicated spin, which
we denote by ¢ = (¢1,...,0") as before. This gives

"[l

24ne
D(q)m) = <Z) dqdm elN Zab qabqab+iN Zau uhn ;J,

% l_[ (Z =i Y4y Gabo ot =iy, o ) (21.65)

i

The product can be expressed as [[;(---) = exp[)_; In(- - -)], and the sum
over i in the exponent then written as N times an average over the vectors
& = (Eil, ey gf), using notation analogous to (21.6):

1
(g®)s =D s =2" 3 2®

ge{_lal}[

Self-averaging ensures that the second equality holds in the thermodynamic
limit N — 0o, because of our assumption that the patterns are chosen
randomly. If we insert the resulting expression for D(gq, m) into (21.64) and
evaluate the integrals by saddle point integration we get for the free energy

f= lin}) extr f(q,m;q,m) (21.66)
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where

A A 1 2 1 Ta
f(g,m; g, i) =~ XM:;(’“Z) +5o+ Elnder(l — B9
T 3 o 1 ~da a
- IZQahQab+lZmﬂmM
n ab ap

I (ln ( Z e 1 ab Gabo 0" =i, ngaé">>£:| (21.67)

o

We recognize in the first terms the replicated Hamiltonian (21.63), up to
the 1/n factors, while the last term in square brackets is the log density of
states (21.65), up to terms which are negligible for N — oo. Variation of
the conjugate order parameters {Gp}, {4} in (21.67) gives the following
saddle point equations:

Zaa“§“K(0)>

(= - 21.68

m: < o), (21.68)
Zaa”abk(a)>

ah = { = LF—-—— 21.69

ot < AT (21.6)

where

k(o) = exp ( - iZéabaaab - iZn%ZJ”é“)
ab ap

Not unexpectedly, in view of our previous analysis of the SK model, these
equations take the form of averages over o and &, weighted by «(0).
In agreement with the order parameter definition (21.61), the diagonal
elements of ¢ are always q,, = 1.

Similarly, demanding stationarity of (21.67) with respect to the remaining
order parameters {gp}, {m)} gives the conditions

. 1, [ dz z4zp e = A-PDZ/2 1, 1
qab = zlaﬁ |: [ dz e==(1-B0)z/2 = EI(X,B(I - B 4 (21.70)

lt = ipm, (21.71)
In deriving (21.70), we used (21.62) in reverse to evaluate the derivative of

In det(T— Bq) with respect to gqp. Equation (21.71) can be used to eliminate
the conjugate order parameters m, simplifying x (o) to

k(o) = exp ( — iZéabo“ab + B Zmio“é}“)
ab ap
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Note that the diagonal elements g,, drop out of (21.68, 21.69), because
they just contribute constant factors to « (o). Their values are simply given
as functions of the remaining parameters by (21.70).

As for the SK model, we can also use (21.71) to eliminate the m from the
free energy (21.67); this gives a pseudo-free energy which coincides with
the true free energy at its saddle points:

R 1 a2 o Ta
fom,q.9) =5~ ; ;wu) + 5+ 5 - Indet(I— pg)

T . A - I~ aa a a L
o ; |:le‘]¢1an}7 + <ln (2636 12 2ap Gabo“ 0 +B Y g mj 08! ))E:|
a

(21.72)

Before proceeding with a full analysis of the saddle point equations (21.68—
21.70) using a RS ansatz, we make a few tentative statements on the phase
diagram. For 8 = 0 we obtain the trivial paramagnetic solution g5 = 84p,
Gap = 0, m!; = 0. We can identify continuous bifurcations to a non-trivial
state by expanding the saddle point equations to first order in the relevant
parameters:

Ml =Bl 4 =2+ @£ D)
. 1 apf B

= = 1) 1-36
ab 21_‘6|:ab+1_ﬂ%1b( ab)i|+

By combining the equations for ¢ and ¢ we obtain (for a # b)

2
C]ab=05< )qab+

B
-8

Therefore we expect a second-order transition when af%/(1 — ) = 1,
that is, at T = 1 + /a, from the trivial state to a spin glass state where
m = 0 but g # 0.

Physical interpretation of saddle points

We proceed once more along the lines of the SK model. If we apply the
alternative version (21.47) of the replica trick to the Hopfield model, we can
write the distribution of the ¢ overlaps m = (m1,...,mg) in equilibrium as

P(m) = lim 1 Z Z 5<m - l Zaibgl) l_[e—ﬁH(or“)
oon b gl..gn N i a
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with &, = (Sil, el Sf). Averaging this distribution over the disorder leads
to expressions identical to those encountered in evaluating the disorder
averaged free energy. By inserting the same delta-functions we arrive once
more at the saddle point integration (21.66, 21.72), and find

P(m) = lim 125@1 —m") (21.73)
b

where m? = (mli, cel mi,’) refers to the relevant solution of (21.68-21.70).

Similarly we imagine two systems o and o’ with identical realizations
of the interactions {J;;}, both in thermal equilibrium, and use (21.47) to
rewrite the distribution P(q) for the mutual overlap between the microstates
of the two systems as

1 c — g’
S = On(n—l)z Z (q_NXi:GibU")Ue BH(a?)

b#c gl..

Averaging over the disorder again leads to the saddle point integration
(21.66, 21.72), and we find

. 1
Pl@) = lim - bZé(q — Gbe) (21.74)

where {gp.} refers to the relevant solution of (21.68-21.70).

Finally, we analyse the physical meaning of the conjugate parameters
{gap} for a # b. We will do this in more detail, it being rather specific
for the Hopfield model and slightly different from the derivations above.
Again we imagine two systems ¢ and ¢ with identical interactions {J;;},
both in thermal equilibrium. We now use (21.47) to evaluate the covariance,
rescaled by an appropriate factor N (since non-nominated overlaps are by
definition individually of order O(N~1/2)), of the overlaps corresponding
to non-nominated patterns:

p
r = L <% E O.l,é_-iﬂ> <% E O.i/%-iﬂ>
eq

pu=t+1 i eq i

1 a
- r}»() n(n -1 Z Z ( Zo'ibéip) (ﬁ Xi:of{;‘ip) Ug—ﬂH(a )

b#c gl...gn

(21.75)

Here we have used the equivalence of all such non-nominated patterns.
We next perform the same manipulations as in calculating the free energy.
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The disorder average involves

1 bep BI2N) Xu X e o (X 00812
_ o %’ Zo‘ u>L i 9
5 St ) (g e )

p—f 1 1
_ [ / Dz eVPIN i oﬂﬂ Dz
/3 02502¢

eV ﬂ/N Za Za Z[ U[aéi

p—t—1
= [/DzeWZaZaZ,-af&} ;/Dzzbz NBIN Yy 2a ¥ o'k

after an integration by parts. We thus finally obtain an expression which
involves the surface (21.72):

l 1
E n—>0 nn—1)

—z:(1-Bq)z/2 ~
X lim dmdgdq Jdzapzee =00 e~ PN f(m.q,9)
“ N—>oo [dz e~z (I-Bq)z/2

- . -1
X( [ amtadie-ina) |

The normalization of the above integral over {m, ¢, q} (i.e. the appearance
of the integral in the denominator) follows from using the replica procedure
to rewrite unity. The integration being dominated by the extrema of f, we
can now use the saddle point equation (21.70) to arrive at

r =

1 i
lim ——— S "Gy = ~aB? 21.76
nl—IR) nn—1) bz#c%c 205,8 " ( )

The result (21.76) thus provides a physical interpretation of the order
parameters {gup}, via (21.75), in terms of the uncondensed overlaps.

We know that assuming ergodicity implies that the distributions P(g)
and P(m) are 8-functions. This is equivalent to the relevant saddle point
being of the RS form:

mé =my  qab =28 +q(1 —8a)  Gab= i [RSap +r(1 —4p)]
(21.77)

which is the replica symmetry (RS) ansatz for the Hopfield model. The

RS form for {g.»} and {m{} is a direct consequence of the corresponding

distributions being §-functions, whereas the RS form for {g,5} subsequently
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follows from (21.70). The physical meaning of m, and ¢ is

my=(mu@)eq q=-— (01

The parameter R appearing in (21.77) can be related to the order para-
meter g, via (21.70). We do not give the explicit form because R will
disappear from our analysis shortly.

RS free energy and saddle point equations

We now explore the consequences of the RS ansatz (21.77) for the saddle
point. The relatively simple form of this ansatz allows us to diagonalize the
matrix A = T— Bq which we encountered in the saddle point problem:

Agp = [1 - ﬂ(]- _Q)](sab - ﬂq

Eigenspace: Eigenvalue: Multiplicity:
x=(1,...,1) 1-B1-¢9)—Bgn 1
> a%a=0 1-B1-9q) n—1

so that

Indet A =In(1 — B(1 —g) — Bgn) + (n — 1) In(1 — B(1 — q))

Bq

} + O@m?)

Inserting the RS ansatz (21.77) for the saddle point into (21.72) and
using the above expression for the determinant and the shorthand m =
(m1,...,mp) gives us

< . 1 1
Fmgs, qrs, drs) = 5m* + Sell + pr(1 = q)]

1-8(1-¢q)
1 a 2 a\2
§ : m- o arpe/2) (3,0

+ %Ta |:ln(1 B —q) — ﬂ—q}

Following closely the calculation for the SK model leading to (21.54), we
now linearize the squares in the spin averages with (21.34). We then carry
out the sum over the replicated spin ¢ and take the limit n — 0 using the



21 : Network operation: equilibrium analysis

replica trick (21.32) in reverse. This gives the asymptotic disorder-averaged
free energy per spin of the RS solution:

frs = lim f(mgs,qgs,drs)
n—0

1 _ By 1
= 2m +2 |:1+/3r(1 q)+TIn(1 - B0 —gq)) 1—,3(1_51)i|
- T/Dz(ln[Z cosh(B(m - & + z+/ar))])e (21.78)

The saddle point equations for m, ¢, and r can be obtained either by
inserting the RS ansatz (21.77) into (21.68-21.70) and taking the n — 0
limit, or by finding the stationary points of the RS expression (21.78). The
latter route is the fastest one. After performing integrations by parts where
appropriate, we obtain the final result:

m= / Dz (§ tanh(B(m - & + z/ar)))s (21.79)
qg= / Dz (tanhz(,B(m &+ z/ar)))g (21.80)

r=— 1 (21.81)
[1-8(1 -]

It is reassuring to see that from equation (21.79) one recovers for « = 0
our previous result (21.13) for a finite number of patterns. As in the SK
model, the average over the Gaussian variable z represents the effect of the
disorder, which here arises from the non-condensed (or non-nominated)
patterns i = £+1,..., N, that is from those that have an O(N~1/2) overlap
with the network state o.

Analysis of RS order parameter equations and phase diagram

We first establish an upper bound for the temperature T = 1/8 for non-
trivial solutions of the set of equations (21.79-21.81) to exist. Following
a line of reasoning similar to that leading to (21.18), one can show that
m = 0 for T > 1. In this temperature regime, we can then obtain from
(21.80, 21.81), using tanhz(x) <x%2and0<gq <1:

g=0 or g<1+Ja—-T

We conclude from this that ¢ = 0 for T > 1 + /a. Linearization of
(21.79, 21.80) for small ¢ and m shows the continuous bifurcations as
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T is decreased:

at from to
a>0: T=1+Ja m=0,g=0 m=0,qg>0
a=0 T=1 m=0,¢g=0 m#0,¢g>0

where the @ = 0 result corresponds simply to our earlier results for an
intensive (i.e. order O(N?)) number of patterns. We see that the upper
bound T = 1+ /« is actually the critical temperature that indicates a con-
tinuous transition to a SG state, where there is no significant alignment of
the spins in the direction of one particular pattern, but still a certain degree
of local freezing. Since m = 0 for T > 1, this SG state persists at least down
to T = 1. The quantitative details of the SG state are obtained by inserting
m = 0 into (21.80, 21.81), since (21.79) is fulfilled automatically. If one
analyses the stability of the saddle point describing the SG phase within
the RS ansatz,** one finds an important difference between the previously
studied case @ = 0 and the present case « > 0: the m = 0 spin glass solu-
tion is now stable within RS for all T < 1 + /. In terms of information
processing this implies that for « > 0 an initial state must have a certain
nonzero overlap with a pattern to evoke a final state with m # 0, in order
to avoid ending up in the m = 0 spin glass state. In contrast, for « = 0, the
state with m = 0 is unstable for T < 1, so any initial state will eventually
lead to a final state with m # 0.

Next we consider the retrieval states, that is, the solutions with m # 0.
The impact on the saddle point equations (21.79, 21.80) of having o > 0
is seen to be a smoothing of the hyperbolic tangent by convolution with a
Gaussian kernel. The latter can be viewed as noise caused by interference
between the attractors, that is, between the different patterns stored. The
natural strategy for solving (21.79, 21.80) is therefore to make an ansatz
for the nominated overlaps m of the mixture state type (21.19). Insertion of
this second ansatz into the saddle point equations does indeed lead to self-
consistent solutions. One can solve numerically the remaining equations
for the amplitudes of the mixture states, and then evaluate their stability,
in essentially the same way as for « = 0. The calculations are just more
involved. It then turns out that mixtures of an even number of patterns
are again unstable for any 7 and «, whereas odd mixtures can become
locally stable for sufficiently small 7 and small «. Among the mixture states,
the pure states, where the vector m has only one nonzero component, are

44 As the discussion in Section 21.3 shows, the SG phase is actually unstable if non-replica
symmetric variations of the order parameters are taken into account. Nevertheless, as in the
case of the SK model, the presence of this instability itself shows that there is a SG phase in the
region of the phase diagram that we have calculated, even if its properties are not accurately
described by the replica symmetric solution.
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the first to stabilize as the temperature is lowered. We will study these pure
states in more detail.

Inserting the pure state ansatz m = m(1,0,...,0) into our RS equations
gives us

m= / Dz tanh (,3 [m + %}) (21.82)

g= / Dz tanh? </3 [m n %D (21.83)

fegmttge| -0t PO ZPEED L S - - |

2 [1-8(1 -1 B

T / Dzln (2 cosh (5 |:m n %D) (21.84)

These equations look like we have just inserted &, = 1 everywhere, rather
than averaged over &1 = =+1. The reason is that for states of the form
m = m(1,0,...,0) the saddle point equations (21.79-21.81) and the free
energy per spin (21.78) are actually independent of &1. To see this, we note
that for &1 = 41, one has & tanh(x) = tanh(&;x). This transformation
also gives &1z instead of z inside the integral. But then one can transform
the integration variable to 7/ = &z (which leaves the Gaussian measure
unaffected, as it is symmetric under z — —z) and obtain a result which is
the same for &y = 1 and & = —1.

If we solve the equations (21.82, 21.83) numerically for different values
of «, and calculate the corresponding free energies (21.84) for the pure states
and the SG state m = 0, we obtain Figure 21.3. For « > 0 the non-trivial
solution m for the amplitude of the pure state disappears discontinuously
as the temperature is raised, defining a transition temperature Ty (a). Once
the pure state appears, it turns out to be locally stable within the RS ansatz.
Its free energy f, however, remains larger than the one corresponding to the
spin glass state, until the temperature is further reduced to below a second
transition temperature T.(«). For T < T,(«) the pure states are therefore
the equilibrium states in the thermodynamic sense.

By drawing the above transition lines in the («, T') plane, together with the
line T, (o) = 1 + /o which signals the transition from the paramagnetic to
the SG state, we obtain the RS phase diagram of the Hopfield model, depic-
ted in Figure 21.4. Strictly speaking, the line Tj would appear meaningless
in the thermodynamic picture, only the saddle point that minimises f being
relevant. However, we have to keep in mind the physics behind the form-
alism (see Section 20.5). The occurrence of multiple locally stable saddle
points is the manifestation of ergodicity breaking in the limit N — oo.
For times which are not exponentially long, the thermodynamic analysis,
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Figure 21.3 Left picture: RS amplitudes m of the pure states of the Hopfield model as a
function of temperature. From top to bottom: « = 0.000...0.125 (Aa = 0.025). Right
picture, solid lines: free energies of the pure states. From top to bottom: & = 0.000...0.125
(Ao = 0.025). Dashed lines and their solid continuations: free energies of the spin glass
state m = 0 for the same values of «, shown for comparison.

Figure 21.4 Phase diagram of the Hopfield model. P: paramagnetic phase, m = ¢ = 0.
SG: spin glass phase, m = 0, ¢ > 0. F: pattern recall phase, where the pure states with

m # 0 and ¢ > 0 minimize f. In region M, the pure states are local but not global minima
of f.Dashed: the AT instability for the retrieval solutions (Tg). Inset: close-up of the low
temperature region.
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based on ergodicity, therefore applies only within a single ergodic com-
ponent. As a result, each locally stable saddle point is indeed relevant for
appropriate initial conditions and finite timescales.

Zero temperature, storage capacity

The storage capacity . of the Hopfield model is defined as the largest « for
which locally stable pure states still exist. The critical temperature Ty (a),
where the pure states appear as the noise level T is lowered, decreases
monotonically with «, and the storage capacity is reached for*’ T = 0.
Before we can put T — 0 in (21.82,21.83), however, we have to rewrite
these equations in terms of quantities with well defined T — 0 limits, since
g — 1. A suitable quantity turns out to be C = (1 — ¢), which must obey
0 < C <1 for the free energy (21.78) to exist. The saddle point equations
can now be written in the following form:

m=/thanh (,B <m+ z{qu))
=& (o)

in which the limit T — 0 simply corresponds to replacing tanh(8x) —
sgn(x) and ¢ — 1. After taking this limit, we perform the Gaussian integral

and find

1—
m = erf (%) C=(- C),/% e 1=0%2a (71 g5)

This set can be reduced further to a single transcendental equation, upon
introducing the variable x = m(1 — C)/+/2a, as follows. Multiplying
the equation for C by m gives mC = 2x e’xz/ﬁ. Subtracting this from
m = erf(x) yields m(1 — C) = x+/2« on the left-hand side and thus

V20 = F(x)  F(x) = erf(x) — % e (21.86)

Equation (21.86) is then solved numerically (see Figure 21.5). Since F(x) is
anti-symmetric, the solutions come in pairs (x, —x), reflecting the symmetry
of the Hamiltonian of the system with respect to an overall spin-flip o —
—o. For o < a, ~ 0.138 there do indeed exist pure state solutions x # 0.

45 Here we neglect the low temperature re-entrance peculiarities in the phase diagram
(Figure 21.4) arising from the AT instability discussed below.
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Figure 21.5 Solution of the transcendental
equation F(x) = x+/2a; x is related to the
pattern overlap by m = erf(x). The storage
capacity o, ~ 0.138 of the Hopfield model is
the largest « for which solutions x # 0 exist. x

For @ > o, there is only the SG solution x = 0. Given a solution x of
(21.86), the zero temperature values for the order parameters follow from

-1
lim m = erf(x) lim C = (1 -l-‘/ﬂ ex2>
T—0 T—0 2

(The second expression is obtained by solving (21.85), in the form C =

(1-C)y/2/ame ™", for C.) With these values we can then also find the zero
temperature limit of our expression (21.84) for the free energy:

. -~ 1 5 1 2 2/ _0 o 2
Thinof_zerf (x)+;e —;(e + 2)(x«/;erf(x)+e )

Comparison of the values for limy_.q f thus obtained, for the pure state
m > 0 versus those of the SG state m = 0 leads to Figure 21.6, which clearly
shows that for sufficiently small « the pure states are the true ground states
of the system.

Let us summarize the main quantitative conclusions that can now be
drawn about information recall in the Hopfield model with an extensive
number p = aN of stored patterns, within the RS ansatz of the replica
formalism. We saw that for sufficiently small values of the storage ratio,
roughly @ < 0.138, and low noise levels T, patterns can indeed be recalled.
Moreover, the recall overlap m is in fact seen to be very close to its maximum
value; one finds that m > 0.97 in the limit 7 — 0, even at the onset of recall
(see Figure 21.6). This value implies that in such macroscopic (recall) states
the percentage of recall errors made by the network, that is, the percentage
of spins where o; = —&/ (given that pattern 1 is recalled) is below 1.5%.

Breaking of replica symmetry: the AT Instability

As in the case of the SK spin glass model, the above RS solution generates
negative entropies at sufficiently low temperatures, indicating that RS must



21 : Network operation: equilibrium analysis

LT I A R A SRR 2 B
99 — — -3 — —
L i I i
\
L | = |
.98 — — —4 —
L | N |
L | Lo\ |
mor H A N i
! \
L | L N : |
97 — — -5 %—/\ —
L 3 | L N ; |
L | | L N : |
~

L | L N |
: _| L N : _|

[ : ~ :
.96 — — -6 — N —
95 7\ [ ‘ [ ‘ || \i\ ‘ [ \7 -7 7\ [ ‘ [ ‘ [ . ‘ [ \7
0 .05 .15 2 0 .05 .15 2

o o

Figure 21.6 Left picture: RS amplitudes m of the pure states of the Hopfield model for

T = 0 as a function of @ = p/N. The location of the discontinuity, where m vanishes,
defines the storage capacity o, ~ 0.138. Note the vertical scale: even just below ., m is still
within 3% of perfect retrieval. Right picture, solid line: T = 0 free energy f of the pure
states. Dashed line and solid continuation: T = 0 free energy of the SG state m = 0, for
comparison.

be broken. If saddle points without replica symmetry bifurcate continuously
from the RS one, we can locate the RS breaking by studying the effect on
f(m,q,§) (21.72) of small (so-called ‘replicon’) fluctuations around the RS
solution, following de Almeida and Thouless:

Gab —> Sab +q(1 — 8ap) + Nap
Nab=1ba  Naa =0 Y Tap=0 (21.87)
a

The small perturbation of ¢ induces a similar change in the conjugate
parameters ¢ through equation (21.70):

Gab — TiB*[RSap +1(1 — 8ap) + flap]

R 1
Nab = E Xd: Ned (8abed — 8ab&ed)
¢
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with

[ dz zazpzeza e+ I-PaRIZ/2 J dzzazp e (1-PaRZ/2
8abcd = [ dz e e (0-Pars)z/2 8ab = [ dz e==(1-Bars)z/2

Wick’s theorem (which expresses higher order moments of Gaussian vari-
ables in terms of the second-order ones, see, e.g., [117]) can now be used
to write everything in terms of second moments of the Gaussian integrals
only:

8abed = 8ab&cd + ac&bd t+ ad 8bc

With this we can express the replicon variation in ¢, using the symmetry of
{na»} and the saddle point equation (21.70), as

7?ab = Z 8aclcd8db
cd

=B [Rbuc + r(1 = 84e)Ineal Rap + r(1 — 5ap)]
c#d

= B*(R — r)*nap (21.88)

(since only those terms can contribute which involve precisely two
8-symbols, as a consequence of Y, n4p = 0).

We can now calculate the resulting change in f(m,q,§), away from the
RS value f(mgs, ggs, Grs), the leading order of which must be quadratic in
the fluctuations {n,} since the RS solution (21.79-21.81) is a saddle point:

171

f(mRSs q, é) = f(mRSs qRS> éRS) + _|:—O( 1H<
Bnl|2

det(T— B(ggrs + 77)))
det(T — Bggs)

A 1 N .
—itr(grsm) + zaﬁz tr(in + iqrs)

Za ePEMRS Y, o4 —io-(Grs+iapti/2)e
— <ln ( Z ePEMRS Y., 0 —i0 450 )> ] (21.89)
7 £

This expression looks more awkward than it actually is. Evaluation is
greatly simplified by the fact that the matrices ggg and n commute, which
is a direct consequence of the properties (21.87) of the replicon fluctuations
and the form of the replica-symmetric saddle point. If we define the n x n
matrix P to be the projection onto the uniform state (1,...,1), we have
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P, = 1/n and thus the relations

qrs = (1 —g@)T+nqP, Pp=9P =0
grsh = nqrs = (1 —q)n

1 (21.90)

_ -1 _
(I—PBqre)™" = = pd—0q)

4 Bng P
[1—B80—q)— pnglll - (1 —q)]

We can now simply expand the relevant terms, using the identity
In(det M) = tr(In M):

(det(l — B(gRrs + 77)))
n
det(T — Bggs)

=trIn(1 — By(1— Bqrg) ™)
1
=tr [—ﬁﬂ(l — Bggrs) ' — zﬁz[n(l - ﬂqu>—1]2] +0®?)

= —1ﬁ—2tr(n2) + 0@ (21.91)
2[1 -0 —g)?

Finally we address the remaining term in (21.89), again using the RS saddle
point equations (21.79-21.81) where appropriate:

<ln ({ Zeﬂg'mRS Za O-a_ia"‘iRSo' [1 + %O{,BZO' . ﬁo’ + %a2ﬂ4(o’ . ;\’0')2‘ + .. :|}
o

-1
x (Z ePEMRS Y, 0 —iﬂ"?Rsa> )>§
o

1

8052/34 > Aabfea(Gabed — Habea) + -+ (21.92)

abcd

1 5 .
= Eaﬁ tr(nqrs) +

with

c Za aaabo_cad eﬁ’;‘-ng > 0%—io-grso
abed = Y eBEmrs Y, 0 —io-drso
o §

Za ool oPE MRS Y 0% —i0 gRso Za oCod oBEMmRS Y, 09 —io 5o
Hipca = — —
3, ePEmrs 2 a09—ioGrso 3, ePEmrs > a09—ioGRso

Inserting the ingredients (21.88, 21.90-21.92) into expression (21.89) and
rearranging terms shows that the linear terms indeed cancel and that the
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term involving H,p.q does not contribute (since the elements H,p.q do not
depend on the indices for a # b and ¢ # d). We are thus just left with:

f(mgs,q,4) — f(mgs,qrs, Grs)
2
! [ S A——G %aﬂ“(R — )

T Bn| 41— BU—q)]

1
_gazﬁS(R - I”)4 Z nahnc'dGabcd] + -
abed

Because of the index permutation symmetry in the spin-average we can
write for a # b and ¢ # d:

Gabed = (Sacabd + 8ad5bc + G4(]~ - 8(10)(1 - (de)(l - (Sad)(l - (Sbc)
+ G2{8ac(1 = 8pa) + Spa (1 — 8ac) + 8aa(1 — dpe) + Spe(1 — 8aa)}

with

Gl — [ Dztanh"(B(m - & + z/ar)) cosh” (B(m - & + z/ar)
= [ Dzcosh" (B(m - & + z/ar) ;

Only those terms which involve precisely two §-functions can contribute,
because of the replicon properties (21.87). As a result:

f(mgs,q,§) — f(mRs,qrs,qrs)
1

2
S [—1L + %aﬂ“(R .

411 -1 -9)?
—%azﬂS(R -nN*1-2G,+ G4)] e

Since tr(y?) = > ab ngb, the condition for the RS solution to minimize
f(m,q,q), if compared to the replicon fluctuations, is therefore

—; 2 N2 6 4 _
T ga—gp T R —ef(R=1)7(1-2G2+Gy) >0

(21.93)
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After taking the limit in the expressions G and after evaluating

: 1. . 1 [dzz? ez (I-Bars)z/2
lim R = — lim g, = lim _f

n—0 B n—0 n—0np fdz e—2(I-Bqrs)z/2
I 1 [ n—1 N 1 ]
= lim —
n—onp | 1—B(1—-q) 1—-B0—-q+ng)

_ 1 1-B+28q
S BIL-B—g)?

and using (21.81), the condition (21.93) can be written as

ap? _
1> m'/Dz(cosh *(B(m “E+z/ar))y  (21.94)
The AT line in the phase diagram, where this condition ceases to be met,
indicates a second-order transition to a spin glass state where ergodicity is
broken in the sense that the distribution P(gq) from (21.74) is no longer a
d-function.

In the paramagnetic regime of the phase diagram, thatis, m = ¢ = 0,
the AT condition reduces precisely to 7 > T, = 1 + /a. Therefore we
can be sure that the paramagnetic solution is stable. The AT line coincides
with the boundary between the paramagnetic and SG phase. Numerical
evaluation of (21.94) shows that the RS-SG solution remains unstable for
all T < Ty, but that the retrieval solution m # 0 is unstable only for very
low temperatures T < Tg (see Figure 21.4).

21.4 Exercises

Exercise 21.1. (Constrained-free energy versus pseudo-free energy.) For the
infinite range ferromagnet studied in Section 20.4, we could use the same
trick as for the Hopfield model (Section 21.1) to define a pseudo-free energy

f(m). Leaving the saddle point value of x in (20.41) undetermined, we can
obtain the free energy as the stationary point of

f(m,x) = —%sz —iTxm — T In(2 cos(x))

with respect to variation of m and x; see the discussion before equation
(21.14). The stationarity (saddle point) condition for m gives

—JIm—iTx=0 = x=1iBJm
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Using this to find x (rather than m, as we should if we were really evaluating
the saddle point with respect to m) and inserting the result into f (m, x), gives
the pseudo-free energy

f(m) = 1Jm?* — T In(2 cosh(BJIm))

Plot this function versus m for different values of T, along with the true
constrained free energy f(m) (equations (20.37) and (20.42)). You should
find, in agreement with the general discussion after (21.15), that f and f
are different in general, but agree in the values at their stationary points.

Exercise 21.2. (Hopfield model with p = 2.) Consider the Hopfield model
with p = 2, for randomly chosen patterns. Use the fact that cosh(x) =
cosh(—x) to confirm that the (pseudo-)free energy (21.15) becomes

fmi,mz) = 3(m} +m3) — 3T In(2 cosh(B(m1 + m)))
— 1T In2 cosh(B(m1 — m»)))

Plot this as a function of my and my, for different T. For T < 1 you
should see nine stationary points. Which ones are stable (local minima) and
unstable (saddle points or local maxima), and does this agree with our dis-
cussion of the stability of mixture states? We have discussed the appearance
of retrieval states (m # 0) by expanding the saddle point condition (21.13)
for small m. Equivalently, one can of course expand the (pseudo-) free
energy f(m) around m = 0. Do this expansion, to second order in m, for
(i) the concrete example p = 2 above, and (ii) generally for the case of p
random patterns. Either way, you should find that the point m = 0 becomes
unstable, that is, ceases to be a local minimum, at T = 1. Note: In principle,
one should use the true constrained free energy f (m)—see next problem—
to analyse stability. However, it turns out that using the pseudo-free energy
f(m), as suggested, actually gives the correct results. Compare with the
discussion before equation (21.23).

Exercise 21.3. (More on the Hopfield model with p = 2.) In the Hopfield
model with a finite number p of patterns, it is generally not possible
to give an explicit expression for the log-density of states s(m), see
equation (21.7), because the saddle point condition (21.11) for x cannot
be solved explicitly for x. However, for p = 2, this can be done. Proceed
as follows. Anticipating that x will be imaginary, set x = im. Show that
s(m) = extrys(m,m) with

1
s(m,m) = —mqmy —mymy + v z:ln(2 cosh(glriny + £21i2))
1
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Use the symmetry of the function cosh to write its argument as 71 +£/! Sizn% 23
carry out the sum over i to get

s(m,m) = —mqimq — maniy + %(1 + o) In(2 cosh(m + my))

+ %(1 — a) In(2 cosh(imy — m>y))

where ¢« = N1 D Sl.l §,~2- Now write down the extremum conditions with
respect to variation of (11, m>) and solve them explicitly. Insert the solution
into s(m,m) and rearrange the expression to show that the end result is of
the simple form

s(mi,my) = (1 +a)si(my) + 3(1 — a)sy(m-)

where my = (m1 £ m)/(1 £ a) and s1(m) = —[(1 +m) /2] In[(1 +m)/2] —
[(1 —m)/2]In[(1 — m)/2] is the density of states that we found for p = 1.
There must be a simple explanation for such a simple result. Construct an
explanation from the fact that m1 +m; (respectively m1 —m3) only depends
on the spins/neurons o; at the sites i where éil = él.z (respectively El.l + él.z).
Finally, use your explicit expression for s(m) in (21.9) to get the explicit
constrained free energy f(m). Compare this with the pseudo-free energy
from the previous exercise; you may want to repeat some of the analysis
there. Also derive the equations for stationary points of f(m) and show
that they are equivalent to (21.13), as they should be.

Exercise 21.4. (Stability of mixture states.) We saw that n-mixture states
in the Hopfield model are never stable for even n. It is not trivial to find a
simple explanation for this, but you can get some insight by focusing on the
limit of T — 0. Consider the first part of (21.20), which can be written as

my = (&' tanh[Bmy, (51 + M"))g
= 3 (tanh[Bm,(M" + D)y — 3 {tanh[Bm, (M’ — D]y
where M' = Y7 _, &,. Note that M’ can only take integer values in the range
—n+1,-n+3,...,n— 1. In the limit 8 — oo, show that the equation for
m, becomes

m, = %Prob[M/ = —1] 4 Prob[M' = 0] + %Prob[M' =1]

Using the fact that, for random patterns, Prob[M’ = k] is directly related
to a binomial distribution, show that
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where |z]| (‘floor’) is the largest integer < z. Deduce that my, = mogy1,
that is, the pattern overlap for an even mixture is ‘as bad’ as that of the
odd mixture with one additional pattern. Consider also the corresponding
free energies f, = —%nm% (there is no entropic contribution, since we are
looking at T = 0). Show that f>; decreases as k increases, while f41
increases as k increases. Hint: Consider ratios such as f5;/ fox2. Finally,
use the Stirling approximation to show that both sequences of free energies
converge to —1/m for large k. This implies that all fy; are larger than
—1/7, while all fo;,1 are smaller. At T = 0, any even mixture state thus
has a higher free energy than an odd mixture state. The result does not say
anything about the stability of the even mixture states, but at least it suggests
that the even mixtures are systematically worse than the odd mixtures.

Exercise 21.5. (Hopfield model with biased patterns.) Consider the
Hopfield model with a finite number of biased patterns, where the pattern
bits are still drawn independently from each other, but where now the prob-
ability of drawing +1 is (1+a)/2 rather than 1/2 (as for unbiased patterns).
For the case p = 2, show that the pseudo-free energy is now

Fmi,mz) = %(m% + m%) — %(1 + a*)T In(2 cosh(B(m1 + m»)))
— %(1 — a®)T In(2 cosh(B(m1 — m2)))

Plot this against m1 and m,. Experimenting with different values of a and T,
try to guess at what temperature retrieval states, that is, stationary points
with nonzero m, first appear. How are m1 and m in the retrieval states
related? Now try to find the answers to these questions analytically, for
general p, by expanding the pseudo-free energy (21.15) to second order
around m = 0 (as in Exercise 21.2). To do this, first show that

(E1E") = a® + (1 — a®)8y

by considering the two cases u = v and u # v separately. Using this result,
you should find

fn) = —TIn2+ tm-Mm + O(m*)

where M is a p x p matrix whose diagonal and off-diagonal entries
equal 1 — B and —Ba?, respectively. Show that this matrix has eigenval-
ues 1 — B(1 —a?), with degeneracy (p — 1), and 1 — B[1 + (p — 1a?]
(non-degenerate). Use the fact that the second eigenvalue is always smaller
than the first to show that the state m = 0 becomes unstable (thus leading to
the appearance of retrieval states) at the temperature 7, = 1 + (p — 1)a?.
Compare this with your earlier guess. Finally, the eigenvector of m
corresponding to the eigenvalue which becomes zero at T = T, tells you
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in which direction in m-space the retrieval states will bifurcate from the
state with m = 0. Deduce from this that near T, retrieval states obey
mi =my = --- =mp, and compare this once more with your earlier empir-
ical observations. To which simpler model does the Hopfield model with
biased patterns reduce for a — 1?2 Use this relationship to check that your
answers to the previous parts of the question are indeed sensible in this
limit.

Exercise 21.6. (Generalized Hopfield model.) Consider a generalized
Hopfield model for a finite number p of patterns, with non-diagonal
interactions

1 p
hj=w 2 EAwg
=1

The A,, are the elements of a positive definite symmetric p x p matrix A.
Note that for A, = §,,, the standard Hopfield model is recovered. Show
that, up to negligible O(1) terms, the Hamiltonian for this model can be
written as

H = —% ;mM(G)A/Lvmv(o)

with the pattern overlaps m,(6) = N~'3 N, &"0; defined as usual.
Show that

Z=/dme“W”Dmn

where m = (m1,...,m,) and where D(m) is the density of states. Repeat
for the present model the analysis that we went through for the original
Hopfield model; in particular, show that the free energy per neuron f is
here given by the stationary point(s) of

f(m,x) = —%m -Am —iTx -m — T (In(2 cos(§ - x)))¢

and that the saddle point conditions are m = (£ tanh(B - Am))g. What is
the physical interpretation of the fact that these equations can have multiple
solutions at small values of 7 = B~!? Using the same trick that led to
equation (21.18), show thatm-Am < B((& -Am)z)g. For the case of random
patterns, deduce that

m-ABA - Dm >0

Find from this the smallest temperature below which non-trivial saddle
points m can exist.

Exercise 21.7. (Saddle point integration for an extensive number of order
parameters.) Suppose we have a system of N spins or neurons which is
described by p order parameters m = (m1,...,m,). Suppose also that we
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have been able to work out the constrained free energy per spin and that it
is given by

1
f(m) = Emz =—> m

Our goal now is to find the free energy, which by definition of the
constrained free energy is given by

f= —Zln/dme_Nﬂf(m)
N

For the quadratic f(m) assumed here, one can do the p-dimensional integral
exactly, since it just factorizes into p Gaussian integrals. Thus show that

f= —an <2nTp)
2N N

Compare this with the result you get if you evaluate the integral by saddle
point (SP) integration. Confirm that SP gives the correct result in the ther-
modynamic limit N — oo when p is finite, but that it is incorrect when
p is extensive (i.e. when p = aN for some nonzero « > 0). Intuition: SP
neglects the fluctuations of the order parameters around their most likely
value. This is fine if there are only a finite number of order parameters, but
for an extensive number, the contributions from the fluctuations add up
such as to remain non-negligible even for N — oo.

Exercise 21.8. (Bifurcations in the SK model.) Perform explicitly the
small-m and small-¢ expansion of the (finite-n) saddle point equa-
tions (21.42-21.44) for the SK model. Proceed as follows. First show, by
treating terms involving q,, separately, that

k(o) = exp (%nﬂz.lz)i?(a)

where

1
k(o) = exp (zﬂsz anbaaab + BJo Zmao“>

a#b a

Convince yourself that equations (21.42, 21.43) hold with « replaced by &
everywhere. Now expand & to first order in the m, and g, (@ # b), and
carry out the sums over ¢ occurring in (21.42, 21.43). Note that )" of
any product containing an odd number of spins is zero (e.g. Y, 0% = 0),
and that products of an even number of spins are nonzero only if each spin
occurs an even number of times (e.g. ", 0% = 2"6,;,). These arguments
parallel those leading to equations (21.16, 21.17). Your results should agree
with the equations (21.45). Also try to do the next order of the expansion.
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Exercise 21.9. (RS saddle point equations of the SK model.) Confirm the
statement after equation (21.56): find the conditions for the RS free energy
(21.54) to be stationary with respect to variation of m and g. For m you
should directly get (21.56), whereas for g you should find

__J dz 2
— m 3 ztanh(B(Jom + J2/q))

L)

ZB8J%(1 —

7B/ —q)
where the Gaussian measure Dz has been written out explicitly. Now use
integration by parts (differentiate the tanh, and integrate the remainder of
the integrand) to bring this into the following form (which is equivalent to
(21.59)):

d
1—g= / ﬁ e_zl/z[l — tanh?(B(Jom + Jz/9))]

Exercise 21.10. (Bifurcations of RS saddle points in the SK model.) The
bifurcations at T = J and T = Jy were already dealt with in a previous
exercise, without the assumption of RS. You can of course also get these
bifurcations within RS, by expanding equations (21.55, 21.56) for small m
and g; try this. You should find that at the bifurcation to the ferromagnetic
phase, g &« m2. The third bifurcation, at T = Jo(1—gq), is from a phase with
g > 0, m =0 to one with ¢ > 0 and m # 0. To find this third bifurcation,
expand equation (21.56) for small m. Use the Taylor expansion of tanh to
show

tanh(8(Jz/q+Jom)) = tanh(8Jz./q)+mBJo[1—tanh*(BJ z/q)]1+O(m?)

Integrating over Dz should then give you m = mpBJo(1 — q) + ---. Make
sure you understand why this implies a bifurcation at T = Jy(1 — ¢). Show
also that the neglected higher order terms are O(m?3) (rather than O(m?)).
Hint: Think about how a change of sign of m affects the right-hand sides
of equations (21.55, 21.56).

Exercise 21.11. (Link between solutions of SK model and of Hopfield
model.) From our discussion at the beginning of Section 21.2, one would
expect that the replicated Hamiltonian (21.63) of the Hopfield model
should, in the limit &« — 00, become identical to that (21.35) of the SK
model without the ferromagnetic part, that is, with Jy = 0. In this exercise
we check this. In (21.25), we found that for @« — oo the couplings J;; = J;;
of the Hopfield model become independent Gaussian random variables,
with zero mean and variance «/N. In the SK model with Jy = 0, this vari-
ance is given by J2/N. To find a correspondence with the SK model, we
therefore need to consider a Hopfield model with rescaled non-diagonal
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couplings
I v Mg pt
Jij = N—ﬁ Z £
n=1
with J;; = 0 as usual. Work through the calculation of the replicated

Hamiltonian with these couplings; you should find, instead of (21.63),

J To J
" \/_ l det (I—ﬁ—ﬁq({a}))

l<I><{ b= ZJ_ZB “(oh)*+

Write the eigenvalues of the matrix ¢({o'}) as Q1,..., Q,. Show that the

last (‘In det’) term equals
BJ
2ln (1-Ze)

Expand this to second order in the Q,, to show that

Ta BJ JJa BJ? B
- Indet (1— ﬁq({a})> = Z(— -9 -9 ) + O 1?)

14
J J?
= I gton - B g
+ 0@ '%)

Deduce from definition (21.61) that trg({e}) = n, and hence that for
o — 00

2
%@({a}) = —%Trq%{a})

This is the same as the replicated SK Hamiltonian (21.35) with Jy = 0, as
anticipated.
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Gardner theory of task
realizability

Our convergence proofs and dynamical analyses of learning processes have
so far always relied on the existence of a solution, that is, on the existence
of a specific allocation of values to the network’s parameters (synapses and
thresholds) such that the resulting network faithfully generates the correct
outputs for the input data presented in the learning stage. This guaranteed
that we could regard the input—output relationships to be learned as having
been generated by a suitable ‘teacher network’, a property on which our
methods have relied quite heavily. Here we turn to the following comple-
mentary question: how can we predict beforehand whether certain families
of tasks are indeed solvable by the architecture at hand, without actually
constructing the teacher network?

In the previous chapters we have described the application of statistical
mechanical techniques in the analysis of the stochastic process that
represents the operation of recurrent neural networks with binary neurons
and fixed neuronal interactions. One can easily convince oneself that
the various learning algorithms that we have defined and studied can be
regarded as stochastic processes (see Chapter 17), but, in contrast to net-
work operation, they will almost never obey detailed balance. This would
suggest that here there is no role for equilibrium statistical mechanics. Yet,
perhaps somewhat surprisingly, it was shown by Gardner [95, 96] that equi-
librium statistical mechanics can find fruitful applications also in learning
theory. More specifically, it provides systematic methods for answering the
questions posed in the previous paragraph.

22.1 The space of interactions

Proving existence of solutions by calculating volumes
and free energies

Suppose we wish to determine the existence or otherwise of the solution
w* of a mathematical problem that can be written as a set of equations or
inequalities to be satisfied by a vector or group of variables w € G € R,
We denote by G the space of w values appropriate for the problem at hand.

Let p be the number of constraints to be satisfied by w. In order not to
complicate matters too much, we suppose that the constraints are all of
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the same type. Of particular interest is the regime where the number p of
constraints is proportional to the number N of adjustable parameters (the
components w; of w), that is, where p = aN. It is expected that solutions to
a problem will exist if « < 1, as this implies that the number of constraints
per adjustable parameter is small, whereas solutions become less and less
likely to exist if the number of constraints per adjustable parameter becomes
much larger than 1, that is, if @ > 1.

This phenomenon is well known in linear algebra. For instance, suppose
we want to solve p linear equations of the form

N

ZAmwisz uw=1,...,p
i=1

with a given p x N matrix A = {A,;} and a given right-hand side b = {b,,} €
IR”. This problem is typically underconstrained if the number p of equations
is smaller than N, that is, for @ < 1, in which case there are infinitely many
solutions wj; these form an (N — p)-dimensional vector space. Conversely,
the problem is typically overconstrained if the number of equations is larger
than N, so thata > 1, and no solution exists. Precisely af @ = 1 the number
of solutions is exactly 1, if the matrix A is non-singular.

In the terminology of statistical mechanics one is tempted to call
a = o, = 1 a phase transition point of the problem. While it is true that
statistical mechanics is not needed to solve the problem of the existence of
solutions in the case of linear equations, there are situations where rigorous
mathematical theorems are not available in the same way, and statistical
mechanics tools do prove useful to decide existence problems of the type
just discussed.

The way in which statistical mechanics can be brought into play is as
follows. One begins by introducing non-negative error measures {E, (w)}
signifying whether or not a given constraint u is violated by w via

E,(w) > 0 if constraint u is violated

E,(w) =0 if constraint u is satisfied

In terms of this definition, a problem imposing p constraints on the
N-components of a parameter vector w will have a solution in which all
constraints are satisfied if and only if

weg

p
min{ > Eu(w)} =0 (22.1)
n=1

Within a statistical mechanics framework, this problem can be decided
as follows. Introduce the sum of single-constraint error measures as the
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Hamiltonian of a system with the N components w; of the parameter vector
w as its degrees of freedom,

p
Hw) =Y Ey(w) (22.2)

and consider the Boltzmann distribution corresponding to this Hamiltonian,
1
pw) =~ e PHW) (22.3)

in which B denotes an inverse temperature as usual. The normalization
constant Z in (22.3) is a partition function,

_ / dw e—FHW (22.4)
g

We assume that the partition function exists for all finite N; this can be
achieved if necessary by assuming G to be a bounded subset of R". From
(22.4) a free energy (per degree of freedom) is obtained in the usual way

fB)=-BN)"Inz (22.5)

At inverse temperature 8, the average energy per degree of freedom in this
system is
P

1
E(B) = ﬁ[ﬁf(ﬁ)]— (H(w)) = Z E,(w))  (22.6)

in which (- --) denotes an average over the Boltzmann distribution (22.3).

We now use the fact that in the 8 — o0 limit the Boltzmann distribution
(22.3) gives all weight to configurations w which minimize the Hamiltonian.
The p constraints on the parameters can therefore be satisfied, and the
problem has a solution, if and only if

Ey = ﬂlim EB) = mig{H(w)/N} =0 (22.7)

that is, if the system’s ground state energy vanishes. In other words

a solution w* € G exists <= E( = mig {H(w)/N} =0 (22.8)
we

The existence of a solution to a problem defined in terms of constraints is
thus decided by whether the ground state energy of a statistical mechanical
system is zero or nonzero.

When applying the general framework just described to investigate
learning in neural netwoks, we find ourselves doing equilibrium statistical
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mechanics calculations and integrals in the space G of the adjustable
parameters w of these systems, which are usually synaptic interactions and
thresholds. This space is called the ‘space of interactions’, or ‘Gardner space’
after [95].

Disorder: the composition of the data set

As was the case in our previous applications of equilibrium statistical mech-
anics to neural information processing systems, there is usually also disorder
in the problem: here this would be the detailed realization of a given data
set D, relative to which one has defined the error measure. Let us reflect
this in our notation by putting H (w) — H(w|D), and accordingly writing

F(BID) = —(BN)™! ln/dw e PHwID) (22.9)
g

As was the case with the attractor networks in which an extensive number
of patterns was stored, we are therefore faced also here with the task of
calculating the free energy per degree of freedom for a system in which the
Hamiltonian contains disorder; this is usually impossible.

However, normally we are not interested in our system’s performance
on a specific data set, but rather in its generic performance on a certain
family (or ensemble) of data sets, characterized only in statistical terms.
We can then average expression (22.9) over all microscopic realizations
of the data D drawn from our ensemble. Furthermore, experience tells us
that in the infinite system size limit N — oo the free energy per degree of
freedom should be self-averaging, that is, independent of the realization of
the disorder (i.e. of the data set D), in which case it would coincide with its
disorder average. Thus we would expect that

f(BID) = —(BN) 'InZ(D) = —(BN)"! ln[dwe—ﬁmw'm (22.10)
g
converges to its disorder average in the limit of large system size:
_ . 1 —
fBID) — f(ﬂ)z_lelooﬂ_Nan(D) (22.11)

as N becomes large. Here =~ = ), pp ... denotes an average over the
ensemble of data sets, with pp giving the likelihood of individual realiza-
tions of the data D in the ensemble.

In this language then, the learning task is called typically solvable if the
average ground state energy over the data ensemble (also denoted by Eg)
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satisfies

Eyp = lim mmN "THwD) = lim lim N"YHw[D))=0 (22.12)
N—o00 f—00

N—>oo weg

The average ground state energy is obtained from the quenched free energy

f(B) defined by (22.11) as

Eog= hm —ﬂ[ﬂf(ﬁ)] (22.13)

It is useful to rephrase this finally in terms of the single constraint error
measures as

Ey =« lim min { Z E,L(w|D)} (22.14)

N—oo weG

If we assume E, (w|D) = O(1), the condition
a solution w* € G exists <= Ey =0 (22.15)

says that we call a problem solvable if the average fraction of unsatisfied con-
straints approaches zero in the large system limit. (Stronger conditions can
be imposed if need be by turning to what is known in statistical mechanics
as a micro-canonical description.)

Yes-or-no error measures and version Space

The most transparent situations are those where it is natural and easy to
define a binary error measure E, (w|D) € {0, 1}, that is, w satisfies the uth
constraint in a given data set D when E, (w|D) = 0, whereas the constraint
is violated if E, (w|D) = 1. This would be the natural setup for informa-
tion processing systems with discrete-output neurons (e.g. McCulloch-Pitts
ones), such as perceptrons and recurrent networks of binary neurons. When
E,(w|D) € {0,1} we can write the (data dependent) partition function
Z(D) as

Z(D) = /dw 0B En(wlD)
g

- /dwl_[ [1 - E.(w|D) + ¢ PE,(w|D)] (22.16)
g 123

In the limit 8 — oo the last term in each of the square brackets in the
above product will vanish, and the product will be zero for all w which
violate one or more constraints. In this limit, contributions to the partition
function therefore only come from those w which satisfy all the constraints.
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This subset of the parameter space is called the version space, and the zero
temperature limit of the partition function is nothing but the volume V(D)
of the version space,

V(D) = ﬁlim Z(D) = /dw [l - Eu(w|D)] (22.17)

The volume is expected to scale exponentially with the system size, that is,
V(D) = eN¥(D) 5o the quantity of interest is

(D) = lim — InZ(D)
_ﬂi)ngoN n

This is, up to a factor minus B, the zero temperature limit of a free energy
per degree of freedom, and like the latter is expected to be self-averaging.
It therefore makes sense to define

¥ =¥(D) = lim %an(D) (22.18)

We then see that there are two qualitatively different possible situations:

W = —00: no solutions with probability one (22.19)

¥ = finite: solutions exist with probability one (22.20)

Our problem of determining whether solutions exist has thus for large sys-
tems been reduced to the calculation of the quantity W in (22.18). When data
are few, one expects to have a finite value for W, that is, a non-negligible ver-
sion space with many solutions. As one increases the number of data and/or
the complexity of the task, however, one expects to find at some stage a
divergence W | —oo. This defines a critical point marking the breakdown
of solvability, which can in many cases be calculated explicitly.

22.2 Capacity of perceptrons—definition and
toy example

Let us illustrate the application of the above theoretical results to real prob-
lems. We turn to the limited but transparent domain of binary perceptrons,
carrying out the usual linear separations S: Q € {—1,1}Y — {—1, 1} defined
by S(&§) = sgn(J - & + ). This type of system is asked to carry out a bin-
ary classification task, defined by a set D of data which consist of p input
vectors £/ € R" with corresponding outputs 1, € {—1, 1}:

D ={(1),..., (", 1))
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We are not told whether these data are linearly separable. If we were to
draw our data D simply at random, we should expect the problem to be
linearly separable only for sufficiently small p. It will turn out that for
N — ocand &* € {—1,1}" this random data separation problem is solvable
by a perceptron if and only if limy_ .o p/N < 2. This result had been
found earlier by elementary methods [118]; here we will derive it from our
equilibrium statistical mechanical formalism.

The condition of linear separability

We found in Chapter 8 that the sufficient and necessary condition for our
data to be classified correctly by a perceptron with parameters (J, ), with
all input vectors at a distance larger than ¥ > 0 from the separating plane,
can be written in terms of the stability parameters:

V< pr t,(J-E 4+ 0)/1T) >« (22.21)

As in Chapter 8 we wish to eliminate the degree of freedom which consists
in rescaling all parameters according to (J,9) — A(J,?), with A > 0; such
rescaling leaves us with exactly the same operation. We do this by insisting
on the normalization J> = N, so J; = O(N") on average. We also re-write
the threshold © as ¥ = Jyov/N, with Jo = O(N?), and require that |Jo| < A
(for some A > 0). This converts the above definitions into the following:

SE =sgn(N"Y2J £+  JP=N  |hl<A (22.22)

Each allowed choice of (J, Jyp) now represents a distinct perceptron. The
Gardner space G for the present problem is therefore defined as

G=1{J,Jo) e RN J2 = N, |Jo| < A} (22.23)

The parameter A is introduced to ensure that the condition fg dJdJy < o0
will be met; it can be chosen arbitrarily large. The sufficient and necessary
condition for a perceptron (J,Jo) € G to solve the task D, with some
prescribed minimal distance x between input vectors and the separating
plane to act as a safety margin (the stability), becomes

correct separation by (J, Jo) € G

i ili D Yu <
with stability > « = yu(J,Jo|D) >k VYu=<p

(22.24)

in which the stability parameters now take the following simpler form:

Yu(Js JoID) = t,(N"V2J - &" + Jo) (22.25)
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So far we have only done preparatory work, similar to the steps taken in
Chapter 8, except that here we have ensured that our microscopic variables
all obey J; = O(N?) for N — oo. This is required,*® since the role of the
parameters w of our general theory is here played by (J, Jy) € G. In order
to apply the results (22.19, 22.20) to our perceptron capacity problem, we
need scalar error measures E, (J, Jo|D) € {0,1} which tell us whether or
not a perceptron (J, Jy) € G separates correctly data point §* with error
margin « > 0. For this we can choose

E,(J,Jo|D) =1—0(yu(J, Jo|D) — k) (22.26)
The volume V(D) of version space as defined in (22.17), that is, of the

regions in G where ZM E,(J,JoID) = 0 (or, equivalently, where ]_[M[l —
E,(J,Jo|D)] = 1), now becomes

p
V(D) = /g dJdio [T 6u(J, JolD) — k)

u=1

A p
= / dJo/dJ 8(J* = N) [] 0, JoID) — )
—A

n=1
dz . . A 14
= ‘/E e—lzN/dJ elZJ/ dJ() l_[ 9()/“(], JolD) — k) (22.27)
—A et

According to (22.19, 22.20), our remaining task boils down to calculating
from (22.27) the quantity ¥ = limy_,oo N~ !In V(D).

A toy problem: orthogonal inputs

Before turning to the non-trivial case of fully random data, let us first, by
way of illustration, inspect the simpler problem where the input vectors
g" € RY of the data D are orthogonal, that is, where &* - £ = N§,,.
This obviously limits the analysis to p < N. Now we may use the p nor-
malized vectors é* = £*/+/N as a basis in R", so that J - £* = VNJ,
and

dZ —i iJ2 A 4
V(D):/Ze ZN/dJeZ /;AdJOIQQ(tM(JM+JO)—K)

. ) N—p pA p )
:/dz emiN </d] elzfz) / dJo l_[/dj 7201, (J + Jo) — )
—A
n=1

46 We have to insist on the components of w scaling as N in order to ensure that volumes
Jdw in R¥ scale exponentially in N.
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If we write the number of outputs that equal 1, = £1 as %p(l +y), and
define « = p/N, we obtain an expression which confirms that the relevant
volume does indeed generically scale exponentially with the system size N:

V(D) = / dzeVNP@)  w = extr, d(z, k) (22.28)

with

_ A
D@ x) = —iz+ (1 — oz)lnfd]e‘“z + lln/ dJo
N Joa

00 - (1/2)(A+y)aN 5, 1/2)(A=y)aN
X (/ dJ e’ ) (/ dJ &%’/ )
k—Jo Kk+Jo

. 1
=—iz+ (1 —ot)ln/d]e‘”2 + 7

oo o0

xextr|Jo|<A{(1+y)ln/ d.]eizjz-i'(l—)/)ln/

k+Jo

dJ eizjz}

_]O

Let us, for simplicity, specialize further to the case y = 0 (i.e. output values
t, = 1 occur with the same frequency as those with #, = —1), where the
extremization with respect to the perceptron’s threshold Jy simply gives
Jo = 0, so that

. m .
®(z,k) = —iz + (1 — a) ln/d]elzjz —i—(xln/ dJ e (22.29)

This form suggests that the relevant saddle-point in (22.28) will be purely
imaginary, so we put z = iu? with u € IR and positive (the square ensures
that the integrals exist):

2

®(iu?, k) = u? + (1 — a)ln/d] ey aln/ dJ e
=u? —In(u/y7) —aln2 + aln(l — erf(ku)) (22.30)

Extremization of ®, as required by (22.28), gives the saddle-point equation

22
1 ok e

=F Fuy=—+—=——"7-"--—— 22.31
" (@) (@) 2u + J 1 —erf(ku) ( )
The function F(u) in (22.31) is always positive, descending initially from
the singularity F(0) = oo. If @ and « are both positive, then F(u) has
a positive minimum for some positive # and subsequently increases once

more towards F(00) = 0o, approaching the asymptotic form F(u) ~ ax?u
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Figure 22.1 The function F(u) as appearing in the saddle-point equation (22.31) for the
classification capacity (at required stability « > 0) of a perceptron with data D consisting of
p = aN orthogonal input vectors £* and randomly drawn outputs 7, € {—1, 1}. Left: solid
lines show F(u) for o = % and k € {%, 1, %, 2, %, 3} (from bottom to top). Right: solid lines
show F(u) for k =2 and @ € {0.1, 0.2, 0.3, 0.4, 0.5, 0.6} (from bottom to top). Dashed:
the diagonal which F(u) has to intersect to solve F(u) = u. Finite solutions of the equation
F(u) = u (representing a non-vanishing volume of solutions to the classification problem)
are seen to exist only for sufficiently small @ and «.

foru — oo. See also Figure 22.1. It follows that there will be a finite positive
solution of equation (22.31), and hence a finite value for ¥ (so that solutions
exist of our perceptron classification problem, with probability one) if and
only if ak? < 1. At ax? = 1 this finite solution ceases to exist. Hence
the classification capacity a,(x) for a prescribed classification stability « is
given by

ac(k) = k2 (22.32)

(with @ < 1, for orthogonal input vectors to exist). This curve is shown in
Figure 22.2, together with the corresponding result for random input data
to be derived below. We see that for k < 1 the data are always separable,
for any value of o < 1. For x > 1, however, the increasing demands of
classification stability can only be met at the cost of a reduction of the
number of data points to be classified, that is, o (k) < 1.

22.3 Capacity of perceptrons—random inputs
Replica analysis in Gardner space

For random (and hence non-orthogonal) input vectors we can no longer get
away with the simple calculation that worked for orthogonal input vectors.
Now we have to carry out the disorder average in W = limy_, oo N~ 'In V(D)
explicitly, which can be done with the replica method, as introduced
in Section 21.2. For simplicity we will deal only with perceptrons without
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20 B

Not separable

ac(k)

0.0
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Figure 22.2 Asymptotic classification capacity a.(«) of a perceptron, for data sets D
consisting of p = aN input vectors §* € RY with corresponding random binary outputs ¢/
(independently drawn, with equal probabilities for outputs t# = +1), versus the required
classification stability «. Solid line: randomly drawn input vectors §* € {—1,1}". Dashed
line: orthogonal input vectors §* - &V = N§,, (with o < 1). The linear separations are
possible with probability one for N — oo only for @ < a,(x), that is, below the lines.

thresholds, that is, Jo = 0, where the expression (22.27) for the volume
V(D) of version space takes the form

p
V(D) = /;—; e_iZN/dJeiZJz [Jowv—"2tmr-&" — k) (22.33)

u=1

We consider randomly drawn binary input vectors §* € {—1,1}" and ran-
domly drawn corresponding outputs 7, € {—1,1} with all components
taking the values 1 with equal probabilities. In the disorder average defin-
ing ¥ we may then use the gauge transformation & — ,&" to eliminate
the output variables,*” giving

p
¥ = lim l|:lr1/dz eiZN/dJ e—izd? l_[ ON-1/2] . gt — K)] (22.34)

N—oo N
u=1

47 This would generally not have been possible in the presence of thresholds, or for data
sets D where the input components and the outputs do not have equal probabilities for +1.
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Now we apply the replica identity InZ = lim,_on 'InZ", and
write Z" as an n-fold integral, that is, we replace [[dzdJg(z, )" =
JTa11dzadJ g(zas J:

ay2 P VARE 1o
W= lim hm—m/]‘[ [dzad g NI TT T o N ~«)

N—ocon—0nN
a y,:l

(22.35)

To proceed with (22.35) we need to evaluate the disorder average of a
product of step functions. To do this, we use an integral representation for
0(u), which follows from the integral representation of the §-function via
0 (u) = 8(u):

y—K y—kK .
O(y — k) = / drs(r) = / da ;i; ixA

/ T / dr i) _ / d;dx 01 — i) €0

This is equivalent to using a §-function for ‘transporting’ the variable y
(which contains the disorder) out of the argument of 8(y — «). In (22.35)
we have np step functions, so we need np new integration variables. As in
the case of orthogonal inputs, we will choose p = aN, with « = O(N?).
For large N we then find for the term containing the disorder average

== [TITe( 22 )

a pu=1

a a
N / I1 (Cugﬂ O (A, — K)e"‘*‘k") e 1 Xin & Ko I NN
T
"
d)\’ad a Ja a
= /1_[( A% — k)i )‘ﬂ) ncos< )
ap
a
N /H (%ﬂ 0(h — K)elx“kﬂ>e Yo (L I %) [2N+ON?)
b
w

_ [ /M (d)‘gd)‘“ 60— K)eix”)‘“)e_ S0 ¥ Ji“J,-b/ZN+O<N1>]p
T
a

(22.36)

Proceeding by analogy with the arguments in Section 21.2, we insert
(22.36) into (22.35) and isolate the n? quantities N~! 3, Je Jl.b via suitable
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3-functions, that is, by inserting

1= H /dqab (S(qab - % Z J,-“Jib)

_1—[ / dqap dgap iNdab Gar—J - /N)
2m/N

This results in, with z = {z,}, and ¢ = {qu»} and § = {Gus},

¥ = lim lim —In /dz dg dq N (a2t Lap Gavqap) +O(n N)

N—ocon—0nN

P
{/1—[ |:d)\ dxa 9(}\‘ _K)elxu a:| abxu‘[abxb/z}
x /(Hdﬂ)eizaaau%ZiZabéabJ“-Jb

= lim lim —lnfdqudq N a2t Lap Gargap) +On N)

N—ocon—0nN

p
{/1—[ |:d}\.adxa 9()\' K)elxa)nai| ab xaqabxb/z}
N
% [/(nd]a> 12 Zad, IZab Jaqub-]b} (22.37)

After exchanging the order of the two limits n — 0 and N — oo in the
by now familiar manner, and using p = a«N with @ remaining finite for
N — o0, we end up once more with an integral to be evaluated by steepest
descent:

n—-0n

= Jim _eXtrz‘l ‘1{ ZZ“ iZéabqab
ab
+ o ln/H [cué’ﬂ 0 (g — K)eixaka] o~ Lab XadabXb/2
T
a

+1In / ([Tdva)e Eer Ja@abﬂaﬁab”b} (22.38)

Anticipating the form of the relevant extremum, we write gup = —%ikab —
Za8ap. Carrying out the two Gaussian integrals in (22.38) (see Appendix D)
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then gives
1 1 . 1
V=21 - @) In@r) + lim —extrs g5 lgza(l ~ daa) + 5 %kabqab

+ aln/ l_[[d)\ae()»a —K)]e” >ap 2a@ Daprs/2
1 1
— Ealndetq - Elndetk}

Extremization with respect to the {z,} recovers what can be recognized as
the built-in spherical constraint ) ; Jl.2 = N, gaa = 1 for all a, leaving

1 | 1 1 1
= E(1 —a)InQm) + ii% ;extrq,k {Z Xa: koo + Z[; kabQap — e Indetq

1 > — Y k@ Dapr/2
_Em“”+“mA:H]MQ€&”q bho/ (22.39)

Replica symmetry

At this stage we make the replica symmetric (RS) ansatz, which in the case
of an underlying stochastic process would have been equivalent to assuming
ergodicity but which here boils down to assuming that the version space
V(D) € G is connected. As in Section 21.2 it takes the form

Gab = Sab + q(1 — 8ap) kap = Kdap + k(1 — 8ap)

Both these RS matrices have the following eigenvectors: x = (1,...,1)
giving a first eigenvalue with multiplicity one, and any vector in the ortho-
gonal space (1,...,1)" giving a second eigenvalue with mutiplicity n — 1.
It follows that

_ _ -1 A/ nk
detk = (K — k +nk)(K — k) =(K —k) <1+—K—k)

detg = (1—g+ng)1—g)" ' =(1 —q>”<1 + %)
aab _ q
I-qg (-9 -q+ng)

(@ Dy =

We use these RS identities to simplify our general expression (22.39).
In addition we introduce a further Gaussian integral to linearize the
quadratic exponent in the integral over {A,}, using the familiar shorthand
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Dz = 2m)~V 2,=2/2 This gives us the value of W for replica symmetric
solutions, with extremization now over the triplet {q, K, k}:

2Wps=(1 —a) InQ2n) + extr{K —kg —In(K — k) — % —aln(1—gq)

—laT—l-Zahm / <l_[dk>

n—0n

o= Ta /200 +q(E, ) 2(1-g)(1=g-+nq)] }

=(1—a)In@2n) + extr {K — kg —In(K — k) — ﬁ —aln(l —¢q)

1
i +2alim—ln/Dz
1—gq n—0n

n
) [/wd)»e—)‘z/[z(l_q)]"‘zﬁ)\/ (1—61)(1—q+nq):| }
K

=1 —a)InQ2n) + extr {K — kg —In(K — k) — % —aln(1 —gq)

aq X 20— g) g/ (1—q)
-1 + Za/Dz ln/ dxr e Dl+zy/gr/(1—q (22.40)
—q K

The term with the integral in the last line contains only ¢, so that the
extermization with respect to K and k has become trivial, giving the two
saddle-point equations (K —k)? = K —2k and k = —q(K —k)?. As we have
to reject K = k = 0 for Wy to exist, the relevant solution is

=(1-29)/(1—q)* k=—q/(1—¢g)* (22.41)

Insertion of (22.41) into (22.40) subsequently leaves us with a transparent
expression that is to be extremized only with respect to the remaining order
parameter ¢ € [0,1]. In this expression one can also carry out a simple
transformations on the integration variable A, viz. A = z,/q +t/2(1 — ¢),
to write the remaining integral in terms of the error function

erf(x) = %/(; dte™
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The final result is: Wrs = extr, Wrs(q), with

1 1 1 1 q
WRrs(g) = z+z(1 —2a)ln2+zlnn+zln(1 —q)+2(1—_q)

K —2./q
+ asz In |:1 — erf(—m>] (22.42)

The classification capacity

It is clear from expression (22.42) that one has a finite value for Wgg (and
hence linear classification of the random data D is possible with probability
one) as long as the relevant extremum has g < 1. The classification capacity
of our system is therefore defined by the condition that ¢ = 1 at the saddle-
point, which will give us a relation between the control parameters « and «,
that is, an expression for the critical relative size a.(k) of the data set (as
in the simpler toy example of orthogonal input vectors). The saddle-point
equation for g, as obtained by putting 9WRrs(g)/dg = 0, is found to take
the following form:

aVZ(l /Dz[l erf(u)] e (k /7 — 2) (22.43)

with the shorthand u = (« — z,/9)//2(1 — ¢). The transition where classi-
fications cease to exist occurs when the solution of (22.43) is indeed ¢ = 1.
Hence . (k) is to be solved from

1= ac(/c)\/g/ Dz (k —7) }}iﬁ{\/l —q[l1 - erf(u)]_le_”z} (22.44)

The remaining limit in (22.44) is most easily calculated by putting g = 1—€?2,
where € — 0. One may then write

wu=""24 % L0oeEd
2 22

and

2
1= OlC(K)\/j/DZ (k —2)

€ exp[—((k — 2)/(eV/2) + 2/ (2V/2) + O(€))?]
1 —erf((k — 2)/(ev/2) + 26/ (23/2) + O(e3))

x lim

e—>0

(22.45)
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The result of the limit € — 0 in (22.45) depends crucially on the value of
x — z. For k — z < 0 one has a finite denominator and a vanishing numer-
ator, giving lim._o{---} = 0. For « — z > 0, however, both numerator
and denominator go to zero for € — 0, and one may use the asymptotic
behaviour of the error function [1], viz.

erf(x) = 1 — e A+0672) (x — o0)

1
xJT
to obtain lim¢_,o{---} = (k — z)y/7/2. In combination we may therefore
write lime_o{---} = (k — 2)0(k — z2)y/7/2, and find (22.45) reducing to

1 =oa.(k) /K Dz (k — z)2

This can also be written in the remarkably simple and elegant form

00 -1
o (k) = [ / Dz (k + z)z} (22.46)

—K

In (22.46), which is shown above in Figure 22.2 together with our earlier
expression for data with orthogonal input vectors and random outputs, we
have found the perceptron’s classification capacity for random binary data,
as a function of the required stability «. As expected, a. (k) decreases mono-
tonically with «; the larger the requested separation margins, the smaller the
number of data that can be classified. In the limit k — 0 one obtains the
absolute upper limit for classification, a.(0) = 2. For small values of «,
that is, when the number of data points to be classified is moderate, one
would anticipate that the differences between random or orthogonal input
vectors should become small. Figure 22.2 confirms that this intuition is
indeed correct.

One should note that, since any fully connected recurrent networks of
N binary neurons functioning as associative memories (as studied, e.g. in
Chapter 21) is mathematically equivalent to a collection of N perceptrons
acting in parallel, the result (22.46) also applies to such recurrent networks.
It follows that the maximum number of random patterns that can be stored
as fixed point attractors in recurrent networks of binary neurons (without
thresholds, without noise, and without further constraints of any kind*$)
also scales with N as pmax/N = 2.

48 This latter condition is relevant, since it can be shown that in order to satisfy the upper
bound o = 2 in an associative memory one needs non-symmetric synapses, thatis, J;; # Jji.
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Notes and suggestions for
further reading

Many interesting phenomena relevant to the information processing
capabilities of neural networks are clearly dynamical in nature, and can
therefore not be investigated by techniques of equilibrium statistical mech-
anics because these concentrate on stationary states. However, for a large
class of problems one is simply forced to accept this limitation in scope
because their full dynamics turns out to be far too complicated to unravel
with the analytical techniques currently available. As the present part of
the book has demonstrated, a number of interesting properties of neural
networks can nevertheless be investigated in some detail using equilibrium
theory.

Equilibrium statistical mechanics has a long history dating back to sem-
inal work of Maxwell, Boltzmann, and Gibbs in the nineteenth and early
twentieth century. It provides a rich arsenal of concepts and techniques for
studying stationary states of systems containing many interacting degrees of
freedom; these can be applied to neural networks—natural and artificial—
once the restriction of symmetric synaptic interactions is imposed.

As we saw, the stochastic dynamics of a set of recursively coupled binary
neurons constitutes a Markov chain. Our demonstration of the existence
and uniqueness of stationary distributions for such processes closely follows
the reasoning of van Kampen [79]. In a more abstract setting these results,
which concern the largest eigenvalue and the corresponding eigenvector of
stochastic matrices, were proven by Perron for positive, and by Frobenius
for non-negative matrices; they are therefore often jointly referred to as the
Perron—Frobenius theorem. The interested reader will find proofs of these
theorems and further results about stochastic matrices in [119].

Although the modelling of associative memories in terms of networks
of interacting neurons has in itself a long history (see notes on Part I), the
applicability of equilibrium statistical mechanics techniques for studying
their collective behaviour was firmly established only through the work of
Little and Shaw [8, 120], Hopfield [14], and Peretto [121]. The full ana-
lysis of the equilibrium properties of the Hopfield model is due to Amit,
Gutfreund, and Sompolinsky, both for the case of finitely many stored
patterns [122], and for the much more demanding case of extensive load-
ing [123, 124]. The latter requires the use of replicas as we saw. Replica
identities for averaging logarithms were used already in the 1930s [125];
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however, they began to have a major impact in the world of physics only
much later through the work of Edwards and Anderson [126] on spin
glasses. A detailed account of the replica method and in particular its
application to the study of the Sherrington—Kirkpatrick model [127] can
be found in the book by Mézard et al. [128].

As explained in Section 21.3, the replica symmetric approximation used
by Amit et al. in their study of the Hopfield model is unstable against a
spontaneous breaking of the permutation symmetry among replicas at low
temperatures. An instability of this kind was first revealed by de Alemeida
and Thouless [129] for the SK model; our analysis of the AT instabilities of
the SK and Hopfield models in Sections 21.2 and 21.3 follows their reas-
oning. The effects of replica symmetry breaking are rather pronounced in
the SK model; correct descriptions of phases with broken replica symmetry
were first obtained through the pioneering work of Parisi in the early 1980s,
which is documented in detail in [128].

There was at first some doubt about the true value for the zero temperat-
ure storage capacity of the Hopfield model, as its value determined within a
replica symmetric approximation, . = a®® 2~ 0.1379, was found to differ
from that obtained via numerical simulations, a¥™ ~ 0.144. The discrep-
ancy was initially put down to effects of replica symmetry breaking, which
were not included in the analysis of Amit ez al. [123,124]. However, it is
now known that the effects of replica symmetry breaking are rather weak
in the retrieval phase of the Hopfield model and cannot be held responsible
for the discrepancy: calculations based on retrieval phases with broken rep-
lica symmetry [130] suggest that the correct value for the storage capacity
is «R%B ~ 0.1382 and thus very close indeed to the value determined in a
replica symmetric approximation. The deviation from the initial numerical
results is now thought to be due to a combination of strong finite size effects
and inappropriate ways of performing the average over the disorder in the
numerical simulations.

Once Hopfield’s original model was properly understood, modifications
were proposed and investigated with respect to all defining characteristics
of the original proposal. These include (i) parallel instead of sequential
dynamics [131], (ii) different pattern statistics, for example, with low
levels of activity [132, 133], or hierarchically correlated data [134,135],
(iii) different forms of synaptic interactions, for example, based on the cor-
relation matrix between the stored patterns [136], (iv) neurons which can
take more than two discrete [137] or continuously many states [138], as well
as sets of states having a different symmetry [139], and finally (v) sparse or
asymmetric connectivity of the interactions, an extreme version being [88].
Studies of models with asymmetric interactions do of course require non-
equilibrium techniques; alternatively they can and have been studied by
numerical simulations. The main point of all these investigations has been
to delineate the capabilities and limitations and the degree of universality of
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neural information processing systems. The fact that, qualitatively, the basic
functionality of recursively coupled networks does indeed survive these—
sometimes drastic—modifications has been taken as an indication that the
essence of associative memory is captured by this type of modelling.

Several excellent books and reviews providing further details are avail-
able; let us mention the monographs [22-24, 140], the reviews in [141]
and [142], and the collections [21] of reference material and [20] of
reprints of older research papers. General textbooks on statistical mechanics
are [143-145].

The networks analysed in the first two chapters of the present part of
the book store a given set of patterns by encoding them in synaptic coup-
lings according to a fixed prescription, and we analysed the probability
distribution over the states of the network. The Gardner theory of task
realizability [95,146] takes a rather different view. It starts from a given
task, such as storage of a pattern set in a recursive network, or classification
of patterns in a perceptron. One then considers an ensemble of networks
dealing with this task that is characterized by a probability distribution over
the set of couplings rather than the network states. We only discussed one
of the simplest questions that one may ask of such an ensemble, namely
whether coupling configurations exist that solve the given task without
errors; if no such configuration exists, no conceivable learning algorithm
could be successful. We saw that this question can be answered by looking
at the zero temperature limit of a suitably defined free energy, which for
binary classification perceptrons is closely related to the volume of the space
of solutions. This problem is already sufficiently rich to illustrate many of
the technical issues that arise.

Many other questions can of course be asked. The properties of an
ensemble of networks solving a given task, not perfectly but with a cer-
tain fraction of errors was studied by Gardner and Derrida [96]; in this
case one does not take the zero temperature limit in the free energy calcu-
lation. Of some interest is also the case where the set of couplings is itself
discrete. This was investigated by Krauth and Mézard [147], who demon-
strated that a randomly classified pattern set is typically no longer linearly
separable by a perceptron with binary couplings once the number of pat-
terns increases beyond pmax &~ 0.83N. Recall that the corresponding figure
for perceptrons with continuous weights was pmax = 2N.

On a cautionary note we add that the existence of solutions for a given
task tells us nothing about our ability to actually find them. For instance, for
the task of finding a linear separation of p randomly classified N-component
patterns using a perceptron with binary weights, Horner [148] demon-
strated that algorithms with a complexity scaling polynomially in system
size are not likely to find solutions at any nonzero value of p/N in the
large system limit, despite the fact that solutions are known to exist up to
Pmax ~ 0.83N [147].
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Another issue arises when a classification that is to be learnt is not random
but provided by a rule, for example, by a teacher perceptron. Such a clas-
sification is obviously always learnable by a student perceptron, if it has
the same architecture as the teacher and the latter is noise-free. The inter-
esting question now concerns the generalization ability, studied within an
ensemble of student perceptrons, and in particular its scaling with the size of
the training data set. Here students are assumed to be trained on the whole
set, rather than adapting their weights in an online fashion as examples
come in. This problem was first analysed by Opper et al. [149] and general-
ized in [97]. The generalization error for the maximal margin classifier was
found to decrease at a rate inversely proportional to the size of the training
set—a behaviour which, as we saw earlier, can be achieved in an online
learning mode only by properly adapting the learning rate.

A wealth of interesting results has been obtained since the early 1990s
using Gardner’s interaction space approach. Let us specifically mention
Virasoro’s work [150] on predicting the effects of brain lesions. He demon-
strated that after learning hierarchically organized data—items grouped
into classes of comparatively large similarity within classes, and greater
dissimilarity between classes—the class information contained in each pat-
tern enjoys a greater embedding stability than the information that identifies
a pattern as a specific member of a class. As a consequence, brain lesions
that randomly destroy or disturb a certain fraction of synapses after learn-
ing will lead to the effect that the specific information is lost first, and the
class information only when destructions become more severe. An example
of the ensuing kind of malfunctioning is provided by the prosopagnosia
syndrome—characterized by the ability to recognize faces as faces, without
being able to distinguish between individual faces. The analysis reveals that
this kind of malfunctioning must #ypically be expected when injury occurs
to networks storing hierarchically organized data. This result is particu-
larly interesting because it relies on very few assumptions apart from the
basic starting point that memory resides in the synaptic organization of a
network. For further results obtained within the Gardner approach we refer
to the reviews of Opper and Kinzel [101], Watkin et al. [100], and Gyorgyi
and Tishby [151], or the recent book by Engel and van den Broeck [152].



Appendix A: Probability theory
in a nutshell

We define ‘events’ x as n-dimensional vectors, drawn from some event set
A C IR". We associate with each event x € A a real-valued and non-negative
probability p(x) > 0.

A.1 Discrete event sets
Definitions and conventions

If A is discrete and countable, each component x; of x can only assume
values from a discrete set A; so A € A1 @ A, ® --- ® A,. We do not
write event sets explicitly where the meaning is clear; for example, >
will mean »_ 4., and }_, will mean }_,_,, etc. No problems arise as
long as the arguments of p(---) are symbols; only if and when we evaluate
probabilities for explicit values of the arguments will we need to indicate
to which components of x such values are assigned. The probabilities are
normalized according to )", p(x) = 1.

Interpretation of probability

Imagine a system which generates events x € A sequentially, giving the infin-
ite series x1,X2,X3,.... We choose an arbitrary one-to-one index mapping
w:{1,2,...} = {1,2,...}, and one particular event x € A (in that order),
and calculate for the M sequence elements {x (1), ..., Xz(m)} the frequency
S (x) with which the particular event x occurred:

Sxy=1 ifx=y

M
1
=—3Y5
Sm(x) M Z XX 7 (m) Se.y = 0 ifx#£y

m=1

We define random events as those generated by a system as above with the
property that for each one-to-one index map 7, for each event x € A the
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frequency of occurrence fy(x) tends to a limit as M — oo. This limit is
then defined as the ‘probability” associated with x:

Vx € A: p(x) = Mlim fu(x)

Since fyr(x) > 0 for each x, and since ), fu(x) =1 for any M, it follows
that p(x) > 0 and that ), p(x) =1 (as it should).

Marginal and conditional probabilities, statistical independence

The so-called ‘marginal probabilities’ are obtained from p(x) = p(x1,...,
X,) upon summing over individual components of x = (x1,...,x,):

p(xla-‘ s Xp—15X0415 - - -axn) = Zp(xla'--axn) (Al)
X¢

In particular we obtain (after repeating this procedure n — 1 times):

pxi) = > P(X15. - Xn) (A.2)

X1seeosXi—15Xi415e-5Xn

Marginal probabilities are normalized. This follows by combining their
definition (A.1) with the basic normalization ), p(x) = 1, for example,

Z p(-xla'"3xfflaxf+la"'9xn):1 Zp(xl)zl
Xj

X1seeesXf—15X0+15-5Xn

For any two disjunct subsets {i1,...,ix} and {ji,..., j¢} of the index set
{1,...,n} (with necessarily k + £ < n) we next define the conditional
probability

P(Xigse ooy Xigs XjysnensXjy)
P(Xjis.osXjy)

(A.3)

P(xip"-)xik|xj13"'3le) =

Expression (A.3), Bayes’ rule, gives the probability that the £k components
{i1,...,ik} of x take the values {x;,...,x;}, given the knowledge that the
¢ components {1, ..., j¢} take the values {xj,,...,xj,}.

The concept of statistical independence now follows naturally. Loosely
speaking, statistical independence means that conditioning in the sense
defined above does not affect any of the marginal probabilities. Thus the
n events {x1,...,x,} are said to be statistically independent if for any two
disjunct subsets {i1,...,it} and {j1,..., je} of {1,...,n} we have

p(xila--‘axik|xj19---,xjg) = p(xip-- 'axik)
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This can be shown to be equivalent to saying

p(-xila v 9xik) = P(Xil)P(xiz) o P(xik)

for every subset {i1,...,it} € {1,...,n}
(A.4)

{x1,...,x,} are independent:

A.2 Continuous event sets
Definitions and conventions

Here the event set A is no longer countable. Each component x; of x can
assume values from a continuous set A; = {x € IR| 3x € A with x; = x}, and
ACAI®RA®: --®A,. As before we drop explicit reference to sets where
possible; for example, [ dx; will mean fA[ dx; and [ dx will mean f, dx,
etc. The function p(x) is now to be interpreted as a probability density,
which is accordingly normalized via integration: [ dx p(x) = 1.

Interpretation of probability

Again we imagine a system which generates events x € A sequentially,
giving x1,x2,.... We define boxes (hypercubes) B(x, A) in R" as follows:

B(x,A)={yeR"|x; <y <x;+ A for all i}

in which all A; > 0. The volume of such a box is simply [ [7_; A;. We choose
an arbitrary one-to-one index mapping 7: {1,2,...} — {1,2,...}, and
one particular event x € A (in that order), and calculate for the M sequence
elements {x;(1), ..., Xz(m)} the frequency fy (x, A) with which events were
generated which happened to lie in box B(x, A):

1 M
CNSES v BRICEIENY

m=1

I(y;x,A)=1 if y € B(x,A)
I(y;x,A)=0 if y ¢ B(x,A)

We define random events as those generated by a system as above with the
property that for each one-to-one index map 7, for each box B(x, A) the
frequency of occurrence fy;(x, A) tends to a limit as M — oo. This limit is
then used to define the ‘probability density’ p(x) associated with x:

limpy oo fur(x, A)

[Ti=1 A

Vx € A: =1l
cen pw = fim
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provided this limit exists. Since fy(x,A) > 0 for each x, and since

[dx fu(x,A) = []i_; A; for any M, it follows that p(x) > 0 and that
[ dx p(x) =1, as it should.

Marginal and conditional probability densities,
statistical independence

The marginal probabilities are now obtained by integrating (as opposed to
summing) over individual components of x = (x1,...,x,):

p(xla---axf—lax€+la-~-3xn) = /d-x[ p(-xla'- -axn) (A'S)

In particular we obtain, upon repeating this procedure:

plx;) = / dxq...dx;_1dxjpq1 ... dx, p(xt,. .., x0) (A.6)

Again, marginal probabilities are normalized, but now in the sense of integ-
ration. This follows as before by combining their definition (A.5) with the
basic normalization [ dx p(x) = 1, for example,

/dxl coodxgqdxpaq o dxy pOety ey Xe— 1, X1y s Xn) = 1

/ dy; p(xi) = 1

For any two disjoint subsets {i1,...,ix} and {ji,...,j¢} of the index set
{1,...,n} we next define the conditional probability density

P(Xigs oo s Xigs XjysennsXjy)
P(Xjps.esXjy)

(A7)

PXigs oo s Xig|Xjys ooy X)) =

It gives the probability density for the k components {i1,...,i}, given the
knowledge that the £ components {j1,. .., j¢} take the values {x;,...,xj,}.
Statistical independence can as before be defined in the following way:

P(Xiys -5 Xi) = p(xi)) p(xiy) - - - p(xip)

for every subset {i1,...,ix} € {1,...,n}
(A.8)

{x1,...,x,} are independent:
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A.3 Averages of specific random variables

We define ‘random variables’ as arbitrary functions F(x) of random events
x € A. We define averages or expectation values or mean values (F(x)) of
random variables F(x) as follows:

discrete random variables: (F(x)) =), px)F(x) (A9)
continuous random variables: (F(x)) = [ dx p(x)F(x) ’

Let us now turn to the definitions and properties of a number of relevant
(discrete or continuous) random variables and averages. Note that in general
one cannot be sure beforehand (without explicit proof) that the following
averages will actually exist (i.e. are finite):

average: [ = (x;)

variance: al.z = (xl.z) — (x;)?
iz is non-negative, since (xiz) — (x;)% = ((x; — (x;))2). This also shows that
o? = 0 implies that x; = x/ for any two events x € A and x’ € A with

nonzero probabilities.

o

covariance matrix:  C;j = (x;x;) — (x;)(x;)

Note that C;; = aiz. The covariance matrix is symmetric so all eigenvalues
are real. It is also non-negative definite (so all eigenvalues are non-negative),
since it can be written as (x;x;) — (x;)(x;) = ((xi — (x;))(x; — (x;))), from
which it follows that

" 2
for any z € R™: Z‘CZ:<|:ZZi(xi_<xi>)j| > >0
i=1

. mil mi2 mik .
moments:  {x; "X, %,...,x;, ), with m;, € {0,1,2,3,...}

characteristic function: For a single random variable x, the characteristic
function is defined as ¢ (k) = (¢**). The functional dependence of this
on k encapsulates all the moments; this follows by Taylor-expanding the
exponential: ¢ (k) = 1 + ik{x) — %kl (x2) 4 ---. Also, by writing out ¢ (k)
explicitly as

¢ (k) = / dx p(x) e~

one sees that it is just the Fourier transform of the probability distribution
p(x). Applying the inverse Fourier transform (see Appendix F) means that
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we can retrieve p(x) if we know ¢ (k):

d |
p(x) = / S pm e
T

Thus—at least for sufficiently well-behaved probability distributions—
knowledge of the characteristic function is equivalent to knowing p(x). The
above arguments generalize to the case of several random variables: here
one defines ¢ (k) = (exp(i)_i_; kix;)) and the inverse Fourier transform

gives
p(x) = /( %) ¢ (k) ¢~ izt Kii
2w

i=1



Appendix B: Conditions for the
central limit theorem to apply

We first give a simple necessary condition for a random variable to
have a Gaussian probability distribution. This is followed by Lindeberg’s
Theorem, which gives a sufficient condition for an infinite sum of
independent random variables to have a Gaussian probability distribution.
We then apply both results to expressions of the form ZlN:1 W;x;, in which
the x; € {—1, 1} are independent zero average random variables.

B.1 Moment condition

Consider a zero average random variable Y, described by a Gaussian
probability distribution

1 2252
p(y) = e /20
o 2w
All odd moments are zero, that is, (y?"*1) = 0, due to the symmetry

p(y) = p(—y). All even moments (y>”) can be expressed in terms of the

width o of this distribution. For instance,

dy 2,92
2y _ 2 —y*/20
= [ — e
o /U\/ZJT Y

= Q27c*) 2 lim dy y? e’
x—1/202

=—Qro® % lim di/dy e
x

x—1/202

= —Q2nce®) 2 lim diﬁx_l/z

x—1/202 dXx
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(where we used [dy e V2 = /2w, see Appendix D). We obtain in a
similar way:

(y4) — / dy 467)'2/20’2 — (2110_2)71/2 lim dy y4 efxyz

o2 Y x—1/202
= Q2no?) % lim d—2/‘dy e
x—1/202 dx?
d2
= Q2no®) Y2 lim 7«/ﬂx71/2 = 302
x—1/202 dx

A necessary condition for y to have a Gaussian probability distribution is
thus (y%) = 3(y%).

We now choose yy = 31 Wix;( lN:/ sz)*l/z, where the x; € {—1,1}
are independent random variables with (x;) = 0. A necessary condition for
yn to have a Gaussian probability distribution for N — oo is then

o 2iike=tWi W WieWe (xix jxicxe)
lim =3

N—>oo N 2 2
(Zi:l W )

With the help of the identity (xinxk)Cg) = 5ij8k€ +8ik8j€ +3ig8jk - 25,’1'5](451'](
we find the previous condition simplifying to

N 4
W
lim Lizi =0 (B.1)
( j=1 WJ)

B.2 Lindeberg’s theorem

Let X1, X2, X3, ... be a sequence of independent random variables such that
(xx) = 0 and (x,%) = akz. Let pi(x) denote the distribution function of X}

and deﬁne SN = ZzNzl X, SO that

Suppose now that the so-called Lindeberg condition is satisfied, that is,

n

. 1
foreachr > 0: lim — / dx x? pr(x) = 0 (B.2)
N—o0 SN k=1 [x|>tsny

then the distribution of the normalized sum Sy /sy tends to the zero average
and unit variance Gaussian distribution as N — o0o. For the proof of this

theorem see, for example, [76, 77].
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We now apply this theorem to the choice X; = W;x;, where the x; €
{—1, 1} are independent random variables with (x;) = 0. Thus sz = sz
for each k. Lindeberg’s condition (B.2) now reads:

N 2 L N 2
foreacht > 0: lim = W0 (lW‘| tM)

=0
N
N—o0 E i1 Wiz

We can simplify this condition further. Upon defining vy = W/, / Z;-V:l sz

it can be written as
N
foreache > 0: lim Z V20 —€) =0
N—o0 4 1
=

We note that all nonzero terms in this sum obey v;? > €. Since also v;% < 1,
it now follows that

€ i&(v% —e) < i VRO —€) < ﬁ:@(v% —¢)
k=1 k=1 k=1
This tells us that here the Lindeberg condition is equivalent to:
N
for each € > 0: 1\/11310029(1)’2 —e)=0

In terms of the original variables W; this reads:

N N
f; h 2 i 2 2] = B.
or each e > 0 Nl_r)nooge (Wl 6; Wk) 0 (B.3)
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Appendix C: Some simple
summation identities

Here we give, without proof, some useful identities dealing with the sum-
mation of simple series which are encountered in the various examples and
exercises:

- 1

Zk:zn(n+1) (C.1)
k=1

n 1
Y k= g+ HRn+1) (C.2)
k=1
1 1,
Y S=-m (C.3)
k:lk
111y,

— = C.4
,;k‘* 180 (C4)
o
Z%:oo (C.5)
k=1

n 1— n+1

de—=— c#D (C.6)

—Z
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Appendix D: Gaussian integrals
and probability distributions

In this appendix we derive some properties of symmetric positive definite
matrices A, their associated Gaussian probability distributions in R" and
integrals of the following general form (for simple functions f):

I = /dx fx)e ¥ Ax/2

We calculate explicitly several integrals of this type, with specific choices of
the matrix A, that we encounter in the various chapters of this book.

D.1 General properties of Gaussian integrals
Real, symmetric, positive definite matrices

The symmetric N x N matrix A is assumed to be positive definite, that is,
x - Ax > 0 for all x € RY with |x| # 0. The characteristic polynomial
det(A — A1) is of order N, so there will be N (possibly complex) solutions A
(where some may coincide) of the eigenvalue problem

Ax = x, x#0 (D.1)

We denote complex conjugation of complex numbers z in the usual way:
if z = a+ib (where a,b € R), then z* = a —ib and |z|* = 7"z € R.
We denote the unit matrix in RY by 1, so I;; = 6.

Proposition 1. All eigenvalues of the matrix A are real.

Proof. We simply take the inner product in (D.1) with the conjugate vector
x*, which gives

N N
2
Z X?Aijx]' = AZ|x,~|
i=1

i,j=1
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We use the symmetry of A, and substitute A;; — %(A,-j + Aji):

A 12057 (Aij + Ajidxj 1 Aij O xj + xix})
2 YL P 2 Yl

Since (x}x; + xixj) = xix} +x/x; = x/x; + xix7, the above fraction is
entirely real-valued, so A € R. O

Proposition 2. All eigenvectors can be chosen real-valued.

Proof. For a given eigenvalue A the corresponding eigenvectors x are
the solutions of (D.1). We separate real and imaginary parts of every
eigenvector:

1 1
x=Rex +ilmx Rex:z(x +x%) Imx:T(x—x*)
1

withRex € RY and Im x € R". Taking the complex conjugate of equation
(D.1) gives us Ax* = Ax* (since A is real). Thus, if x is an eigenvector with
eigenvalue A, so is x*; complex eigenvectors always come in conjugate pairs.
But by adding to equation (D.1) its conjugate, and by similarly subtracting
the conjugate, it follows that if x and x* are eigenvectors, then so are Rex
and Imx. Since the space spanned by x and x* is the same as the space
spanned by Re x and Im x, we are always allowed to choose the equivalent
real-valued pair Rex and Im x. O

Proposition 3. All eigenvalues A are positive.
Proof. We can derive this property directly from the eigenvalue equation
(D.1) by taking the inner product with x: » = (x - Ax)/(x2) > 0, since A is

positive definite and x is real and nonzero. O]

Proposition 4. For every linear subspace L € R" the following holds:
if AL C L then also AL+ € L+

in which L+ denotes the orthogonal complement, that is, RY = L @ L*.

Proof. For eachx € L and y € L+ we find (x - Ay) = (y - Ax) = 0 (since
Ax € L and y € L*). Therefore Ay e L+, which completes the proof. [

Proposition 5. We can construct a complete orthogonal basis in RY of
A-eigenvectors.
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Proof. Consider two eigenvectors x, and x, of A, corresponding to
different eigenvalues:

Ax, = Xy Axp = ApXp Aa = Mp
We now form:

0=(xq-Axp) — (x4 - Axp) = (x4 - Axp) — (xp - Axy)

=Ap(Xq - Xp) — Aa(Xp - Xg) = (Ag — Ap)(Xq - Xp)

Since A, # Ap it follows that x, - x, = 0: eigenspaces corresponding to
different eigenvalues are mutually orthogonal. If all eigenvalues are distinct,
this completes the proof, since in that case there will be N eigenvalues with
corresponding eigenvectors x # 0. Since these N eigenvectors are proven
to be orthogonal, after normalization x — x/|x| they form a complete
orthogonal basis.

In order to deal with degenerate eigenvalues we need the previous
Property 4. For every symmetric N x N matrix we know: if Ax = Ax,
then Vy with x - y = 0: (Ay) - x = 0. Having found such an eigenvector x
for a given eigenvalue A (not unique in the case of a degenerate eigenvalue),
a new reduced (N — 1) x (N — 1) matrix can be constructed by restrict-
ing ourselves to the subspace x . The new matrix is again symmetric, the
eigenvalue polynomial is of order N — 1 (and contains all the previous
roots except for one corresponding to the eigenvector just eliminated), and
we can repeat the argument. This shows that there must be N orthogonal
eigenvectors, which we can normalize and use as a basis in R". O

The final consequence of the above facts is that there exist a set of vectors
é¢'},wherei =1,...,Nandé' € R" foralli, with the following properties:
> seees > g prop

Ad =08, MeR, x>0, &8 =g; (D.2)
We can now bring A onto diagonal form by a simple unitary trans-
formation U, which we construct from the components of the normalized

eigenvectors é: U;; = éki . We denote the transpose of U by U™, U;;. =Uj,
and show that U is indeed unitary, that is, UTU = UUt = 1:

Z(U U)l]‘xJ - ZUklUk]-xJ = Ze;(é]{xj = ZSU_X] = X;
Z(UU )ijXj = ZUkuka] = Ze Hxj = Z =%
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(since {&‘} is a complete orthogonal basis). From U being unitary it follows
that U and UT leave inner products, and therefore also lengths, invariant:

Ux~Uy=x-UTUy=x-y UTx-UTy=x-UUTy=x-y
We can see explicitly that U indeed brings A into diagonal form:

UtAU); = Z Ul AUy = Z &l Ayl = 1, Zé;ék =1;8; (D.3)
ki=1 ki=1

Note that the inverse A~! of the matrix A exists, and can be written as
follows:

N
1y, _ —1 45k 5k
A= Zxk erel (D.4)
To prove that this is indeed the inverse of A, we just work out for any
x € R" the two expressions
N

(AA"1x); = Z A,kZAZ Gretxj = @ x)=x

kj=1 =1

(again since (%} forms a complete orthogonal basis), and

N
(A ' Ax); = Z ZAZ lefArx; =Y el@ - x)=x

kj=1t=1 =1

Multivariate Gaussian integrals

We have now established all the required tools to turn to a simple analysis of
the Gaussian integrals associated with positive definite symmetric matrices:

I = / dx f(x)e *Ax/2 (D.5)
The simplest such integral is obtained for f(x) =1 and N = 1:

/dx 2 = 21 (D.6)

(for a proof of (D.6) see the last part of this appendix). For f(x) = 1 and
N > 1 we can do the integral (D.5) by using the previous results on the
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diagonalizability of the matrix A. We put x = Uz (since U leaves inner
products invariant, we are guaranteed that dx = dz):

N
/dx o XAX/2 _ /dz o2 UTAUZ2 _ I (/ dz e—mz/z)
. =1
N 2
— (L ( / dzg‘zz/z) _@0 by
(=1 \/)"_Z Y det A

Here we have used the fact that the determinant of A is invariant under
rotations, so it can be evaluated with A in diagonal form, giving the product
of its N eigenvalues.

Let us turn next to less trivial choices for f(x). Due to the symmetry of
the integrand in (D.5) under reflection x — —x, the integral reduces to zero
for f(x) = x;. For the choice f(x) = x;x; we use the following trick:

2
/dx xixje ¥ A%/2 = lim 9 /dx ¢ X AX/2tbx (D.8)
/ b—0 8bi8bj

The integral on the right-hand side can be evaluated by completing the
square in the exponent and then shifting the integration variable:

/dx o XAX/24bx _ /dx o= —AT1B)- A= A5/ 2454 b2

_ Q)N eb‘A"b/Z

(D.9)
vdet A
Thus, carrying out the differentiations in (D.8) gives
Vdet A i 2 . 1 B B Ay
(Z—JT)N/Z /dxxixj e ¥ Ax/2 _ ;ER)[(A )ij + (A 1b)l'(A 1b)j]ebA b/

=A™, (D.10)

D.2 Gaussian probability distributions
Simple Gaussian (or ‘normal’) probability distributions

A single random variable x is said to have a Gaussian probability distribu-
tion (or probability density) with mean x and variance o2 if

e—(—? /207

p(X) = W, xeR (Dll)
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This expression is properly normalized, as follows from our elementary
Gaussian integral (D.6) above:

dz 2
d o (—w?/20% _ -#/2 _q
/ *pir) = / o2 2 ¢

To work out the moments of (D.11), one can start from the identity

2 2 2
(=" = f (x — p)'e” TR = g e
o F
For n odd the result is zero. For n even one finds:
dm dz 2
(x — )Zm — O_Zm(_l)m lim P
( w7 y=12dym | 2x
_ 9 Cayn fim 912
V2 y—)l/Z dy™
o2m 1 3 2m —1
R STy —(1/2)—m
ﬁyi‘f}z(zxzx T2 )y
=21 x3x--x (2m—1)) (D.12)

With (D.12), together with ((x — ©)") = 0 for all odd n, one can generate
the various moments iteratively. For example:
x—pu)=0 = () =n

= () =u+o?
@-w’) =0 = () =pu’+3u0’

= (H=3w+o? -2t
In addition, relations such as ((x — u)*) = 3((x — ©)?)? can often serve as
a quick test to see whether an unknown distribution could be Gaussian.

Multivariate Gaussian probability distributions

A collection of N random variables x = (x1,...,xy) are said to have a
zero-mean (joint) Gaussian probability distribution if

Vdet A —x-Ax/2

N
(271)1\’/26 , xelR

px) =

From (D.7) we see that this expression is properly normalized. As dis-
cussed above, the symmetry of the distribution implies that all the means
vanish, (x;) = 0. The covariances follow from (D.10): (x;x;) = (A_l),-j.
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It follows that a zero-mean Gaussian distribution is fully determined by its
covariances. Writing the covariance matrix as C, one therefore normally
represents such distributions in the form

_ 1 —x-Cflx/Z
PO) = o N et O)I72 ¢

where we have used det C = 1/det A.
We can also immediately work out the characteristic function of a
Gaussian distribution, using the integral (D.9):

(eik~x> — e—k~Ck/2 (D13)

Thus, the characteristic function of a Gaussian distribution is again
Gaussian.

These above results generalize easily to the case of nonzero means, by
setting y = x + u. The probability distribution of y is then

1
QN2 (det €)1/2 €

p(y) = ~=m-CT )2 (D.14)

with (y;) = w; and (y;y;) = pip;+Ci;. The characteristic function is, using
(D.13)
(@Y = in (pikxy — pikn—k-Ck/2 (D.15)

and hence again of a Gaussian form.

Linear combinations of Gaussian random variables

Often one needs to deal with sums or, more generally, linear combinations
of Gaussian random variables. Let us suppose x is Gaussian distributed
with mean p and covariance matrix C. Now consider a set of M linear
combinations y; = Z;V:l Lijxj (i =1,...,M), or y = Lx in matrix nota-
tion. The characteristic function of the new variables y can be expressed in
terms of that of the x:

(eik-y> _ <eik-Lx) _ (ei(LTk)-x) _ ei(LTk)-,L—(L‘rk)-CLTk/z

— eik-L;Lfk-(LCLT)k/Z

Comparison with (D.15) shows that the y once more have a Gaussian
distribution: linear combinations of Gaussian random variables are again
Gaussian. The means and covariances of the distribution are seen to be
(yi) = (Lp); and (y;y;) = (LCLT),-J-; these latter identities could of course
also have been worked out directly by inserting the definition of the y;.
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Conditional Gaussian distributions

A final useful tool concerns the distribution of a subset of Gaussian variables
y € R from a larger set (x, y), when the values of the x € R are known;
this is the conditional distribution of y given x. Let us assume that the joint
distribution of x and y is a zero-mean Gaussian, with a covariance matrix
which we write in block form as

C = <C“ ny), c! = (D“ ny) (D.16)
C.y Cy Dy, Dy,
where C,, = CJyrx and D,, = D;x because covariance matrices are

symmetric. Thus we have

p(x,y) = [Qm)N M det €172 exp (—1<’y‘> .c! (’; >) (D.17)

2
p(x) = [2m)Mdet C,. 17?2 exp ( - %x . (Cxx)_lx) (D.18)

From Bayes’ rule, the required conditional distribution is p(ylx) =
p(x,y)/p(x), which is here found to take the form

_ Qm)N*tMdet C -2 1 _1 1/x _1(x
P(Nﬂ—[m} eXp(Ex‘(Cxx) x—z(y>'c (y))

= %exp (—%x'nyy—%y-Dyxx—%y-Dyyy> (D.19)
in which the (y-independent) factor Y (x) can be calculated a posteriori
from the normalization requirement [dy p(y|x) = 1 for all x € R,
Recalling that Dy, = DIx, we can complete the square in the exponent,
dropping yet another term dependent only on x (which changes the previous
normalization factor Y (x) into a new one, say Z(x)):

1 _ _
p(ylx) = exp <—§(y + Dyleyxx) “Dyy(y + Dyleyxx)>

(D.20)

1
Z(x)

This shows that p(y|x) is again Gaussian, with mean —D;yl D, x and with
covariance matrix D;yl. It remains to write these in terms of the covariance

matrix C rather than its inverse C~', using the results for block matrix
inverses derived in Appendix E. Referring back to (D.16), we find from (E.6)
that D, = (Cy, — nyC;xley)_l, so the covariance matrix of p(y|x) is

—1 —1
Dyy =Cyy = CyCi i Cuy
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This makes sense. The first term is the covariance matrix of the uncondi-
tional distribution p(y). The second, negative, term reduces the fluctuations
of the y because our knowledge of x ties down the values of y to some extent.
How large the reduction in fluctuations is depends on the correlation of
x and y (as it should be): for C, = 0 the variables x and y are uncorrelated,
and therefore—since we are dealing with Gaussian distributions—actually
independent, so that in that case p(y|x) = p(y).

Finally, for the conditional mean of y given x, defined as [dy yp(y|x),
we see from (E.6) that —Dy_y1 D, x=C yxC x. Summarizing the properties
of the conditional Gaussian distribution, we have

i)y = (CyrC L), (D.21)
Vivide — Di)x j)x = (Cyy — €y C11C )i (D.22)

where the subscript (---), is used to indicate the conditioning on x. The
result for the conditional mean again makes intuitive sense: if x and y are
uncorrelated, then the conditional mean is identical to that of the uncon-
ditioned distribution p(y), that is, zero. Otherwise the conditional mean is
linearly dependent on the values of x and proportional to C,.

D.3 A list of specific Gaussian integrals

Finally we calculate explicitly the various Gaussian integrals which we
encounter throughout this book. To allow for the efficient use of these
integral calculations for reference purposes, we first give a compact list of
results, and include their derivations in a separate subsection.

We use the notation (f (x,y)) = [ dxdy f(x,y)P(x,y) for those integrals
that can be interpreted as averages over the bivariate Gaussian distribution

1
P(x,y) — e—(x2+y2—2xyw)/2(1—a)2) (D.23)

v 1 — w?

Both marginals of (D.23) are unit-variance Gaussian distributions:

e*xz/z —y%/2
= d P , = 5 = d P 5 ==
p(x) / P =T PO / -
(D.24)

Without creating ambiguities, we can therefore use a similar notation in
the integrals to follow below for averages involving only the unit variance

Gaussians, viz. (f(x)) = [dx f(x)p(x) and (g(y)) = [ dy g(y)p(y).
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Results of integrals

Io = / dx ™12 = 2 (D.25)
2
L =(yl) = \/j (D.26)
T
2
I = (xsgn(y)) = w\/; (D.27)
I3 = (6(—xy)) = %arccos(a)) (D.28)
Is = (x sgn() (—xy) = L2 (D.29)
= —X = —_— .
4 gnly y m
1—w
e = (vl0(—xv)) — D.30
5 = {|ly0(=xy)) Nz ( )
32
Is = (x%6(=xy)) = %arccos(a)) - w—”ln‘” (D.31)
2
I = (el 1 0x) = Y — @ arceos) (D.32)

—x2/2
L) = [dyo(n)P(x,y) = & [1 f(L)] D.33
g(x) /y M P(x,y) Wor +er Ao ( )

vi-o? o2 /2(1-0?)

19(x)=/dy9(y)(y—wX)P(x,y) ==

(D.34)

Corresponding derivations

Iy: In order to calculate Iy one squares the integral, and evaluates the
square using polar coordinates (x1 = r cos ¢, xo = r sin ¢). This gives

2 24x3)/2 2 > 2 22
Iy = /dx1dx2 e~ it/ =/ dd)/ drre ™ /? = 2x[—e™""/ Ig°=2n
0 0

([
I1: One may verify the expression given for I1 by writing

I = 2f N /_/ dy (_i> 2y _ |2
0 2w 7 Jo ay T
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I,: The integral I» can be calculated as follows:

—(y2—2wxy)/2(1—w?) (_(1 _wz)i) ¥ /2(1=0?)
ox

! / dxdy sen(y)
2= _— y e
271 — w?

dxd /2
:/Le_("zﬂz‘z‘“”)/z(l_”z)wysgn(y)=w(ly|)=w =
2 d

V1—w?

where 11 has been used in the last step. O

I3: Integral I3 is first written as

I3 = / / dxdy o~ @y H20xy)/2(1-0%)
T

V1—w?
/ 2
_ 1—w /OO /‘00 dxdy e_(x2+y2+2wxy)/2
T 0 0

In polar coordinates (x, y) = r(cos ¢, sin ¢) this becomes

/ 2 2
I3 = Q /n/ de foo dr re—r*1Hesin2¢)1/2
T 0 0

M/

14+w sm(Zq))

The substitution x = tan(¢) turns the last integral into

I3 = _
1—|—2a)x + x2

\/U/

Using partial fractions one obtains

1
= — arccos(w)
T T

1+iV1 —o?/w 1 V1—w?
I; = —.l = —arctan | ————
271 1-iv1—ow?/w w

O
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I,: Next we turn to I4 where we write

2
=1 /00 dxx e/ /00 dy e=Oren?/2rent/2
T 0 0

1 [ o0 '
= ;/0 dx (% e_(l_“’z)xz/z) dy e
H: _(1_“)2)”2/2/ dye™ /2:| +w/ dx e_xz/z}
(5+e5) =% ;

I's: This integral can be converted into an expression which is identical to
the previous one, except for interchanging x and y:

Q=

BN

2
=17 /Oo dy y o2 /OO dy e—Gron2atytp _ 10
T 0 0

V2w
following the algebra used in the evaluation of I4, with x and y
exchanged. O

Is: Integral I is somewhat more difficult. Using a rescaling of x and y
similar to that employed in the computation of I3, we first write

243/2
16:g;fLZL/w/wdwyggv%ﬁmeﬂ
T o Jo

w?)3/2

(1- R 2 2 243212 xyw) /2
= f / dxdy(x? + y?) e~ Hy H2000)/
T o Jo

We now switch to polar coordinates (x, y) = r(cos ¢, sin ¢), and substitute
t = 2r2[1 + wsin(2¢)], followed by rescaling 2¢p — ¢, to get

— w232

16 _ ( > / d(P/ dr r3 —(r+wr? sin2¢)/2

( 2)3/2 /2
= l/n y/« dtte™
T o 1+ a)sm(2<1>))2

B (1 —6()2)3/2 /n d¢
- 2 0 (1+ wsing)?

To calculate the latter integral we define the following family of integrals:

. /” d¢
I, = —_—
o (14 wsing)”
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These integrals obey

a)d—a)in - nin_;,_l = —nln
SO
L=I+o—I I 2z (w)
2=1 w 1 1= arccos(w
do 1 — o2

(where we used the integral already encountered when evaluating I3).
We now find

1— 21\3/2 B 1 /1 _ 2
Is = d=e)™ I = — arccos(w) — VoY U
2r T b4

I;: We turn to I7. Here we write, using rescaled variables as in I3 and /g,

213/2 e
17 — (1 —w ) / / / dxdy Xy e_(x2+)72+2xyw)/2
T 0 0

We use polar coordinates, the substitution ¢ = %rz[l + wsin(2¢)] and the
rescaling 2¢p — ¢ to proceed as in the calculation of Ig:

(1—w?)3/?% 7 sin ¢
I = —F7—— dp ———
2 (1 4+ wsin ¢)?
1—w?3?dl; V1-0?
= — = ——— — —arccos(w),
27 dw 7 i
where we have used I as introduced while evaluating I¢. O

I'g: The integral Ig can be evaluated simply by completing the square in the
exponent:

IS
Ig(x) = / zd—ye(x2+y22xyw)/2(1w2)
T

V1—w?

e—xz/Z oody e—(y—wx)z/Z(l—wz) e—xl/z . wx
= = 1+erf | ———
V2w Jo V2r (1 — w?) 2421 V21 — o2
O

I9: Our final integral is again relatively easy to work out. The result follows
from

V=@ [0 e anwpa-et _ VIZ@! apaia
2

Io(x) =
9(x) 3y =

O
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Appendix E: Matrix identities

E.1 Block inverses

In the treatment of Gaussian processes, or when considering conditional
Gaussian distributions, we often need to invert block matrices of the

following form
A B
n=(e »)

Writing the inverse in the same block structure,
_ A B
= (e b)

we see that the condition M~'M = 1 is equivalent to
AA+BC=1, AB+BD=0, CA+DC=0, CB+DD=1

where we are abusing the symbol T to denote the identity matrix of the
appropriate size in each case since there is no risk of ambiguity. Solving the
second of the above four conditions gives B’ = —A’BD™!; inserting into
the first one then leads to A’ = (A — BD~1C)~! and this can be inserted
into the expression for B’. The sub-matrices C’ and D’ can be determined
similarly, and overall we have

A=A-BD'0)! (E.1)
—-B'=(A-BD'C)"'BD! (E.2)
—C'=D-cA'B)lca! (E.3)

D =(({D-cA'B)"! (E.4)

Note that the matrix inverses that appear here are all of square matrices,
and are therefore well-defined (assuming that the relevant matrices are
actually invertible, otherwise there is no point in the present exercise in
the first place).
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E.2 The Woodbury formula

It would be helpful if we could unpack the inverses that appear above yet
further. For A’, for example, we need, upon setting L = —D ™, the inverse
(A + BLC)™'. This can be evaluated using the Woodbury formula:

(A+BLC) '=A1'-A"'BL'+cA'B)'ca! (E.S)

The important feature of this result is that it allows us to change the dimen-
sionality of the inverse required. If we denote the size of A by m x m and
that of L by n x n, then B and C are m x n and n x m matrices, respectively.
The inverse on the left-hand side of (E.5) is that of an m x m matrix, while
on the right we have the inverse of an n x n matrix. If m is larger than n, then
it will clearly be more efficient to evaluate the inverse using the latter form.

To prove the Woodbury formula (E.5), one simply multiplies the right-
hand side by the matrix to be inverted, which gives

A" (A+BLC)—A'B(L7'+CcA 'B)y"'CA (A + BLC)
=1+ A 'BLC-A"'B(L7'+cA 'B)y"'cA+ A" 'BLC)
=T1+A'B[L-(L7'+CcA™'B)"'d1+CA"'BL)IC
—1+A'BL ' +CcA "By (L' +CA'B)L - 1+ CA'BL)|C
=1

A useful special case of the Woodbury formula is obtained for the extreme
situation n = 1, where B and C become vectors b and ¢, and L becomes a
scalar which we can set to unity (because any other value could be absorbed
into either B or C). Using appropriate vector notation for B and C we then
have
A lbetA™?
1+ec-A7'p

Here bel denotes the matrix with entries (bet); i = bicj.

Finally, by applying the Woodbury formula to the above result (E.1)-
(E.4) for block matrix inverses, one finds—after a little rearranging for B’
and C'—the following useful alternative forms:

(A+bchH1=4"1-

A=@A-BD'C)'=a1'+4a'BD-Cca'B)"'ca™!
—-B =A-BD'C)"'BD'=A"'B(D-CcA"'B)"!
—C'=D-CcA'By'ca'=Dp'cA-BD'C)"!
D=MD-CA'B)y'=D'+D'cA-BD'C)"'BD!
(E.6)



Appendix F: The §-distribution

F.1 Definition

There are several ways of introducing the §-distribution. Here we will
go for an intuitive definition first, and a formal one later. We define
the §-distribution as the probability distribution §(x) corresponding to a
random variable in the limit where the randomness in the variable vanishes.
If x is ‘distributed’ around zero, this implies

/dx f(x)8(x) = f(0) for any function f

The problem arises when we want to actually write down an expression for
8(x). Intuitively one could think of writing something like

S = lim Gal)  Gax) = X2 (E.1)

1
AN27

This is not a true function in a mathematical sense; §(x) is zero for x # 0
and 8(0) = oo. The way to interpret and use expressions like (F.1) is to
realize that §(x) only has a meaning when appearing inside an integration.
One then takes the limit A — 0 after performing the integration. Upon
adopting this convention, we can use (F.1) to derive the following properties
(for sufficiently well-behaved and differentiable functions*® f):

/dx S(x) f(x) = Aliglofdx Galx) f(x) :Ahino/% e f(Ax) = £(0)

, : d /
/dx3 () fx) = Allglofdx{a[GA(X)f(x)] —Ga) f (X)}

= lim [Ga () /(1% — 1/0) = '(0)

4 The conditions on the so-called ‘test-functions’ f can be properly formalized; this not
being a book on distribution theory, we just concentrate on the basic ideas and properties.



Appendix F

These statements can be summarized in and generalized to the single
expression:

/dx f(x)d—nS(x) =(— n=0,1,2,...) (F.2)
dx?

Equivalently we can take the result (F.2) as our definition of the
3-distribution.

F.2 §(x) as solution of the Liouville equation

Next we prove that the §-distribution can be used to represent the solution
of the so-called Liouville equation:

ad a
EPz(X) = —a—x[Pz(x)F(x)] (F.3)
The general solution of (F.3) is

Pi(x) = /dXOPo(Xo)5(x — x*(t3x0)) (F.4)

in which x*(#; xg) is the solution of the ordinary differential equation

d
Ex*(t;xo) = F(x*(t;x0)), x*(0;x0) = xo (E.5)

In particular, if Py(xg) is a §-distribution in xg, the general solution will
remain a §-distribution in x for all times: P;(x) = 8(x — x*(¢;x0)). The
proof of (F.4) proceeds by showing that both sides of (F.3) give the same
result inside integrals if we insert the proposed solution (F.4).

0 d
/dx f(x){EPz(x) + a[Pr(X)F(X)]}
d
= a[/dx f(x)Pt(x)] + [f )P (x)F(x)]1=2 /de,(x)F(x)f (x)
0
= /dXO Po(Xo)[Ef(X*(t;xo)) — F(x*(t;XO))f’(x*(t;XO))]

d
= /dXO Po(Xo)f/(x*(t;XO))[Ex*(t;m) — F(x*(t;XO))} =0
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For an alternative proof without test functions, one can differentiate (F.4)
using the chain rule to get

0
— P,
ar r (x)

d B
/dXO Py(x0) [—ax*(t;m)} 5506 — x*(t5x0))
0
== / dxg Po(xo) F (x*(t5x0))8 (x — x*(15x0))
8 *
== [F(X)/dXO Py(x0)8(x —x (I;XO))]

a
=% [F(x) P (x)]
X

F.3 Representations, relations, and generalizations

We can use the definitions of Fourier transforms and inverse Fourier
transforms to obtain an integral representation of the §-distribution:

F: f(x)— fk) ﬂm=/Mw4mwu>

FL W fo) fw = [deem o
In combination these relations give the identity:

f(x) — /dkeZﬂikx/dy e—Znikyf(y)

Application to f(x) = 8(x) gives:

5(x):/dk62ﬂikx=f dk ikx (F6)

Ze

Another useful relation is the following one, which relates the §-distribution
to the step-function:

d
B) = -6() (F.7)
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This we prove by showing that both have the same effect inside an
integration (with an arbitrary test-function):

d
/dx |:8(x) — a@(x)]f(x)

. € d ,

= f(0) — lim dx{—[@(x)f(x)] - f (X)Q(X)}
e—=0J_¢ dx

= f(0) — lin?)[f(e) - 0]+ lirr%)/edx £ (x)=0
€— e—~>0Jo

Third we can inspect the effect of performing a continuously differenti-
able and invertible®? transformation g on a variable that occurs inside a
3-distribution, giving rise to the following identity:

S(x —
5(g(x) — glay) = 9 (F.8)
g @]

Again this is proved by showing that both sides have the same effect inside
an integration, with an arbitrary test-function f (noting the extra term
sgn(g’(x)), which reflects the possible exchange of integration boundaries):

00 S(x —
/ dxf(x)[a(gu)—g(a»— x “)]

g @)
x) (@)
— [ dr 5(2(x) — g(a)) —
/ g >[ - )} (s(0) — gt — T
(00) inv
:/g dk[{(g. (k)] - gy - L@
oo L@ K) g (@)]
8(0) f(a)} fla)
= dk Sk — —
./g(—oo) [8( ) (k—g() lg' (@)
= / dksgn(g/(a))[f/( )}(S(k— @y - 1@ _
e @) 8@

Finally, the following generalization is straightforward:

N
xeRY: sx)=]]sw) (F.9)

50 Note that it follows from g being invertible that g’(x) cannot ever change sign.



Appendix G: Inequalities based
on convexity

In this appendix we derive a number of inequalities which play an important
role in information theory, especially in establishing the various proofs of
the mathematical properties of entropy-based information measures. We
will first have to define what we mean by convexity and strict convexity:

Definition. A function f is called convex on the open interval (a, b) if

(Vx1,x2 € (a,b), x1 #x2)(VA € [0,1]) :
S =M)x1+2x2) < (1 =21) f(x1) + A f(x2) (G.1)
Definition. A function f is called strictly convex on the open interval
(a,b) if
(Vx1,x2 € (a,b), x1 #x2)(VA € [0,1]) :
F@A=Mx1+2rx2) < (1 =21) f(x1) +2f(x2) (G.2)

except for A = 0 and A = 1, where one trivially has equality in (G.2).

Next we show how that for twice differentiable functions convexity is
a direct consequence of having a strictly non-negative second derivative.
When applicable, this is usually a far quicker way to demonstrate that a
given function is (strictly) convex than by proving the inequalities (G.1, G.2)
directly:

Proposition. If a function f is twice differentiable on the open interval (a, b)
and if f”(x) > 0 for all x € (a,b), then f is convex. If f”(x) > 0 for all
x € (a,b), then f is strictly convex.

Proof. Without loss of generality we may choose a < x1 < x2 < b, and
evaluate for 0 < A < 1:

FUA=Mx1 4+ 2Ax2) = (1= 1) f(x1) = Af(x2)
= f(x1 +Alx2 —x1)) — f(x1) = A(f(x2) — f(x1))

x1+A(x2—x1) X2 ,
2/ dyf’(y)—k/ dy ')
X X1

1
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1

= A(x2 — X1)/0 dz f/(x1 + zA(x2 — x2))
1

— A(xy — M)/O dz f'(x1 + z(x2 — x1))

1
=—A(x2 — X1)/O dz [f'(x1 4+ z(x2 — x1)) — f(x1 + 22 (x2 — x2))]

1 x1+z(x2—x1)
= —A(x2 — x1)/0 dz/ dy f"(») <0

1+zh(x2—x2)

We thus conclude that f is convex. Finally, if the stronger statement
f"(x) > 0 forall x € (a,b) is true, then we can replace ‘<0’ by the stronger
statement ‘<0’ in the last step, so f is strictly convex. This completes the
proof. O

The converse statement is also true, but will not be used in this book.
Finally we turn to the main subject of this appendix, two important inequal-
ities based on convexity: Jenssen’s inequality and the so-called log-sum
inequality.

Jenssen’s inequality: If a function f is convex on the open interval (a,b),
and x € (a,b) is a random variable, then

(f() = f({x)) (G.3)

Furthermore, if f is strictly convex on the open interval (a,b), then the
equality in (G.3) holds if and only if x is a constant.

Proof for discrete random variables: We use induction with respect to the
number n of values that the random variable x can take, thatis, x € A =
{x1,...,x,}. Since f is convex and since ) /_; p(x;) = 1 the statement (G.3)
is clearly true for n = 2:

n=2 (fx)=px)fx)+[1-px)lfx)
> f(p(xp)x1 +[1 = p(xp]x2) = f({x))

Next we assume (G.3) to be true for a given value of n and prove that it
must then also be true for the value n + 1:

n+1 n

(fO) =D pC) fx) =D pOe) f&) + pus1) f (Knp1)

i=1 i=1
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We define fori € {1,...,n} the auxiliary probabilities p(x;):

p(x;) € [0,1], Zﬁ(xi) =1

i=1

p) = p(xi)
Y p(g)

with which we obtain, using convexity of f, validity of (G.3) for |A| = n,
as well as the normalization 27:11 pxi) =1:

(f () = [Zp(xj)} D B0 f (i) + prat1) f (Kng1)

j=1 i=1

> [ZP(Xj)}f<Zﬁ(Xi)xi> + |:1 - Zp(xj)}f(xn+l)
j=1 i=1 j=1
> f([ > p(x,-)] > plxixi + [1 -y p(xj)]an)
j=1 i=1 j=1

n+1
= f(Zp(xnxi) = f((x)
i=1

Finally, suppose that f is strictly convex and suppose that we find an
equality in (G.3). Then we know that at each step in the above derivation
where the convexity inequality (G.1) was used, the corresponding value of
A € [0,1] in (G.1) must have been either 0 or 1. Inspection of the relev-
ant inequalities in the above induction proof shows that Vi € {1,...,n}:
p(x;) € {0,1}. Since probabilities are normalized we find that precisely one
of the n probabilities p(x;) is 1 and the others are 0; hence x is a constant,
which completes the proof. O

Proof for continuous random variables: We will here treat averages
involving continuous random variables as limits of averages involving
discrete ones (whereby integrals are written as limits of summations):

b b
(f) = fx) = / dx p(x) f(x) — f</ dx p(X)X)

b—a - b—
=nli)rg0:TaZP(xi)f(xi) — f(TaZP(xi)xi>}

i=1 i=1

e 1\b—a
X, =a i— =
! 2 n

where
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Again we define suitable auxiliary probabilities with built-in and
n-independent normalization:

A p(xi) ~ - ~
D)= = X; 0,11, E : =1
p(xi) Zj D) p(x;) €[0,1] : 1P(X)

so that we can use the validity of (G.3) for discrete random variables, as
proven already:

() = f(x) = llm{

i

znlggo{ [Zp(x,} (Zﬁ(xpxj)
j:l

[Zp(xl } PO f(x))

- > P(Xi)xi) }
i=1

—J (—b " a|: E P(xi)] E PA(xi)xi)}
i=1 i=1
=0

In the last step we have used the properties lim, oo [(b—a)/n] > ;4 p(x;) =
fab dx p(x) =1 as well as

n

| (b — a)/n] Y7y p(xi)xi
1 E DX = 1 .
0 2 P = O S G S )

i=1

_ limasoolb —a)/nl Y0y pi)xi _
limy,— oo [(b — a)/n] Z?:l p('xj)

Finally, if f is strictly convex and we obtain an equality in (G.3), we know
from the discrete case that for any finite value of n the random variable
x must be a constant, which must then also be true if we take the above
continuum limit n — oco. This completes our proof. O

The log—sum inequality, which we will turn to now, is a direct consequence
of Jenssen’s inequality. The only preparatory work needed is introducing
the convention

Oan:liﬁ}elne:O (G.4)
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and showing that the function f(x) = In(1/x) is strictly convex on the
interval (0, 00):

2
1
x € (0,00): @f(x) = 2 >0 = fisstrictly convex on (0, 00)

In particular we can now apply Jenssen’s theorem (G.3) to f.

Log-sum inquality: If a;,b; € [0,00), with Y7 ;a; > O and Y7 _;b; >

0, then:
Za, In (a,) (Za1)1n< /= 12]) (G.5)
] 1

with equality if and only if 3\ > 0): b; = Aa; (Vi € {1,...,n}).

Proof. We define the new variables x; = b; /a;, with associated probabilities

a; " N
P =g pl) € 10,11, Y o pi)=1

j=1%j i=1

Note that (G.5) is trivially true as soon as (3i): b; = 0 and a;/b; # 0 (since
in that case the left-hand side of the inequality diverges, whereas the right-
hand side remains finite). Therefore we may restrict ourselves to those cases
where b; = 0 always implies a; /b; = 0, so that a; In(a; /b;) = 0. According
to (G.3) the convexity of the function f(x) = In(1/x) allows us to write

n

Za, In <a,> (Zai) Zp(xl')ln(l/xi)

= (2 (s
(2 (ssrm)
(o) (57)

Finally, as soon as we find an equality in (G.5), we immediately know that
the variables x; = b; /a; in the above derivation must all be identical (since
In(1/x) is strictly convex). In other words: (3A): b; = Aq; for all i. Since
both a; > 0 and b; > 0 (with ) ,a; > 0 and ), b; > 0) this constant A
must be positive. This completes the proof. O
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Appendix H: Metrics for
parametrized probability
distributions

H.1 Local distance definitions

Let us inspect the demands to be placed on distance measures d(6,0’) in the
parameter space underlying parametrized probability distributions (where
0 € RL), not necessarily given by the Euclidean recipe d*(6,6') = |0 —0'|* =
> 6 — 9{)2. We obviously require

d,0)>0, d6,0)=0, d6,0)=d®,0) foralld,d R~
(H.1)

as well as the triangular inequality
d,0")+d@,0")>d@0,0") forallg,0,0” ¢ R- (H.2)

We will at first consider small parameter differences: 8 = 6 + A@ with
|AQ| <« 1. If our distance measure is well-behaved we can expand

20,0

ad
d*,6 + A AG————~
( b + ) Z 89/

0'=0

3%d*(0,0")

1
N A A0 — O(A8
+2i2j: i 5ae +0(481%)

0'=0

The zeroth order term is absent due to d (0, 0) = 0. In view of (H.1) we know
that the term linear in A must also be zero, since otherwise we could
always violate d(0,0") > 0 by choosing Af; = —e(8d2(0,0/)/89i/)|0/:0
with e sufficiently small. Thus any well behaved distance measure must
locally be of the form

d*(0,0') = (6 — 0)) gij(0) (0; — 6}) + O(16 — 0']%) (H.3)

ij
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in which the L x L matrix g(6) is symmetric, that is, g;;(#) = g;;(#), and
positive definite due to the non-negativity of D, since in the case of negative
eigenvalues we could choose our A@ proportional to the corresponding
eigenvector and again violate d(.,.) > 0. The Euclidean metric is just the
simplest case, where g;;(@) = §;; for all #. Note that in (H.3) we could
equally well put g;; (8) — g;;(8"), since this would only generate (irrelevant)
higher order terms.

H.2 The triangular inequality

We now show that any metric of the form (H.3), with positive definite g(0),
satisfies the triangular inequality. For any triplet of vectors {0, 0’,0"}, with
0 -0 =cvand @' — 0" = ecw and 0 < € « 1, we obtain

[d(6,0") +d(8',0")]* — d*(6,6")
=d*6,0') +d*©0',0") +2d6,6)d©6',0") —d*@0,0")
= e’ Zgij(o)[vivj +wiw; — (v +w) (v + w;)]
ij
172 1/2
T 262[2 Vigij (0)”1‘] [Z wigij(O)wj] + O(?)
ij ij
1/2 1/2
=262[Z Uigij(o)vj] [Zwigij(O)wj] —262 Zv,-gij(O)wj —|—O(e3)
ij

ij ij

where we have used the symmetry of g(#). We next switch to the basis
in RY where g(0) is diagonal (the eigenvalues of g(@) are written as g,),
whereby (v, w) — (D, W):

[d(0,60") +d0',0"))> —d*6,0")

2\ 1/2 N
=22( L) (i)
n n

1/2 R
—2¢? Zgnvnwn + O(%)
n

Note that the eigenvalues {g,} and the vectors ¥ and @ will depend on 6,
due to the dependence of g(#) on 6. Finally we define the new vectors
x and y (which are again #-dependent), with components x,, = v,./g, and

Yn = Ibn\/gnz

[d(0,0') +d(©0',0"))> —d*©8,0") =2 (|x||y| —x - y) + O(e)
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which, due to the Schwarz inequality |x - y| < |x||y|, completes the proof
that locally the triangular inequality d(0,0") + d(0’,6") > d(#,0") indeed
holds.

H.3 Global distance definitions

Given the local metric (H.3), one obtains the length A of a path {0(1)}
through parameter space, with 79 < ¢ < t1, simply by integrating over the
locally defined distance:

d d d Y2
fto dr L (00), 0(t)) L (00), 5%)) = [500) : g(o(t))ao(t)}

(H.4)

Any finite distance d(6,0’) is now defined as the length A of the shortest
path {#(¢)} with 6(tp) = 6 and 0(t;) = #’. This (special) path, which is
a so-called ‘geodesic’, is calculated by extremization of the expression in
(H.4) by functional variation of the path {#(r)}, subject to the constraints
that §0(¢p) = 80(t1) =0

n L d oL
SA = Xl:/fo ds [SGi(t)—agi m + 560,- ) 3@, 07dD (t)/dt)]
H L i
Xi: /to t (t) Z [ 8(d9 (t)/dt)}
h d oL
_Zﬁt%mawwmm

_ Z/tldtSQ-(t) :G_L _ i [8—L]}
- — Jiy ' 86; (1)  dr [ 9(do;(r)/dr)

Therefore, the extremal path is a solution of the equation

oL d L
30;(t) _ dr [a(dei(z)/dz)} (F.5)

with the function L as given in (H.4). It is a trivial exercise to show that in
the case of Euclidean geometry, g;;(f) = §;;, the shortest path is always the
Euclidean straight line 0(r) = [(t1 — 1)0(29) + (t — 10)0(t1)1/ (11 — to)-
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Appendix I: Saddle-point
integration

The objective of steepest descent (or ‘saddle-point’) integration in its
simplest form is to deal with integrals of the following type, with x € R”,
with continuous functions f(x) and g(x), of which f is bounded from
below, and with N € IR positive and large:

InLf, gl = / dx g(x)e N (L1)
]Rf’

We first take f(x) to be real-valued; this is the simplest case, for which find-
ing the asymptotic behaviour of (I.1) as N — oo goes back to Laplace. We
assume that f(x) can be expanded in a Taylor series around its minimum
f(x*), which we assume to be unique, that is,

1 p
FEO=FEN+5 D A=) —x) + Ox—x*1)  (12)
ij=1
9% f

- 8)6,'8)(]'

ij

x*

Provided the integral (I.1) exists, insertion of (I.2) into (I.1) followed by the
transformation x = x* + y/+/N gives

I g = e [ de gege B A0
RP

— N—(p/Z)e—Nf(x*)/ dyg(x* + y )e_zl'j YiAijyj /240y /N N)
R? VN
(L.3)

From this latter expansion, and given the assumptions made, we can obtain
two important identities, both of which we use regularly in this book:

1 . 1
— lim —In dx e M@ — _ |im —InIyn[f,1]
N—oo N R” N—>oo N

. plnN 1 ViAijyi 240 |3 /N
— * 1 1 E, YiAijyi/2+O(yl°/ )
f(x )+N1m [ N N n pdye j

=f(x") = Jmin fx) (1.4)
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and

. [dxgx)e N . IN[f,gl
lim . = lim —2>>-
N—o00 fdxe—Nf(x) N—oo IN[f,1]

N—o00

I Jwr dy g(x* + y/v/Nye™ Zis Yi4ijy; /2400y /VN)
= lum
Jp dy e i Yidijy; /24Oy /VN)

_ g(x")@m)P/?/det A
 Qmr2//detA

= g(argmin, .gr f(x)) (1.5)

g(x™)

The situation becomes more complicated when we allow the dimension p
of our integrations to depend on N. Provided the ratio p/N goes to zero
sufficiently fast as N — oo, one can still prove the above identities, but
much more care will be needed in dealing with correction terms.

In those cases where the function f(x) is complex, it is much less clear
how to calculate the asymptotic form of (I.1). The correct procedure to be
followed here is to deform the integration paths in the complex plane (using
Cauchy’s theorem) such that along the deformed path the imaginary part
of the function f(x) is constant, and preferably (if possible) zero. In the
models analysed in this book we can be sure on physical grounds that a
path where f(x) € R can always be found. Having succeeded, one can
then proceed using Laplace’s argument and find the leading order in N of
our integral in the usual manner by extremization of the real part of f(x).
In combination one finds that our integrals will thus again be dominated
by an extremum of the (complex) function f(x), but since f is generally
complex we can no longer interpret this extremum as a minimum:

1
— Nh_r)nOO ~ In - dxe ™M™ = extrocgrr f(x) (L.6)

o ~Nf ()
jm ijx(jzfvf(x) = slargextrecgy /() -

N—o0

Whereas the Laplace method for real functions f(x) is relatively straight-
forward, the precise mathematical details of the full saddle-point method
(including the subtleties in the correct deformation of integration paths,
the question of under which conditions a path with f(x) € R exists, etc.)
are more involved. For these the reader will therefore have to be referred to
textbooks on methods in mathematical physics or on perturbation methods
(e.g. see [153]).



References

[1] M Abramowitz and I A Stegun. Handbook of Mathematical Functions. Dover,
New York, 1972.

[2] A M Turing. On computable numbers, with an application to the Entscheidungs-
problem. Proc. Lond. Math. Soc. (Series 2), 42:230-265, 1936.

[3] W S McCulloch and W H Pitts. A logical calculus of the ideas immanent in nervous
activity. Bull. Math. Biophys., 5:115-133, 1943.

[4] D O Hebb. The Organization of Bebaviour. Wiley, New York, 1949.

[5] F Rosenblatt. The perceptron: a probabilistic model for information storage and
organization in the brain. Psychol. Rev., 65:386-408, 1958.

[6] F Rosenblatt. Principles of Neurodynamics. Spartan, New York, 1969.

[7] M L Minsky and S A Papert. Perceptrons (expanded edition, 1988). MIT Press,
Cambridge, MA, 1969.

[8] W A Little. The existence of persistent states in the brain. Math. Biosci., 19:101-120,
1974.

[9] B G Cragg and HN V Temperley. Memory: the analogy with ferromagnetic hysteresis.
Brain, 78:304-316, 1955.

[10] A L Hodgkin and A F Huxley. A quantitative description of membrane current and
its application to conduction and excitation in nerve. J. Physiol. Lond., 117:500-544,
1952.

[11] T Kohonen. Correlation matrix memories. IEEE Trans. Comput. C, 21:353-359,
1972.

[12] ST Amari. Learning patterns and pattern sequences by self-organizing nets of threshold
elements. IEEE Trans. Comput. C, 21:1197-1206, 1972.

[13] W K Taylor. Electrical simulation of some nervous system functional activities.
In C Cherry, editor, Information Theory, pp. 314-328. Butterworths, London,
1956.

[14] J J Hopfield. Neural networks and physical systems with emergent collective compu-
tational abilities. Proc. Natl. Acad. Sci. USA, 79:2554-2558, 1982.

[15] T Kohonen. Self-Organization and Associative Memory. Springer Verlag, Berlin,
1984.

[16] D E Rumelhart and J L McClelland (Eds.). Parallel Distributed Processing I & II.
MIT Press, Cambridge, MA, 1986.

[17] P Werbos. The Roots of Backpropagation: From Ordered Derivatives to Neural
Networks and Political Forecasting. Wiley, New York, 1994.

[18] Y Kuramoto. Chemical Oscillations, Waves and Turbulence. Springer Verlag, Berlin,
1984.

[19] W Gerstner and W Kistler. Spiking Neuron Models. Cambridge University Press,
Cambridge, 2002.

[20] J A Anderson and E Rosenfeld (Eds.). Neurocomputing—Foundations of Research.
MIT Press, Cambridge, MA, 1988.

[21] M A Arbib (Ed.). The Handbook of Brain Theory and Neural Networks (2nd Ed.)
MIT Press, Cambridge, MA, 2003.

[22] D J Amit. Modelling Brain Function. Cambridge University Press, Cambridge, 1989.



References

[23] J A Hertz, R G Palmer, and A S Krogh. Introduction to the Theory of Neural
Computation. Addison-Wesley, Redwood City, CA, 1991.

[24] P Peretto. An Introduction to the Modeling of Neural Networks. Cambridge University
Press, Cambridge, 1992.

[25] S Haykin. Neural Networks: a Comprebensive Foundation (2nd Ed.). Prentice Hall,
Englewood Cliffs, NJ, 1998.

[26] T Kohonen. Self-Organizing Maps. Springer Verlag, Berlin, 1995.

[27] T Ritter, H Martinetz, and K Schulten. Neural Computation and Self-Organizing
Maps. Addison-Wesley, Reading, MA, 1992.

[28] S I Amari. Topographic organization of nerve fields. Bull. Math. Biol., 42:339-364,
1980.

[29] T Kohonen. Self-organized formation of topologically correct feature maps. Biol.
Cybern., 43:59-69, 1982.

[30] Z Ghahramani. Unsupervised learning. In O Bousquet, G Raetsch, and U von Luxburg,
editors, Advanced Lectures on Machine Learning, Lecture Notes in Artificial Intelli-
gence 3176. Springer Verlag, Berlin, 2004.

[31] S L Lauritzen. Graphical Models. Oxford University Press, Oxford, 1996.

[32] E Castillo, ] M Gutierrez, and A S Hadi. Expert Systems and Probabilistic Network
Models. Springer Verlag, Berlin, 1997.

[33] F V Jensen. Bayesian Networks and Decision Graphs. Springer Verlag, Berlin, 2001.

[34] C M Bishop, M Svensen, and C K I Williams. Gtm: the generative topographic
mapping. Neural Computation, 10:215-234, 1998.

[35] C M Bishop. Neural Networks for Pattern Recognition. Oxford University Press,
Oxford, 1995.

[36] B D Ripley. Pattern Recognition and Neural Networks. Cambridge University Press,
Cambridge, 1996.

[37] D J C MacKay. Bayesian interpolation. Neural Computation, 4:415-447,1992.

[38] DJCMacKay. A practical Bayesian framework for backpropagation networks. Neural
Computation, 4:448-472, 1992.

[39] D J C MacKay. The evidence framework applied to classification networks. Neural
Computation, 4:720-736, 1992.

[40] D J C MacKay. Probable networks and plausible predictions—a review of practical
Bayesian methods for supervised neural networks. Network: Computation in Neural
Systems, 6:469-505, 1995.

[41] R M Neal. Bayesian Learning for Neural Networks. Springer, New York, 1996.

[42] D J C MacKay. Information Theory, Inference, and Learning Algorithms. Cambridge
University Press, Cambridge, 2004.

[43] C K1 Williams. Prediction with Gaussian processes: from linear regression to linear
prediction and beyond. In M I Jordan, editor, Learning and Inference in Graphical
Models, pp. 159-261. Kluwer Academic, Amsterdam, 1998.

[44] R M Neal. Priors for infinite networks. Technical report, University of
Toronto, 1994. Available by anonymous ftp from: ftp.cs.toronto.edu, file
/pub/radford/pin.ps.Z.

[45] C K I Williams and C E Rasmussen. Gaussian processes for regression.
In D S Touretzky, M C Mozer, and M E Hasselmo, editors, Advances in Neural
Information Processing Systems 8, pp. 514-520. Cambridge, MA, 1996. MIT Press.

[46] M Seeger. Gaussian processes for machine learning. Int. J. Neural Systs., 14:69-106,
2004.

[47] V Vapnik. Statistical Learning Theory. Wiley, New York, 1998.

[48] V N Vapnik. The Nature of Statistical Learning Theory (2nd Ed.). Springer Verlag,
Berlin, 2000.



References

[49] N Cristiani and ] Shawe-Taylor. An Introduction to Support Vector Machines.
Cambridge University Press, Cambridge, 2000.

[50] M Anthony and N Biggs. Computational Learning Theory. Cambridge Tracts in
Theoretical Computer Science (30). Cambridge University Press, Cambridge, 1992.

[51] M J Kearns and U V Vazirani. An Introduction to Computational Learning Theory.
MIT Press, Cambridge, MA, 1994.

[52] T M Mitchell. Machine Learning. WCB/McGraw-Hill, Boston, MA, 1997.

[53] M Anthony and P Bartlett. Neural Network Learning: Theoretical Foundations.
Cambridge University Press, Cambridge, 1999.

[54] D A McAllester. Some PAC-bayesian theorems. In COLT: Proceedings of the
Workshop on Computational Learning Theory, pp. 230-234, Morgan Kaufmann,
San Francisco, CA, 1998.

[55] Scholkopf B and Smola A. Learning with Kernels. MIT Press, Cambridge, MA,
2002.

[56] J Shawe-Taylor and N Cristianini. Kernel Methods for Pattern Analysis. Cambridge
University Press, Cambridge, 2004.

[57] C E Shannon. A mathematical theory of communication. Bell Sys. Tech. Journal,
27:379-423, 623-656, 1948.

[58] C E Shannon. Shannon’s original 1948 paper is available on the internet at
http://cm. bell-labs.com/cm/ms/what/shannonday/shannon1948.pdf.

[59] C E Shannon and W W Weaver. The Mathematical Theory of Communication.
University of Illinois Press, Urbana, IL, 1949.

[60] H Nyquist. Certain factors affecting telegraph speed. Bell Sys. Tech. Journal,
3:324-346, 1924.

[61] R V Hartley. Transmission of information. Bell Sys. Tech. Journal, 7:535-563, 1928.

[62] N Wiener. Cybernetics. MIT Press, Cambridge, MA, 1948.

[63] N Wiener. Extrapolation, Interpolation and Smoothing of Stationary Time Series.
MIT Press, Cambridge, MA, 1949.

[64] A Y Khinchin. Mathematical Foundations of Information Theory. Dover, New York,
1957.

[65] L Brillouin. Science and Information Theory. Academic Press, New York, 1962.

[66] T M Cover and J A Thomas. Elements of Information Theory. Wiley, New York,
1991.

[67] R A Fisher. Theory of statistical estimation. Proc. Cambridge Phil. Society,
22:700-725, 1925S.

[68] E T Jaynes. Information theory and statistical mechanics. Phys. Rev., 106:620-630,
1957.

[69] E T Jaynes. Information theory and statistical mechanics. Phys. Rev., 108:171-190,
1957.

[70] E T Jaynes. Where do we stand on maximum entropy. In R Levin and M Tribus,
editors, The Maximum Entropy Formalism, pp. 15-118. MIT Press, Cambridge, MA,
1979.

[71] D H Ackley, G E Hinton, and T ] Sejnowski. A learning algorithm for Boltzmann
machines. Cognit. Sci., 9:147-169, 1985.

[72] G E Hinton and T J Sejnowski. Learning and relearning in Boltzmann machines.
In D E Rumelhart and J L McClelland, editors, Parallel Distributed Processing, Vol 1,
pp. 159-261. MIT Press, Cambridge, MA, 1986.

[73] G Deco and D Obradovic. An Information-Theoretic Approach to Neural Computing.
Springer Verlag, London, 1996.

[74] ST Amari. Natural gradient works efficiently in learning. Neural Comp., 10:251-276,
1998.


http://cm.bell-labs.com/cm/ms/what/shannonday/shannon1948.pdf

References

[75] M K Murray and J W Rice. Differential Geometry and Statistics. Chapman and Hall,
London, 1993.

[76] W Feller. An Introduction to Probability Theory and Its Applications, Vol. I. Wiley,
New York, 1957.

[77]1 W Feller. An Introduction to Probability Theory and Its Applications, Vol. I1. Wiley,
New York, 1966.

[78] C W Gardiner. Handbook of Stochastic Methods. Springer Verlag, Berlin, 1990.

[791 N G van Kampen. Stochastic Processes in Physics and Chemistry (2nd Ed.).
North-Holland, Amsterdam, 1992.

[80] V N Vapnik. Estimation of Dependences Based on Empirical Data. Springer Verlag,
Berlin, 1982.

[81] H K Khalil. Nonlinear Systems. MacMillan, New York, 1992.

[82] S T Amari. Neural theory of association and concept formation. Biol. Cybern.,
26:175-185,1977.

[83] ST Amari and K Maginu. Statistical neurodynamics of associative memory. Neural
Networks, 1:63-73, 1988.

[84] M Okada. A hierarchy of macrodynamical equations for associative memory. Neural
Networks, 8:833-838, 1995.

[85] J Buhmann and K Schulten. Noise-driven temporal association in neural networks.
Europhys. Lett., 4:1205-1209, 1987.

[86] U Riedel, R Kithn, and J L van Hemmen. Temporal sequences and chaos in neural
nets. Phys. Rev. A, 38:1105-1108, 1988.

[87] A CC Coolen and T W Ruijgrok. Image evolution in Hopfield networks. Phys. Rev. A,
38:4253-4255, 1988.

[88] BDerrida, E Gardner, and A Zippelius. An exactly solvable asymmetric neural network
model. Europhys. Lett., 4:167-173, 1987.

[89] R Kree and A Zippelius. Asymmetrically diluted neural networks. In R Domany,
J L van Hemmen, and K Schulten, editors, Models of Neural Networks I, pp. 193-212.
Springer Verlag, Berlin, 1991.

[90] H Rieger, M Schreckenberg, and ] Zittartz. Glauber dynamics of neural network
models. J. Phys. A: Math. Gen., 21:1L263-1L267, 1988.

[91] H Horner, D Bormann, M Frick, H Kinzelbach, and A Schmidt. Transients and basins
of attraction in neural network models. Z. Phys. B, 76:381-398, 1989.

[92] R D Henkel and M Opper. Distribution of internal fields and dynamics of neural
networks. Europhys. Lett., 11:403-408, 1990.

[93] A CC Coolenand D Sherrington. Order parameter flow in the fully connected Hopfield
model near saturation. Phys. Rev. E, 49:1921-1934, 1994.

[94] A C C Coolen. Statistical mechanics of recurrent neural networks II: Dynamics.
In F Moss and S Gielen, editors, Handbook of Biological Physics IV, pp. 597-662.
Elsevier Science, Amsterdam, 2001.

[95] E Gardner. The space of interactions in neural network models. J. Phys. A: Math.
Gen., 21:257-270, 1988.

[96] E Gardner and B Derrida. Optimal storage properties of neural networks models.
J. Phys. A: Math. Gen., 21:271-284, 1988.

[97] H Seung, H S Sompolinsky, and N Tishby. Statistical mechanics of learning from
examples. Phys. Rev. A, 45:6056-6091, 1992.

[98] A Krogh and J A Hertz. Generalization in a linear perceptron in the presence of noise.
J. Phys. A: Math. Gen., 25:1135-1147, 1992.

[99] W Kinzel and M Opper. Dynamics of learning. In R Domany, J L van Hemmen, and
K Schulten, editors, Models of Neural Networks I, pp. 149-171. Springer Verlag,
Berlin, 1991.



References

[100] T L H Watkin, A Rau, and M Biehl. The statistical mechanics of learning a rule. Rew.
Mod. Phys., 65:499-556, 1993.

[101] M Opper and W Kinzel. Physics of generalization. In R Domany, J L van Hemmen, and
K Schulten, editors, Models of Neural Networks III, pp. 151-209. Springer Verlag,
Berlin, 1994.

[102] C W H Mace and A C C Coolen. Statistical mechanical analysis of the dynamics of
learning in perceptrons. Statistics and Computing, 8:55-88, 1998.

[103] F Vallet. The Hebb rule for learning separable Boolen functions: learning and
generalization. Europhys. Lett., 8:747-751, 1989.

[104] J K Anlauf and M Biehl. The AdaTron, an adaptive perceptron algorithm. Europhys.
Lett., 10:687-692, 1989.

[105] W Kinzel and P Rujan. Improving a network generalization ability by selecting
examples. Europhys. Lett., 13:473-477, 1990.

[106] O Kinouchi and N Caticha. Optimal generalization in perceptrons. J. Phys. A: math.
Gen., 25:6243-6250, 1992.

[107] M Biehl and H Schwarze. On-line learning of a time-dependent rule. Europhys. Lett.,
20:733-738, 1992.

[108] M Biehl and P Riegler. Online learning with a perceptron. Europhys. Lett.,
28(7):525-530, 1994.

[109] M Opper and D Haussler. Generalization performance of Bayes optimal classification
algorithm for learning a perceptron. Phys. Rev. Lett., 66:2677-2680, 1991.

[110] M Biehl and H Schwarze. Learning by online gradient descent. Journal of Physics A:
Math. Gen., 28:643-656, 1995.

[111] D Saad and S A Solla. Exact solution for online learning in multilayer neural networks.
Phys. Rev. Lett., 74:4337-4340, 1995.

[112] D Saad (Ed.). On-Line Learning in Neural Networks. Cambridge University Press,
Cambridge, 1998.

[113] H C Rae, P Sollich, and A C C Coolen. On-line learning with restricted training sets:
an exactly solvable case. J. Phys. A: Math. Gen., 32:3321-3339, 1999.

[114] A C C Coolen and D Saad. Dynamics of learning with restricted training sets. Phys.
Rev. E, 62:5444-5487, 2000.

[115] J A F Heimel and A C C Coolen. Supervised learning with restricted traing sets:
a generating functional analysis. J. Phys. A: Math. Gen., 34:9009-9026, 2001.

[116] P Luo and K'Y M Wong. Cavity approach to noisy learning in nonlinear perceptrons.
Phys. Rev. E, 64:061912, 2001.

[117] J Zinn-Justin. Quantum Field Theory and Critical Phenomena. Oxford University
Press, Oxford, 1993.

[118] T Cover. Geometrical and statistical properties of systems of linear inequalities with
applications in pattern recognition. IEEE Trans. Elect. Comput., 14:326-334, 1965.

[119] F R Gantmacher. Applications of the Theory of Matrices. Interscience, New York,
1959.

[120] W A Little and G L Shaw. A statistical theory of short and long term memory. Behav.
Biol., 14:115-133, 1975. Reprinted in [20].

[121] P Peretto. Collective properties of neural networks: a statistical physics approach. Biol.
Cybern., 50:51-62, 1984.

[122] D J Amit, H Gutfreund, and H Sompolinsky. Spin-glass models of neural networks.
Phys. Rev. A, 32:1007-1018, 1985.

[123] D J Amit, H Gutfreund, and H Sompolinsky. Storing infinite number of patterns in a
spin-glass model of neural networks. Phys. Rev. Lett., 55:1530-1533, 1985.

[124] D Amit, H Gutfreund, and H Sompolinsky. Statistical mechanics of neural networks
near saturation. Annals Physics, 173:30-67, 1987.



References

[125] G H Hardy, J E Littlewood, and G Pdlya. Inequalities. Cambridge University Press,
Cambridge, 1934.

[126] S F Edwards and P W Anderson. Theory of spin glasses. J. Phys. F, 5:965-974, 1975.

[127] D Sherrington and S Kirkpatrick. Solvable model of a spin glass. Phys. Rev. Lett.,
35:1792-1796, 1975.

[128] M Mézard, G Parisi, and M A Virasoro. Spin-Glass Theory and Beyond. World
Scientific, Singapore, 1987.

[129] J R L de Almeida and D J Thouless. Stability of the Sherrington—Kirkpatrick solution
of a spin-glass model. J. Phys. A, 11:983-990, 1978.

[130] H Steffan and R Kithn. Replica symmetry breaking in attractor neural network models.
Z. Phys. B, 95:249-260, 1994.

[131] J F Fontanari and R Koeberle. Information storage and retrieval in synchronous neural
networks. Phys. Rev. A, 36:2475-2477,1987.

[132] D Amit, H Gutfreund, and H Sompolinsky. Information storage in neural networks
with low levels of activity. Phys. Rev. A, 35:2293-2303, 1987.

[133] H Horner. Neural networks with low levels of activity: Ising vs. McCulloch-Pitts
neurons. Z. Phys. B, 75:133-136, 1989.

[134] A Krogh and J A Hertz. Mean field analysis of hierarchical associative networks with
magnetization. J. Phys. A, 21:2211-2224, 1988.

[135] S Bos, R Kiihn, and J L van Hemmen. Martingale approach to neural networks with
hierarchically structured information. Z. Phys. B, 71:261-271, 1988.

[136] T Kanter and H Sompolinsky. Associative recall of memory without errors. Phys.
Rev. A, 35:380-392, 1987.

[137] H Rieger. Storing an extensive number of grey-toned patterns in a neural network
using multistate neurons. J. Phys. A, 23:1.1273-1L1279, 1990.

[138] R Kithn and S Bos. Statistical mechanics for neural networks with continuous
dynamics. J. Phys. A, 23:831-857, 1993.

[139] IKanter. Potts-glass models of neural networks. Phys. Rev. A, 37:2739-2742, 1988.

[140] H Nishimori. Statistical Physics of Spin Glasses and Information Processing. Oxford
University Press, Oxford, 2001.

[141] E Domany, J L van Hemmen, and K Schulten (Eds.). Models of Neural Networks I.
Springer Verlag, Berlin, 1991.

[142] A C C Coolen. Statistical mechanics of recurrent neural networks I: Statics. In F Moss
and S Gielen, editors, Handbook of Biological Physics 1V, pp. 531-596. Elsevier
Science, Amsterdam, 2001.

[143] J M Yeomans. Statistical Mechanics of Phase Transitions. Oxford University Press,
Oxford, 1992.

[144] M Plischke and B Bergersen. Equilibrium Statistical Mechanics. World Scientific,
Singapore, 1994.

[145] S K Ma. Statistical Mechanics. World Scientific, Singapore, 1985.

[146] E Gardner. Maximum storage capacity in neural networks. Europhys. Lett.,
4:481-485, 1987.

[147] W Krauth and M Mézard. Storage capacity of memory networks with binary couplings.
J. Phys. France, 50:3057-3066, 1989.

[148] H Horner. Dynamics of learning for the binary perceptron problem. Z. Phys. B,
86:291-308, 1992.

[149] M Opper, W Kinzel, J Kleinz, and R Nehl. On the ability of the optimal perceptron to
generalize. J. Phys. A: Math. Gen., 23:L581-L586, 1990.

[150] M A Virasoro. The effect of synapses destruction on categorization in neural networks.
Europhys. Lett., 7:293-298, 1988.



References

[151] G Gyorgyi and N Tishby. Statistical theory of learning a rule. In W K Theumann and
R Koeberle, editors, Neural Networks and Spin Glasses. World Scientific, Singapore,

1990.
[152] A Engel and C van den Broeck. Statistical Mechanics of Learning. Cambridge

University Press, Cambridge, 2001.
[153] E J Hinch. Perturbation Methods. Cambridge University Press, Cambridge, 1991.



This page intentionally left blank



Index

action potential 8,9, 10
active constraints 190, 193, 202
adaptive software 5
AdaTron learning rule 364, 374, 380
algorithms 263
AND operation 23
annealed average 442
artificial information processing systems 5
artificial neural networks 7, 349
associative memory 7, 81, 85, 86,437
associative retrieval 6
asymptotic decay of generalization error
361, 364, 368-70, 375-9,
383, 391, 393
attraction domain 71, 73-5, 77, 82, 84
attractor 71, 81, 83, 87, 335, 428
fixed-point attractor 71-4, 77, 81
limit cycle attractor 70-4, 77, 81, 345
rubbish bin attractor 82, 84
attractor neural networks 7
atypical message sets 233
autonomous macroscopic equations 341
average ground state energy 492,493
average neuronal activity 71
average of a random variable 515
axon 3,4, 8-11

backpropagation algorithm 386
batch learning 49, 263
Bayes’ theorem 170
Bayesian relation 137
Bayesian techniques 127, 143
Bayesian learning 136, 137, 141
Bayesian hyperparameter selection 158,
166
Bayesian model comparison 156
Bayesian model selection 156, 159, 167
Bayesian regression 127-9, 144, 165
best estimate for unknown distribution
267,269,270
biased Hebb rule 196
bilinear models 343
binary classification 127, 128, 152, 154,
187, 200, 201, 494
binary neurons 493
bit-count reduction 212
block matrices 537
blocked nodes 226

Boltzmann distribution 268, 414, 416, 491
Boltzmann machine 273, 274

Boltzmann machine learning rule 276, 281
boundary effects 122

brain 3

breakdown of solvability 494

broken ergodicity 460, 480

Cajal 4, 5, 89
cell body 3
cell membrane 7
central limit theorem 14, 55, 174, 357
chain rule 242,243,247
characteristic distance 100, 121
characteristic function 515
clamped relaxation 311
classification capacity 498, 499, 504, 505
classification stability 498, 499
classification uncertainty 153
closed deterministic equations 340,
354, 359
closed dynamical equation 58
closed macroscopic equation 326
closed macroscopic laws 382, 386
code 212
binary code 223
enumerative code 213, 214, 216, 217
non-singular code 223
optimal code 219, 229, 231
prefix code 213, 214, 216, 217, 223,
225,228,229, 230
uniquely decodable code 223, 224
code-book vector 95-106, 108-12,
118-23, 125,131
code-book vector density 96, 100, 121
code length 214, 216, 219, 221, 223
codeword 212,213, 215, 223,225
codeword length 213,223,225-9, 231
coherent features 294
coherent firing 20
committee machines 61
communication 209
complete training set 352, 353
complex systems 6
complexity 132-5, 138
computational learning theory 206
conditional entropy 240, 241, 244,
245,259



Index

conditional Gaussian distribution 530

conditional mutual information 246, 250

conditional probability 512

conditional probability density 514

conjugate order parameters 441, 453,
465,476

connections 3, 36

constrained entropy 421, 422, 430, 432,
439

constrained free energy 416-18, 423, 426,
429, 430, 439

constrained versus pseudo free energy 480

constrained partition function 417, 420

content-addressable memory 86

continuous output perceptrons 385

continuous random variable 251, 255, 515

continuous time equation 322

continuous time limit 42, 49, 392

conventional network types 129

convergence in probability 263

convergence of continuous time
equation 43

convergence to stationary distribution
401, 404, 405

convexity 192, 543

coupled oscillator Boltzmann machine 311

coupled oscillators 19, 27

covariance matrix 515, 529

covariance function of Gaussian process
172,177

covarjance matrix of Gaussian process 176

critical learning rate 389, 391

critical slowing down 337

critical temperature 337, 424, 471, 474

cross-validation 135, 136, 138

Curie-Weiss equation 423, 424

Curie-Weiss law 429

current 11, 12, 16, 26

curvature matrix 143, 163, 164, 337, 342

data 3,7, 128, 133, 169, 170, 176, 180,
185-9, 193, 195, 197, 200

data compression 282

data distribution 95, 98-112, 123-5

data likelihood 137,157, 159

data processing inequality 248,297

data representation 95

de Almeida-Thouless instability 459,
473,475

de Almeida-Thouless line 480

decision boundary 153, 155

decision tree 215

delta-distribution 109, 454, 467, 539

dendrite 3, 4,9, 11,12

dendritic tree 8

densely interacting networks 15

density of states 419-22, 430,
431, 439, 451, 464

detailed balance 275, 324, 408-12

deterministic evolution equations 340

deterministic machines 22

differential entropy 252-4, 259, 269

differential mutual information 255, 256,
258-60, 282, 283, 285

digital machines 21

discrete random variable 235, 237, 240,
245,515

disorder 442, 448,492

disorder-averaged free energy 461, 463,
467, 470

distance measures 549

distribution theory 539

distributional 329

duration of learning stage 377

dynamics of weights 47

early stopping 135

elementary logical operations 64

empirical approximation 262, 263

empirical entropy 262

energy function 275

entropy 219, 220, 224, 229-33, 235-8,
258,415, 416, 459

entropy reduction 259

equilibrium average 415

equilibrium statistical mechanics 315, 318,
319, 324, 399-401, 413, 414, 417,
437, 489-93

equi-partitioning of probability 331

ergodic Markov process 401, 402, 405-7,
413

ergodic components 440, 447, 455

ergodic sectors 427, 428

ergodicity 401, 402

ergodicity breaking 425, 427, 428, 433

error backpropagation 46, 49, 51, 61

error bars 152, 169, 181

error landscape 43

error measure 45, 50, 54, 129, 490

Euclidean metric 303

event 511

event set 511

evolution of generalization error 381, 389

existence of solutions 489

existence of stationary distribution 402

extension of a code 224

extensive quantities 417

extreme dilution 331

factorization over sites 421
feedforward networks 33, 36, 46, 49
field distribution 387, 392

finite size corrections 417

firing frequency 14, 16

firing state 11, 13

firing threshold 6, 9-11

first order phase transition 428



Fisher information matrix 304

fishing net representation 118-20

fixed-point 71, 77, 79-81

fluctuations 60, 61, 97,107, 111-13, 351,
357,370,417,459, 476

Fourier transform 174, 516, 541

free energy 414-16, 419, 426, 438, 491

free energy per neuron 419

functional derivatives 269

Gardner space 492,495, 498

Gaussian approximation 144

Gaussian field distribution 357, 372

Gaussian linearization 433, 450, 456, 462

Gaussian process 169-83

Gaussian process prediction 180, 181, 183

Gaussian probability distribution 14,
55,171,174, 176, 180, 183,
254,256, 281, 283, 286, 295, 517,
527

Gaussian random variables 529

Gaussian synapses 448

generalization error 53, 54, 58, 59, 128,
133, 135, 349, 351, 352, 358, 383,
387, 388, 391

generalized linear models 148

generalized perceptron convergence
theorem 187

generalized perceptron learning rule 187

generative topographic mapping 205

geodesic 304, 551

geometric interpretation of error 358

Gibbs-Boltzmann distribution 268, 275

global minimum 133, 143

Golgi 4, 5, 89

graded response neuron 16, 26, 46

gradient descent and extremization 301

gradient descent dynamics 43, 277,
299-301, 310

gradient descent learning 50, 132, 133,
138, 141, 163, 277, 307

grandmother cell 33, 34

greedy recipe 373, 379

ground state 416, 428,437, 447,475

ground state energy 491-3

Hamiltonian 413, 414, 420, 437, 438,
448, 491

Hebb 89

Hebbian learning rule 82, 84, 88,118, 380

Hebbian rule 354, 359, 373, 374, 383

Hessian matrix 144, 148

hidden layer 33,49, 51, 61, 65,273,274

hidden neuron 33, 35, 36, 62

hillock zone 9

Hodgkin-Huxley equations 90

Hopfield interactions 333

Index

Hopfield model 84, 85, 325, 327, 332,
335,437,438, 446-8, 481
generalized Hopfield model 484
ground states of Hopfield model 475
Hopfield model with biased patterns 483
Hopfield model with many patterns 460
information recall in Hopfield model
475
paramagnetic phase of Hopfield model
458
phase diagram of Hopfield model 473
pure states of Hopfield model 473, 476
storage capacity of Hopfield model 474,
475
hyperparameter 143, 150, 151, 158, 165,
174,176, 178
hyperparameter estimation 148

imperfect communication channel 239
inactive constraints 190
incoherent firing 20
inferences 7
infinite range ferromagnet 419
infinitesimal learning rate theory 382
information content 209-12, 214, 218,
219, 232, 235, 240, 253
information geometry 299, 306
information processing 3, 7, 21, 81
information storage 10, 88
information storage and retrieval 82
information-theoretic performance
measure 273,276
information theory 207, 220, 235
initial conditions 427
input-output statistics 169
interactions 6
interaction symmetry 6, 332, 333,
335,408, 410-2
internal coordinate system 115
internal representation 95, 114,
115, 116, 119
interpretation of probability 511, 513
interpretation of saddle-points 454, 466
invariance under
re-parametrization 300, 304
inverse temperature 268, 324, 491
Ising Hamiltonian 414, 419,
437,438, 448
ling neuron 69
Ising spin 41, 319

Jacobian matrix 305, 337

Jaynes’ maximum entropy principle 265
Jeffreys’ divergence 246

Jenssen’s inequality 544

joint entropy 240-3



Index

Karush-Kuhn-Tucker
conditions 191-3, 196
kernel 197-201
kernel methods 206
Kraft inequality 224-6, 228-30
Kramers-Moyal expansion 328, 329
Kullback-Leibler distance 108, 125, 245,
261-4, 277,303

Lagrangian 191, 193-5
Laplace method 553
layered networks 6
learning 7, 180
learning dynamics 52, 54, 60, 382
learning dynamics and teacher noise 394
learning process 36, 41-3, 47, 58,129
learning rate 43, 52, 53, 97, 99, 110,
112, 121, 122, 124, 132, 354,
356, 359, 362
learning rate scaling 60, 63
learning rules 38, 41, 45, 47, 82, 187
learning with weight decay 67
limit cycle 70, 71, 76, 79, 335, 430
period of limit cycle 76, 77
Lindeberg’s condition 66, 519
linear-output two-layer
perceptron 173,175
linear separability 38, 40, 495
linear separation 130, 131
linear student and teacher 394
linearly separable binary classification
185,186, 353
linearly separable operations 32, 37, 38,
44, 53,57, 185
Liouville equation 326, 330, 540
local field 18, 37
local field distribution 359
local metric 302, 551
local minimum 48, 132
localized basis functions 132
logical operations 22, 24
log-likelihood 262
log-sum inequality 230, 236, 241, 242,
246, 248, 546, 547
look-up table 33
Lyapunov function 45, 77-80, 84, 87,
107, 124, 333, 344

macroscopic dynamics 317, 324, 360

macroscopic laws 327, 335, 346, 347

macroscopic observables 53, 56, 67,
354,418

macroscopic order parameters 357

macroscopic probability distribution 317,
326, 329, 339

macroscopic processes 6

magnetization 420, 425, 454, 459

marginal probability 512

marginal probability density 514

Markov chain 320, 321, 340, 345, 401

Markov process 402, 408

master equation 322

matrix inversion for Gaussian processes
182

maximally unbiased 265

maximally unbiased estimator 270

maximum a posteriori probability 142

maximum differential mutual information
285

maximum entropy distribution 139, 268

maximum entropy principle 264, 268,
270, 271

maximum information preservation 281,
282,311

maximum likelihood estimation 261, 262

McCulloch-Pitts neuron 16, 17, 21, 22,
24,29-33, 36, 37, 46, 64

mean generalization error 352

mean training error 352

Mercer’s theorem 198

message enumeration 209

message set 209

metric 302-5, 309

misclassification probability 153-5, 358

mismatched student and teacher 395

mixture of Gaussian distributions 108

mixture state 85, 86, 442, 444

model complexity 132, 135, 138, 201

model parameter statistics 169

model selection 159

moment condition 517

moments 261, 264,270, 515

most probable parameter vector 141,
142, 143

motivation 5

multilayer neural networks 33, 61, 130

multivariate Gaussian integrals 526

multivariate Gaussian probability
distribution 528

mutual information 245, 246, 247,
250, 259

mutual overlap distribution 455, 467

naive enumeration 209, 211
NAND operation 24
natural gradient descent 302, 303, 305,
307, 310, 312
neural networks 3
neuron 3
excitatory neuron 9
inhibitory neuron 9
model neuron 7,10, 16
neuronal specialization 285, 291
neuronist 89
neurotransmitter 9, 11
noise 3,9,13, 16
noise distribution 18



noise variable 18
noisy answers 129
noisy data 134, 137, 144, 152, 202
noisy examples 392
noisy training inputs 392, 393
non-conservative nonlinear systems 344
non-equilibrium statistical mechanics 317
non-linearities 297, 334
non-localized basis function 132
NOT operation 23
numerical simulations 58
od AdaTron learning rule 367, 368
of error backpropagation 61
of Hebbian learning rule 367, 368
of multilayer networks 61
of perceptron learning rule 59, 367, 368
of self-organizing maps 122
of separable attractor networks 336
of soft vector quantization 109
of the Hopfield model 85
of vector quantization 98

observations 261

Occam’s razor 159, 160

online gradient descent 385

online learning 36, 37, 49, 52, 107, 182,
350, 353, 359, 371, 377, 382

operation speed 3

optimal decay of learning rate 111

optimal error evolution 379

optimal learning rate 371

optimal learning rule 379, 380

optimal online learning rules 377

optimal separating plane 188, 189, 193,
194,197

optimal synaptic weights 285

optimal time-dependent learning rate 373,
375, 376

optimization theory 189

optimization with inequality constraints
190, 195, 196

optimized learning rules 368

OR operation 23

order of limits 401, 427, 450

order parameters 317, 318, 335, 344, 354,
428, 438, 451, 456, 463, 503

Ornstein-Uhlenbeck covariance
function 179

output neuron 33, 35, 36, 49, 61

overconstrained problems 490

overfitting 132, 133, 14, 135

overlaps 85, 333, 334, 343, 438, 463

over-regularization 136

parallellism 7

parallel dynamics 19, 69, 70, 78, 87, 318,
319, 338, 409, 431

parallel operation 3

Index

parameter uncertainty reduction 137, 140,
158, 164, 165
parametrized family 261, 262
parity operation 61, 64
partition function 268, 414, 418, 420,
438, 491
path length 551
pattern reconstruction 83, 86
pattern embedding strength 88
penalty term 136
perceptron 33, 36, 89, 130, 353
Ising perceptron 40, 43
large perceptrons 52, 54
perceptron convergence theorem 37, 40
perceptron convergence proof 41
perceptron learning rule 37, 83, 187,
362
perceptron rule 354, 369
perfect learning 390
performance measures 128, 349, 351
phase diagram 458, 466, 470, 473
phase space 324
phase transition 425,427,429, 453,
458, 560, 490
plateau phase 64, 300
Poisson distribution 323
posterior model distribution 156, 157
posterior parameter distribution 137, 143,
146, 152,157,169
postsynaptic potential 6,9, 10, 11
prediction 138, 144, 196
prediction uncertainty 138
prediction variance 145
prediction with error bars 146
predictive distribution 169, 180, 181, 183
preprocessing in SVMs 197
preprocessing functions 198, 200
preprocessing operations 197
via polynomials 199
via radial basis functions 199, 203
via sigmoidal neurons 200
prior knowledge 171
prior model distribution 156
prior over functions 176
prior parameter distribution 137
probability density 513
program 3, 127
pseudo-free energy 441, 444, 453, 466
pseudo-Hamiltonian 413, 429

quadratic error measure 132
quenched average 442
quenched disorder 448, 457

radial basis function 131, 199

radial basis function network 131, 172,
173,177,179, 182

rational probabilities 234



Index

recurrect layered networks 273

recurrent networks 6, 69, 70, 81, 82, 401,
408, 448, 493, 505

reducing uncertainty 212

refractory period 8, 10, 14,17

regression 127-9, 144

regularization 135, 136, 138

regularizer 138, 139, 141, 142, 149

relative entropy 245, 246, 249,277

relaxation time 336, 337, 338

replica identity 457, 500

replica method 447, 498

replica symmetric free energy 469

replica symmetric phase diagram 472, 473

replica symmetry 456, 458, 468, 469, 502

replica symmetry breaking 459, 475

replica trick 448, 449, 454, 461, 470

replicated Hamiltonian 450, 451, 462

replicon fluctuations 460, 476

rest potential 12

reset 11,12, 14,16

reticularist 89

role of experiments 6

saddle-point equation 438, 440, 442, 452,
465, 469, 470, 474, 497, 504

saddle-point integration 339, 341, 417,
419, 421, 452, 464, 484, 553

SAME operation 23

second order phase transition 428

self-averaging 441, 492

self-interactions 80, 81, 84

self-organizing map 95, 114, 118-20

self-programming 10

sensory information processing 282, 295

sensory signals 115

separable interaction matrix 332

separable models 334, 343

separating plane 31, 40, 45, 185, 186,
188,189,193

sequence processing 345

sequential dynamics 19, 69, 70, 79, 84,
87, 318, 320, 322, 324, 410

Shannon entropy 220, 222

Shannon’s source coding theorem 220

Sherrington-Kirkpatrick model 447, 450,
485, 486

ferromagnetic phase of the SK model
458
spin-glass phase of the SK model 458

signal velocity 3

single point error measure 138, 141

soft SVM classification 203

soft vector quantization 98-104, 107-12,
118,121, 124

soft weight normalization 371

space of interactions 492

specialization 291

speed of convergence 391

spherical online learning rules 371, 373,
378
spherical weight constraint 287, 290
spikes 3
spin-flip operator 321, 328
spin-glass 447
squared deviation 386
squared exponential covariance function
178,179
stability of mixture state 445, 482
stability of saddle-point 444, 459
stability parameters 185-8, 196
stationarity conditions 393, 408, 426
stationary covariance function 177, 178
stationary probability distribution 275
statistical theories §
statistical independence 512, 514
statistical mechanics 315, 318, 319,
324, 399-401, 413, 414, 417,
437, 489-93
steepest descent 501
steepest descent integration 553
Stirling’s approximation 432
stochastic approximation 264, 270
stochastic binary neurons 17
stochastic binary units 318
stochastic dynamics 275, 318, 319
stochastic field variables 356
stochastic observables 352
stochastic parameter dynamics 163
stochastic process 5
student fields 356
student network 37, 349, 350
student perceptron 38, 39, 353, 370
sublattice 332
sublattice magnetization 332, 333, 343
supervised learning 127
support vector 189,193, 194, 196, 197
support vector machine (SVM) 193
SVM classification 202
SVM decision boundary 198, 201
SVM kernel 197-200
SVM optimization 194
SVM overfitting 202
SVM solution 196
symmetry of interaction matrix 343
synapses 3, 8,9, 11,13
excitatory synapse 9, 11
higher order synapse 25
inhibitory synapse 9, 11
synaptic cleft 9
synaptic efficacies 3
synaptic symmetry 77,78, 79
synchronization 20

target joint input-output distribution 276
teacher operation 350
teacher perceptron 36-8, 353, 382



temperature 268, 319,414, 416, 423, 441,
443,446,473

test function 327, 539

thermodynamic equilibrium 327

thermodynamic limit 417, 418, 425, 438

time-dependent learning rate 110, 114,
121, 354, 369, 373, 374, 380

topological map 116, 117

training 7

training error 128, 132, 133, 135, 138,
142, 143, 149, 351, 352

training set 135, 349, 350, 356

transcendental equation 474

transition matrix 320, 345

transition probability 320, 339, 340

transition probability density 351

transition rate 322

transition to specialization 291

transmitter release 13

tree representation of codes 225

triangular inequality 550

tuning of neurons 117

typical message sets 233

typically solvable tasks 492

underconstrained problems 490
unfolding of weight vectors 293

Index

uniqueness of solution 189
universality 21
unsupervised learning 95, 281

validation set 135

variance 515

vector quantization 95,97

version space 493, 494, 502

volume of version space 494, 496, 499
Voronoi cell 97,102, 109, 121
Voronoi tessalation 96, 102

Wick’s theorem 477

Wolfe dual 191, 194, 201
Woodbury formula 538
world coordinates 115, 116

XOR operation 29, 33

yes-or-no error measures 493

zero noise dynamics 412
zero temperature 474,475, 494



