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Abstract

In this thesis, we use concepts from Information Geometry (IG), such
as Natural Gradient Descent (NG), to improve the training of a Helmholtz
Machine (HM) through the design and implementation of a novel algorithm
called the Natural Reweighted Wake-Sleep (NRWS).

First, we prove that for any Directed Acyclic Graph (DAG) the associated
Fisher Information Matrix (FIM), which describes the geometry of the statis-
tical manifold, has a fine-grained block-diagonal structure that is efficient to
invert. By exploiting the fact that the HM is composed of two DAG networks,
we adapt its training algorithm into the NRWS implementing NG.

The NRWS not only achieves better performance in the minimum of the
optimization loss compared to other training methods, such as the Reweighted
Wake-Sleep (RWS) and Bidirectional Helmholtz Machine but also outperforms
them in both epochs and wall-clock time. In particular, we present how the
NRWS achieves state-of-the-art performance on standard benchmark datasets
(MNIST, FashionMNIST, and Toronto Face Dataset) based on the importance
sampling estimation of the log-likelihood of the HM.

By adapting Accelerated Gradients (AG) methods to operate within the
geometry defined by the FIM of the HM, we further improve the performance
of the NRWS. Using first-order AG methods, such as Momentum and Nes-
terov Momentum, improves the convergence rate of the NRWS without any
computational overhead. Additionally, we develop a regularizer method based
on the Maximum Entropy Principle, named the Entropy Regularizer (ER),
which we show further improves the NRWS by reaching lower optimization
loss and narrowing the generalization gap of the algorithm without extra
time penalty, which can also be applied to non-geometric training methods.
Conveniently, the NRWS framework is compatible with continuous random
variables; hence, we show how the FIM can be derived for normally distributed
hidden variables.

Finally, we explore the possibilities of using HMs with Convolutional
Neural Networks (CNNs) by computing the FIM for such network topologies
and showing that the resulting matrix also has a finely-grained block-diagonal
structure. We finish by presenting a hypothesis on the difficulties of using
CNNs with HMs and NRWS. We make significant contributions to the field
of IG and HM, with numerous findings that could be further explored or
reused in other research fields. Our results can represent a starting point
for future research on improving training algorithms for neural networks and
deep learning models using geometric methods, such as the NG.
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Chapter 1

Introduction

The [Natural Gradient| (NGJ), introduced by Shun-ichi Amari, is a non-
Euclidean extension of the traditional gradient for optimization over statistical
models. The follows the steepest descent during training, according to the
Fisher-Rao metric defined over the statistical model, and it has been proven
both empirically and theoretically to lead to a speed-up of the convergence
and to better optimization results.

In the last two decades, there has been a lot of research in the application
of the NG| to Machine Learning tasks, however, there are only a few instances
where such a method reached mainstream use in real-world applications. The
reason for this is two-fold, the efficiency in the computation of the depends
both on the model and on its parameterization, which determines the
nformation Matrix] (FIM]) representing the metric tensor. However, another
difficulty is in inverting the [FIM] needed for the computation of the NG| an
operation that scales more than quadratically with the size of the parameters
of the statistical model.

In this thesis, we study the geometry of the statistical model associated
with a [Helmholtz Machine| (HIM)) and we show that have the property
that their associated [FIM] have a fine-grained block-diagonal structure. Our
purpose is to leverage the geometric structure of [HMk to facilitate the efficient
computation of the [FIM]and its inverse. This approach enables us to design a
novel family of algorithms based on the method. Our proposed algorithms
outperform modern state-of-the-art methods for the training of in terms
of training time and in the quality of the reached optimum after convergence.
Additionally, we investigate how regularization, gradient acceleration, and
convolutional networks can take advantage of the geometrical properties in
the [HM] such as the structure of the [FIM] and the locality of its gradients.

1.1 Context and Motivation

Deep generative models have been successfully employed in unsupervised
learning to model complex and high dimensional distributions thanks to their
ability to extract higher-order representations of the data and thus generalize
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better (Hinton et al., 2006; Bengio, 2009). An approach that proved to be
successful and thus is common to several models is based on the use of two
separate networks: the recognition network, i.e., the encoder, that provides
a compressed latent representation for the input data; and the generative
network, i.e., the decoder, able to reconstruct the observation in output.
[Autoencoderp (AEf) (LeCun| [1987; Bourlard and Kampl, [1988} [Kramer] [1991}
Hinton and Zemel, [1993)) are a classical example of this paradigm, where both
the encoder and the decoder are commonly implemented as deterministic
feed-forward networks.

[Variational Autoencoderk (VAEF) (Kingma and Welling) 2014} [Rezende
et al., 2014)) introduce an approximate posterior distribution over the latent
variables which are then sampled, thus resulting in stochastic models. More
modern variants of the such as the VQ-VAE (Van Den Oord et al.,
2017; Razavi et al [2019) are capable of learning and generating fully natural
looking images, with highly realistic details, and in some cases, they can even
generate realistic fantasy images based on text prompts, as in the case of
DALL-E (Ramesh et al., 2021]).

Yet another generative model is in the form of |[Generative Adversarial|
Networkk (GANE)(Goodfellow et al.| 2014]), where the two networks are set
in an adversarial setting, where the one learns to generate samples that are
identical to the ones from the dataset, and the other attempts to discriminate
the generated samples from the original ones. Alternative and improved
versions of it, such as the WassersteifGAN] (Arjovsky et all, [2017) reach
similarly good, state-of-the-art performance in image generation tasks, as the
aforementioned VQ-VAE.

Alternatively, [Helmholtz Machines (HM) (Dayan et all,[1995)) are [AEk
which consist of a recognition and a generative network both modeled as
[Sigmoid Belief Networlks (SBNE) (Neal,[1992), characterized by discrete hidden
variables, differently from standard [VAEE which commonly adopt continuous
Gaussian variables only in the bottleneck layer. did not garner popularity
in recent years such as and [GANE, although their network structure has
some advantages over the other methods. Namely, from the locality of their
gradients, thanks to the [SBNE, it follows that their training is not based on
back-propagation (Rumelhart et al. [1986) through the layers of the network,
but by local layer-wise interactions. In this thesis, we will exploit specifically
this property of in order to design a novel algorithm with the use of
concepts.

The training of stochastic models is a challenging task in deep learn-
ing (Glorot and Bengio, [2010a)). This extends to generative models based
on stochastic models, which are commonly trained by the maximization of
the likelihood, or equivalently, by the minimization of a divergence function
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between the unknown distribution of the data and the one of the generative
model. The challenges for the optimization task are due to the presence of
terms that are computationally expensive to estimate, such as the partition
function.

A possible solution to this problem resides in the introduction of a family
of tractable approximate posterior distributions (Wainwright et al. [2008),
parameterized by the encoder network. In the presence of continuous hidden
variables, for which the stochastic back-propagation of the gradient is possible,
as in [VAEE, the encoder and decoder networks can be trained simultaneously,
through the definition of a unique loss function that corresponds to a lower-
bound for the likelihood, i.e., the ELBO (Kingma and Welling} 2014} |Rezende
et al., 2014).

In the presence of discrete hidden variables, as for [HMg, this approach
cannot be directly employed, since it is not possible to back-propagate through
stochastic layers. Thus the standard training procedure of is the well-
known [Wake-Sleep| (WS) (Hinton et al., [1995)) algorithm, in which two opti-
mization steps for the parameters of the recognition and generative networks
are alternated. The algorithm, as well as more recent advances (Born{
schein and Bengiol |2015; [Bornschein et al., 2016; |Wenliang et al., 2020} Hewitt
et al} 2020), relies on the conditional independence between the hidden vari-
ables of each layer, which allows a factorization of the loss function as in
directed graphical models (Lauritzen|, [1996). This leads to a computationally
efficient formula for the weights update which does not require the gradients to
be back-propagated through the full network. An alternative to W] for
is given by the REINFORCE algorithm (Williams, [1992)), which is popular in
the Reinforcement Learning literature. However, differently from [WS], with
REINFORCE the variance of the gradient grows linearly with the number of
the parameters of the network, an issue addressed in several modern variants,
for instance, in the works of Mnih and Gregor| (2014)), Tucker et al.| (2017)),
Grathwohl et al.| (2018) and [Kool et al.| (2020).

Besides the choice of the specific loss function to be optimized, depending
on the nature of the generative model, in the literature, several approaches
to speed up the convergence during training have been proposed, through
the definition of different optimization algorithms. One line of research,
initiated by Amari and co-workers (Amari, [1998| 1997)), takes advantage of a
geometric framework based on notions of [[nformation Geometry| (Amari
and Nagaokal, 2000, leading to the definition and use of the[Natural Gradient|
. Whenever the loss function is defined over a statistical manifold of
distributions, whose geometry is given by the Fisher-Rao metric, the
of the function to be optimized corresponds to the Riemannian gradient of
the function itself, computed with respect to the metric of the manifold.
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In general, the computation of the [NG]requires the inversion of the
Mformation Matrix] (FIM]), and for this reason, often it cannot be directly
applied for the training of large neural network due to its computation cost.

Several approaches have been proposed in the literature to counteract
the computational cost (Desjardins et al., [2013] 2015} |Grosse and Martens),
2016}, |Ollivier, 2015; Martens and Grosse, 2015)), which are all based on
more or less sophisticated approximations of the structure of the [FIM] By
introducing different independence assumptions between random variables
from the network, certain blocks of the are set to zero a priori or,
alternatively, they admit specific representations (such as low-rank updates of
a diagonal matrix or Kronecker products of matrices) which allow its efficient
inversion. A different view is provided by Sun and Nielsen (Sun and Nielsen)
2017), who propose to compute a local version of the Fisher-Rao metric,
that they call Relative [Fisher Information Matrix, used to analyze the local
learning dynamics in a large system. Yet a different approach is introduced
by [Lin et al.| (2021)), where they describe a method for the computation of
the natural gradient based on the use of local-parameter coordinates, which
can be applied to several distributions and algorithms.

has been previously applied for the training of generative models. In
particular, in the work of [Lin et al. (2017)) the is applied to the large
class of [Variational Autoencoderg with non-conjugate latent graphical models
by exploiting the geometry of the variational distribution in the computation
of the updates in the mean-parameter space. Along a similar line of research,
Zhang et al.|(2018a) proposes the use of the in connection to variational
inference for the training of Bayesian neural networks. Differently from this
work, in both cases, the exploits a metric defined over the space of the
parameters that identify the approximate posterior distribution, instead of
the metric associated with the space of the weights associated with the whole
neural network.

In this thesis, we follow a different approach for the training of based
on the computation of the without the need to approximate the
before its empirical evaluation. Motivated by preliminary results from (Ay,
2002)) for the computation of the for an we observe that the
matrix associated with the joint statistical model represented by a takes
a block-diagonal structure, where the block sizes depend linearly on the size
of each hidden layer. This result, which can be seen as a direct consequence
of the topology of the directed graphical model associated with the [SBN]
does not require the introduction of any additional independence assumption
between random variables in the [FIM] with the purpose of further simplifying
the structure of the [FIM] before its empirical evaluation. Notice that the
level of sparsity for the in is superior to that associated with the
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standard assumption of independence between layers, where the width of the
individual blocks of the is given by the product of the sizes of adjacent
hidden layers. Indeed, for we have a finely-grained block-diagonal
structure for the [FIM] with block widths given by the sizes of the hidden
layers. A consequence of these finer-grained blocks is that the number of zero
off-diagonal blocks in the [FIM] grows by a quadratic factor, which allows for
a more computationally efficient inversion of the matrix.

Based on these observations we propose an efficient geometric adaptation
of the Reweighted Wake-Sleep| (RWS)) (Bornschein and Bengiol 2015) for the
training of [HMk, where the gradient is replaced by the corresponding [NG| The
increased sparsity of the [FIM] which is a direct consequence of the topology
of the network, limits the impact on the cost per iteration of the use of the
ING| This has the advantage of allowing for an exact computation of the
for a given batch, not requiring further assumptions in terms of the structure
of the [FIM] This leads to an advantage in the speed-up in convergence during
training in terms of epochs, while limiting the computational overhead.

The main contributions of this thesis in order to design a computationally
efficient algorithm based on for the training of are the following:

1. The design of a novel algorithm called [Natural Reweighted Wake-Sleep|
INRWS|) which exploits a finely-grained block-diagonal structure for the
[FIM| Such structure for the [FIME

(a) has never been exploited before in the training of [HMg, not even
for deterministic networks, indeed previous observations about the
structure of the have not been used in training (Ay, 2002,
2020);

(b) differently from other models, it is exact, i.e., for the sparsity
structure is not an approximation/assumption but it derives from
conditional independence among variables set by the network

topology;

(c) is made of smaller-sized blocks (thus it is more efficient to be
computed) than the standard block-diagonal structure used in
previous works cf. Sun and Nielsen| (2017)) and |Zhang et al.| (2018a).

2. Our results on different datasets show that our algorithm is able not
only to converge to a better value for the loss both in training and
test compared to [RWS| and [BiIM] (which are state-of-the-art in the
literature for , but also to achieve faster convergence, not only in
terms of epochs but also in wall-clock time. This is a strong result, since
often suffers from large computation complexity which prevents
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its use in practice. We present an additional improvement for all [W§|
based algorithms, which can be used without any noticeable drawback
on performance.

. We present how accelerated gradient methods such as Momentum

(Polyak, |1964), Nesterov Momentum| (Nesterov, |1983) and Adam (Kingma
and Ba, 2015) can be used with to speed up the convergence
rate, under some simple assumptions. We show that [HMk can benefit
from both accelerated and natural gradients, at the same time, reaching
state-of-the-art performance on our datasets.

. We design a regularization method for training algorithms, called the

[Entropy Regularizer] for [HMs| that is based on the Maximum Entropy
Principle (Jaynes, 1957). Such a regularization method:

(a) improves on the performance of all[WS| based algorithms in reaching
lower optimization minima on all the evaluated datasets;

(b) has a faster convergence rate in our experiments;

(c) improves the performance of the optimization on datasets where
traditional regularization methods based on the Euclidean norm
of the weights cannot.

. We show how one can use continuous distributions, i.e., Gaussians,

together with in order to represent continuous data, and we show
that the structure of the [FIM] remains finely-grained block-diagonal
when using such distributions with the NRWS|

. We prove that convolutional networks also have finely-grained block-

diagonal structures in the and we derive the exact formula for
the [FIM] of convolutional and deconvolutional layers. We present hy-
potheses about why convolutional layers present limitations when used
directly with [HMg and give some intuition about the motivation for
such behavior.

1.2 Structure of the Thesis

The thesis is organized as follows: The first two chapters introduce topics that

are important for the understanding of the thesis. Chapter [2| describes basic
concepts about neural networks, an introduction to the [HM] and the WS
algorithm, as well as improved versions of those, i.e., the[RWS and the

Chapter [3] describes the key concepts of [G] that are needed to understand
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the work that we did in this thesis. Here we give formal definitions of
statistical manifolds, tangent spaces, metrics, divergences, curves, and parallel
transports, among others. Most importantly here we define the role of the
and its relationship to the [FIM] In Chapter [4] we derive the which
is associated with the statistical model defined by the [HM] and we study
the intrinsic structure of the matrix. In Chapter |5 we describe an algorithm
that we call NRWS], which builds on the previous state-of-the-art method
[RWSBornschein and Bengio| (2015)) to train by using the NG| We present
how the novel algorithm and a couple of its variants outperform the other
methods on common benchmark datasets. In the following two chapters, we
present our work on developing the NRWS| to be a more versatile algorithm.
In Chapter [6] we look at gradient acceleration methods and how they can
be employed effectively with NRWS| Furthermore, we study the behavior
of well-known regularization methods in conjunction with the and
develop a novel and geometrically sound regularization method. Finally, we
present the combined effect of regularization and gradient acceleration on
the NRWF] to reach improved state-of-the-art performance, compared to the
previous chapter. In Chapter [7], we adapt [NRWS]| to work with continuous
random variables, by deriving the for [HMk with normal distributions.
In the second part of the chapter, we prove that an using convolutional
networks has an associated [FIM] with a finely-grained block-diagonal structure,
similarly to dense layers, and we present the raised implications by it from a
practical perspective. Finally, in Chapter [§| we present the conclusions of the
thesis and potential future avenues of research.

At the end of the thesis, one can find sections that describe the acronyms
and symbols, as well as lists of the figures and tables, used in the thesis.
Finally, we finish with supplementary material in the form of appendices: a
guide to reproducing the experiments, information about hyperparameter
tuning and data augmentation, and an intuitive description of the working
mechanism behind convolutional layers.

1.3 Notation

Throughout this thesis, many concepts from probability theory and statistics
are used. In different research communities, different notations are used when
talking about the same concepts, therefore in this section, we describe briefly
the notation choices we made.

We will denote all probability measures and/or distributions with small
letters, typically p or q. Furthermore, since most of the time we are dealing
with specifically the statistical model associated with the [HM] we introduce
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some notation that we use for states and random variables. We rarely use a
state that is different from 1 or 0 but some specific variable, so instead of using
capital letters for random variables, we use small letters, like x for visible
variables or A for hidden ones. These same symbols are used to represent
also the states of the variables, which usually correspond to the outputs of
individual nodes of the neural network, thus A’ corresponds to the state of
the i-th layer.

We use small Greek letters such as 6 and ¢, as parameters of the probability
distributions. For specific distributions, i.e., normal distribution, we use their
canonical parameters p as the mean and ¢ as the standard deviation.

Instead of the more commonly used p(-; #) notation for underlining that
0 is the parameter that controls p, we use the simpler py(-). Sometimes, we
further simplify by writing just p(-), without @, when the parameterization is
obvious or unnecessary in the calculations. In the context of [HMg, we always
parameterize p by 6 and g by ¢ for the generative and recognition networks,
respectively, so when a parameter is not explicitly specified for brevity, one
should assume such parameterization.

Calculating some quantities in the thesis requires using two separate
notations to differentiate between exact and empirically estimated values.
When referring to the exact values of some quantities, like the loss function £
and the F, we represent them as uppercase calligraphic letters. When
these same quantities are estimated from samples, we represent them as
simple uppercase letters L and F with the relationship £ ~ L and F ~ F,
where ~ represents similarity by estimation.

1.4 Reproducibility of Experiments

All experiments were programmed in Python and optimized with the help of
Tensorflow 1.15 (Abadi et al., 2015)) to take advantage of the high levels of par-
allel computations by running the experiments on Graphical Processing Units
(GPU). Experimental details such as hyperparameters, hardware and datasets
are explained in the Appendix [A] The implementation of the experiments is
publicly available at https://github.com/szokejokepu/natural-rws.


https://github.com/szokejokepu/natural-rws

17

Chapter 2
Helmholtz Machines

The [Helmholtz Machine| (HM)), introduced by Dayan et al.| (1995), is a
generative model based on optimizing the [Helmholtz Free Energy] (HFE]
(Helmholtz, [1882)) of the statistical model. In this section we present how the
[HM]is constructed, what is the basis for this structure and how to train it
through the [Wake-Sleep| (WS)) algorithm (Hinton et al., [1995]).

Later, we describe the [Reweighted Wake-Sleep| (RWS)) (Bornschein and
Bengio| 2015) which improves on the performance of the [WS|with minimal to
no drawbacks. We also present the [Bidirectional Helmholtz Machine| (BiHM))
(Bornschein et al., 2016]), which changes the learning mechanic of the
from the two alternating objectives of [WS| to a single objective. The RWSY
and [BIHM] are the state-of-the-art methods on which we use as baseline
for our experiments later in the thesis.

We conclude the chapter by introducing some common generative models
that are used in Machine Learning research in order to show the current state
of generative models. We point to key differences, both the advantages and
disadvantages, between these and the [HM] in order to put into context the
current research.

2.1 Helmholtz Machines

Deep generative models have been successfully employed in unsupervised
learning to model complex and high dimensional distributions thanks to their
ability to extract higher-order representations of the data and thus generalize
better (Hinton et al., 2006; |[Bengiol 2009)). Generative models have as main
goal approximating some probability distribution of data pp(z) of which only
a subset is known in the form of a set of samples, called a dataset (D). Once
the distribution is learned, the model has to be able to generate samples
from it, which have a high likelihood w.r.t the true data distribution pp(z).

The is a deep generative model constructed from two networks, called
the generative and recognition networks. The generative network is the one
which is learning the true probability distribution pp, while the recognition
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network learns to infer the posterior distribution of the former. H This
two-network construction is common in deep generative models, which we
present in Section [2.3]

The networks of the [HM] as classically defined in the work of [Dayan et al.
(1995), are [Sigmoid Belief Networks. However, this is not a constraint, as one
could use any probability distribution as we show in Section [7.1

2.1.1 Sigmoid Belief Networks
[Sigmoid Belief Networkk (SBNE) (Neal, [1990) are a class of models correspond-

ing to a sequence of stochastic layers, which typically consist of vectors of
conditionally independent binary random variables. The activations on each
layer of an [SBN] are sigmoid functions, which generate as output the mean
parameters of Bernoulli distributions, one for each hidden random variable.
The sigmoid function s : R — (0, 1) is defined as

B 1
Cl4e

s(x)

Let x = (z1,...,1,) be the vector of visible variables, h = {h!,... hM}
the set of hidden variables, where each h? = (h%! ... h¥!) is a vector of
hidden variables, corresponding to layer 7, M the total number of layers and
l; is the length of the vector of variables of layer i. An can be associated
to a joint probability distribution pg(x, h), parameterized by 6 = (6°,..., M)
which factorizes as a directed graphical model (Lauritzen, |1996)

Po(, 1) = pon (a0 )por (1 [A2) - - poass (R WM pous (B, (2.1)

where each vector of random variables in h? at layer ¢ only depends on
the variables hi*! of the previous layer and (h*!, ..., h*!) are conditionally
independent of each other.

Note 1
Often, to simplify sums and products we implicitly treat x as h°, therefore we
can abbreviate

M-1

plal WP |R2) . p(™) to [Hmh"m’“)] p()

1=0

!The pair of networks is also sometimes referred to as the decoder (generative) and
encoder (recognition) networks in the literature.
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Typically in a node j from layer i will be a linear function with the
parameters 0% = {W% "7} followed by a sigmoid activation function

o — s ((Ww) R b”) . (2.2)
To simplify the notation we consider b/ as the zeroth element of the vector

Wil (W0 = b'), and expand k™! with a 1, to have a more compact inner-
product between the weights and the inputs (W% )T [1: Rt

f W, \

Wi Wy

i Ry G C i N

sample

e Wy
i+1 lz j

Figure 2.1: Node of a sigmoid network

Finally, the output of the sigmoid is used as the mean parameter of a
Bernoulli distribution, from which the state of the next node is sampled

.. N T .
Bern (hW; :3< wid) 1:h1+1)> with p.d.f
(= (W) -k b (2.3)
p(R [Ty = p™ (1 — p)t

The structure of such a node is represented in Figure [2.1

We can calculate the activations for a whole layer ¢ by treating the vector
W% as row j of the matrix W, and sampling the next layer from /; Bernoulli
distributions with the mean parameters s (W* - [1 : h*F]).

The [Helmholtz Machine| (HM]) (Dayan et al. [1995)) is a generative model
that consists of a sequence of stochastic layers, one on top of the other, where
the layer at the bottom is the visible layer x, while the others are the hidden
ones h'. In an the consecutive layers are connected in opposite directions
with two different [SBNE, called the recognition and generative networks. The
recognition network starts from the input x towards the last hidden layer hM
and is meant to infer the latent variables of the [HM] while the generative
network begins with ~ and propagates down to the input z to generate new
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z=h"

z=~h°

R net = gy (h|z) G net = pg(z, h)

Figure 2.2: Structure of the Helmholtz Machine: (left) recognition network,
(right) generative network

data from the latent space. This enables us to define a generative distribution
p parameterized by 6, associated with the generative network, as well as a
recognition (conditional) distribution ¢ parameterized by ¢, representing the
recognition network. The distributions p and q factorize as follows:

po(x, h) = p(z|h") p(h'[1?) - - p(KM 1 [AM) p(h™) and (2.4)
qs(hlx) = q(RM|WM71) - - q(R®|RY) g(h'|x) .

Usually, the higher the layer ¢ is in the sequence, it becomes narrower in
width [;, with the top layer h™ being the “bottleneck” layer. The structure
of an [HM] is illustrated in Figure

2.1.2 The Objective of Helmholtz Machines

The objective of the training of the [HM]is to find the parameters 6* that min-
imizes the [Kullback-Leibler] (KL) divergence P| between the data distribution
pp and the generative distribution p of the [HM}

0* = argmin Dy [pp(2)||pe()] (2.6)

2For more details about the divergence see Section
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where pg () corresponds to the Markov Chain shown in Eq. (2.4]) marginalized
over the hidden variables h. By expanding the [KI] divergence

B . npb(ﬁ)
Dk [pp(@)||po(2)] = /pp( )1 po(x)

= /pp(a:) lnpp(a:)da:—/pp(a:) In py(z)dz (2.8)

independent of 6

dx (2.7)

we notice that the first term of the [KI]is independent of the parameterization,
the only term one can minimize is the expectation of the negative log-likelihood
of the model

arg gnin Dk [pp(x)||pe(x)] = arg Ienin E.wp|—Inpy(x)] . (2.9)

This quantity is also called the [Helmholtz Free Energy| on which we expand
in the next subsection.

2.1.3 Helmholtz Free Energy

In this subsection we describe the [Helmholtz Free Energy| (HFE|) from a
historical perspective, and outline why and how it is used to optimize prob-
ability measures. The [HFE| comes from the world of physics, introduced
by Hermann von Helmholtz (Helmholtzl |1882)), and it is commonly used to
describe the behavior of gasses. The [HFE]is defined as the difference between
the internal energy of the system and the entropy of the system multiplied
by the temperature,

F=U-TH, (2.10)

where F is the (SI: joules), U is the internal energy of the system (SI:
joules), T is the absolute temperature (kelvins) of the surroundings, modelled
as a heat bath, H is the entropy of the system (SI: joules per kelvin). In this
definition U is the expected value of the energy, given by

U:&m:ZMMEy

where the energy E; of each state i is described by a probability distribution
p, which is a Boltzmann distribution with temperature T
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Following the above definition, the [HFE] can be understood as the remaining
energy after the internal potential energy transformed into the entropy. The
system is optimal and most efficient when all the energy is transformed by
the system, from which follows that the is minimal.

Having in mind the physical definition of [HFE] the generative distribution
of a [Helmholtz Machine| can be seen in a new light. Given the generative
distribution, we can think of the explanations of the internal variables h as

p(x, h) _ p(x, h)

p(hlz) = = — .
TR ATTEN )
Using the definition Eg|[x, h] := —Inp(x, h) the above equation becomes
efEG[a:,h]
p(h = Hi|z) =

Zh/ e~ Ea [wh']

We can clearly see that after the rewrite, our explanations p(h|z) can be
understood as the internal energy of a [HFE| model with temperature T = 1.

We can approach our object of minimization as the |[HF'E] of the generative
network:

Fo(x) = —Inp(a)

which we can rewrite as
Fg(z) = —Inp(z)
(e [Zp ) ]
= —Zp hlz) Inp(z)
== Eotion [F]|
- Zp bl mp(fz) ~ 3 plhie) o, )

= —HG [h]z] + > p(hlz) EG [z, h]
3

= Epnie) [Eg [z, h]] — Hg [h]2] .

From the above equation U = K/, {EG [z, h]} is the expected energy of

the system and Hglh|x] is the entropy of the posterior distribution p(h|x).
We can also see that F = —Inp(z) can in fact be written in the form of the
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from Eq. (2.10). The name [Helmholtz Machine|is derived from the fact
that its goal is minimizing the [HFE] of the model Fg.

At this point we could start applying gradient descent to minimize this
quantity, but we would quickly run into a problem, since the posterior p(h|z)
does not factorize nicely and calculating it is hard to infer in practice. This
issue is solved by the widely used training algorithm REINFORCE, which
we present shortly in Subsection [2.3.3 however the [HM] uses the different
approach of introducing a second distribution to learn the posterior.

2.1.4 Variational Approach

A common approach to solve the problem of learning the posterior is to use
the Variational or Reparameterization trick (Wainwright et al., 2008). Using
this trick means that instead of trying to estimate the posterior distribution
p(h|z), we introduce a different distribution g(h|z) to approximate it. This
is used in practice also for the training of the very common
IJAutoencoder| (VAE))s (Kingma and Welling, 2014; Rezende et al., 2014), which
we present in Subsection [2.4.1]

We define a recognition network as presented in Eq. and shown in
Figure Sometimes we need the joint probabilities of ¢, then we consider
the real distribution pp(z) as the visible distribution, i.e.,

q(x, h) = qg(h|z)pp(z) .

We learn the approximate posterior in such a way that it behaves similarly to
the true posterior. We can minimize the [K[] divergence between the two:

q(h|z)
p(h|z)

= Zq hlz)Ingq h|:1: Zq hlz) Inp(h|z)

Dxr [q(h|z)||p(h|z)] Zq hlz) In

—Zq hlz)In g(h|x) Zq hlz)In (( ;L)

—Zq (hlz)Ing(hlz) Zq hlz)Inp(z, h) + > q(hlz) Inp(z)
h
= _HR [hfz] + " q(hlz) EG [, h] +Inp(x) Y q(hlz)
h h -
= —HR[h|I] + Eq(mx) [EG [CL’, h]] — Fg(l‘)
Reordering the terms we get

Fe(z) + Drr [a(hl2)|lp(hl2)] = o) [Ee(h, 2)] = He(hlz) . (2.11)
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We can define a new objective as the variational free energy FZ(z), which
as we can see, still behaves as a

F(z) = Fg(z) + Die [q(hlz)|[p(h]z)]

= Eq(h\m) [Eg(h, {L’)} — HR(h|$) . <212>

The variational free energy is also sometimes referred to as the Evidence
Lower Bound (ELBO), and it is also the objective function optimized in

VAEE.
Calculating the gradients w.r.t. parameters 6 of the generative network p
can now be done

VoF&(2) = VeEoin) [Ec (h, )] — VoHg(h|z)
=V >_q(hlz)Ing(hlx) =V4 ) q(hlz) Inp(z, h)
h h

const. w.r.t. G

= -V, Z q(h|z) Inp(x, h)
h
= — Z q(h|z)Velnp(z,h) , expand using Eq. (2.1)
h

= — Z Q(h|ZL’)VQ lnpgl (q:|h1)p02(h1|h2) 3 -peM(hM) (2-13)
h

M—1
= —Zq(h|x Z Vi In pgi (R*| A7)

-1

= —Eqynle) Z Vi lnpel(hZ’hHl)

=0

= _Eq(h|x) [Vg 1np9(x, h)] .

Calculating the gradients w.r.t.  comes down to layer-wise derivatives, how-
ever when we try to optimize with respect of the weights ¢ of the recognition
network ¢ the solution does not simplify as nicely.

2.2 The Wake-Sleep Algorithm

In the [Wake-Sleep| (WS)) algorithm Hinton et al.| (1995) and Dayan| (2000)
found a solution to the problem introduced in the previous section. The
optimization algorithm consists of two phases which optimize the two networks
in an alternating way. The wake phase optimizes the weights of the generative
network p as described in Eq. (2.13). By sampling from the distribution pp(x)
and propagating through the recognition network g(h|z) for each layer, the
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derivatives can be calculated for the layer ¢ by having the samples h? and
hz’—i—l'

The sleep phase optimizes the weights of the recognition network ¢, however
instead of optimizing the variational free energy F&(z) it uses an objective

with the arguments of the divergence switched compared to Eq. (2.12]).
Thus the objective of the sleep phase is

Fi(z) = Fo(z) + Dicr [p(h]o)lla(h|o)] (2.14)

args. switched compared to (2.12))

which we call the augmented free energy. By using this minor tweak, the
derivation w.r.t. the parameters ¢ of the recognition network ¢ simplifies
dramatically, and we get something similar to Eq. (2.13)):

VsFa(r) = Vy Fe(r) +V4 Dicy [p(h|2)|lg(h|2)]

const. w.r.t. ¢

=V | >_p(hle) np(hlz) = > p(hlz) Ing(hlz)
h h (2.15)

const. w.r.t. ¢
= —> p(h|z)VsIng(h|z)
h
= —Ep@n[Velng(h|z)] .

Note 2

Note that changing the divergence is not symmetric, as discussed in
Subsection so switching the arguments is not a trivial change and as
such it questions the convergence properties of [WS. Why does the inverted
objective from Eq. work?

Tkeda et al| (1999) studied the convergence properties of the with
special attention on the switching of the arguments. They show that in fact
this change has consequences and introduce a possible solution to circumuvent
these. In Section we present in more detail the convergence properties of
the [WS through this work and we propose an alternative technique, which we
test empirically.

Note 3
In these derivations, we used the language and concepts of the [HFE to discuss
how the works, similarly to the paper of |Kirby (2000). However from

here on we will simply refer to the variational free energy Fo(x) (Bq. (2.12))
as the loss of the wake phase L, and to the augmented free energy ~G(x)
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(Eq. (2.14)) ) as the loss of the sleep phase L, as

L,(z;0) = —Inpe(x) and (2.16)
£,(2,h:6) = —Ingy(hlz) (2.17)
Thus the derivatives of the two phases are
VoL, (z,h) = =Eynz) [VoInp(z, h)] and (2.18)
VoLly(x,h) = =Epna) [Velng(hlz)] . (2.19)

This allows us to better compare with other algorithms, which are not neces-
sarily focused around the [HFE,

Example: Sigmoid Belief Networks
Using the standard setting for each node of the [HM] with sigmoid acti-

vation functions and Bernoulli distributions, we can calculate the derivatives
of the different objectives. Starting with the wake phase and its objective
from Eq. , we continue to differentiate w.r.t. the parameters ¢° of the
network p, which comprises of weights W and biases W0,

VQi h’lpgi (hz|hl+1) =
= Vi In (p")hl (1—p)'" | where p' = s(W'-[1: Bi*!])
= h'VgInp' + (1 — h")Vgi In(1 — p")
h' - (1—=nt A ,
= —Vyip' + QVW(]_ —p'), knowing s = s(1 —s)
p (1—=p") (2.20)
hi . . , 1 =AY .
— ;pz(l o pz)[l . hz—H] . ( ) %
=h(1—pH[1: R — (1 —hY)p'[1: A
=h'(1—pH[1: R — (1 —h)p'[1: A
= (W= )1 B,
where the simplification W[l : h*™!] is a compact form of W'h"=! 4 W0,
Similarly we can calculate the gradients of the sleep phase. We continue

the derivation from Eq. (2.17), where ¢* = {V'} are the parameters of the
distribution ¢

Vi Ing(hipi~!) =

~V,n @)z‘)hi_l (1— wi)l—hi_l , where 1" = s(V'[1: h'"1) (2.21)

= (W' ="
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Note 4

In these derivations we used W1 : k'], however in practice we will sim-
plify this notation even further by writing just Wih'*1 instead and implicitly
understand that it includes also the bias term W*°. The same simplification
also applies for the weights V' of the recognition network q.

R net = g4 (h|z) G net = py(z, h)

Figure 2.3: Wake phase propagation.

We see that the gradient of the sleep phase simplifies similarly to the
gradient of the wake phase. The only thing left is to estimate the expectation

from the Eqs. (2.13]) and (2.15)).

Implementation of Wake-Sleep

A straightforward way to estimate the gradients for the different phases is to
do a Monte Carlo sampling on each layer of the [HM] We can estimate the
result of some expectation by sampling multiple times from the distribution
according which the expectation is taken. According to the Law of Large
Numbers (Wainwright et al., [2008) the average of the samples will converge
to the true result of the expectation. Thus, to have better estimations of the
gradients we can sample the distribution S times and average the results.
Another common technique in contemporary Machine Learning research,
is the use of [Minibatch Gradient Descent|] (MBGD)) (Dekel et all, [2012)) which
we can use to our advantage. The method can be understood as a
compromise between [Stochastic Gradient Descent| (SGD]) and [Batch Gradient|
[Descent| (BGDJ), where instead of using a single sample or the whole dataset
for a single training step, we divide the dataset into equal sized so-called
minibatches, and average their results per training step. [MBGD] has some
implementation benefits from a parallel computation perspective, but what
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R net = gy(h|z) G net = py(z, h)

Figure 2.4: Sleep phase propagation.

we are interested in is using B samples of the minibatch to improve the
estimation of our expectations.

Combining the Monte Carlo sampling with results in a better
estimation of the expectations for the gradients, because of the increased
number of total samples. In the case of the wake phase the sampling is done
from the dataset, with © ~ D which are propagated first upwards through
the recognition network g, by sampling i’ from g(h‘|h*"!). In the generation
network, we take a sample h' sampled from the recognition network and
transfer it to the generation network to sample ~~! from it, as seen in Figure
2.3l

The gradients are calculated layer-wise from the empirical estimation of
the loss L, (~ L,), as in Eq. , and are averaged over S samples and B

number of elements in the mini-batch, i.e.,

B3 Olnp(x, hy)

29 with x), Ay ~ q(z, h) . (2.22)

B-S
> Volpw =
k=1

k=1

In the case of the sleep phase, we take binary samples from a uniform prior
distribution, and we input these in the top-most layer h™. This operation is
called a “dream”, hence the name, sleep. These samples are then propagated
down through the generation network (h' ~ p(h?|h"*1)) and then again layer-
wise into the recognition network, as shown in Figure [2.4. The gradients
are again calculated layer-wise as described in Eq. on the empirical

3When transferring a sample from one network to the other, we simply refer to them as
layer-wise propagation.
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estimation of the loss L, (~ £,), with

B35 B3 9lnq(hp |z ]
E V(qu,(k) = E <a$)’ (k)) with T(k), h(k) ~ p([E, h) . (2.23)
k=1 k=1

The full is described in pseudo-code in Algorithm [1] and visualized in
Figure[2.5] At step t, let n be the learning rate, the final update rules will be

n B-S
9t+1 = et - 375 Z VeLp,(k)
=1 (2.24)

y DS
Gri1 =P — == > VeLgw -
B-SiD !

Algorithm 1: Wake-Sleep

1 Let x be a sample from the dataset

2 Let p and ¢ be the joint distributions of the generation and the
recognition networks with weights W and V', respectively

3 Let M be the depth of the HM

4 wake phase update

5 for each layer i from q ascending with h® = z do

6 Sample A" from g(hT!|A")

7 Compute the probability distribution p(h‘|h™!) of a sample A’

from p

8 Compute the gradients Vi L, with respect to W as in

Update W* using n with the Vi L, as in ([2.24)

10 sleep phase update

11 for each layer i from p descending with h™M sampled from the prior do
12 | Sample A from p(hi~1|h?)

13 Compute the probability distribution g(h*|h*~!) of a sample A’
from q

14 Compute the gradients VL with respect to Vi asin (2.23)

15 Update V* using n with Vi Ly as in (2.24)

2.3 Advances in Helmholtz Machines

Since the introduction of the a number of alternative training algorithms
were introduced, which we will present in this section. We use these algorithms
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prior

S e

R net = g4 (h|z) G net = py(z, h)

Figure 2.5: The structure of a Helmholtz Machine with M layers and a prior
distribution over h". The colored arrows indicate the propagation of the
samples during the wake (red) and sleep (green) phases. In the wake phase the
sampling is done from pp(x) and samples propagate through the recognition
network by q(h|z). In the sleep phase we draw a sample from the prior p(h*)
(“dream”) and propagate it through the generative network through p(z|h).

as benchmarks for comparisons for our own algorithm later in the thesis.
Furthermore we build on top of some of them, taking the most effective
features of them and incorporating them in our own model in Section and

b33

2.3.1 Reweighted Wake-Sleep

The [Reweighted Wake-Sleep| (RWS]) was introduced by [Bornschein and Bengio
(2015). In their paper the authors revisit the training of and show how
the training algorithm W] can be recast in terms of a variational objective.
They introduce a third training step and a weighting of the gradients and
achieve state-of-the-art performance in reaching the best optimum for [HMs.
The main idea is motivated by the observation that

p(z, h)
q(hlz)

Inp(z) > > q(hlz)n (2.25)

which is true for any inference network ¢ and generative network p, where
this bound becomes tighter as the two distributions approach each other.
This method of approximating a probability distribution from below as in the
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right-hand side of Eq. is also called importance sampling (Srinivasan,
2013)). The inequality is an equality if and only if ¢(h|z) = p(h|z).

In the context of the authors have shown that the derivative of the
log-likelihood of x can be approximated with the variational bound as

0 O0lnp(x)
=~ D)= g
op(z,
1 Z p( h)
1 " 7! (2.26)
np(z,h)
~ p(x) Xh: 0
1 p(x,h) Olnp(x,h)
~ p(x) h~alhle) | q(h|2) o0

They call this learning step p-wake or just wake update, which optimizes
the objective £, from Eq. with samples coming from the dataset pp,
as done in Eq. . These derivatives of £, can be empirically estimated
by the following formula

S alnpa: bk

S
Z V(;Lp, Z W—————F————
k=1

) with hgy ~ q(hlx) . (2.27)

The last step in Eq. (2.27)) involves a Monte Carlo approximation of the
expectation value from Eq. (2.26) with @, as importance weights, with

p(:C, h(k))

- Wk
Wp = .
q(ha|z)

B D ok Wi

(2.28)

, with wy =

The higher the number of samples S the tighter the approximation is. Notice
that the last step of Eq. (2.26]) is true because we can rewrite p(x) as

p(z, h) [P(x,h)] 1 & pla, ha)
; (Al )q(h|m) h~q(hlz) | q(h|z) Sk:l Q(h(k)|fﬁ)
h<k)~q(h\x)

(2.29)

Eq. can be referred to as the reconstruction likelihood which is optimized
in terms of the parameters #. We can notice that taking S = 1 is equivalent
to the standard wake phase from Eq. .

With the help of the same variational bound the authors show how ¢
can be optimized by minimizing the variance of the Monte Carlo estimation
in Eq. , i.e., minimizing the divergence with the generative poste-
rior (Bornschein and Bengio, |2015; Le et al., 2020)). This can be averaged by
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sampling  from the true data distribution pp(x) with k) ~ q(h|z)

0L, (x ~ pp(2))
d¢

M«

~

V¢>Lsf(k) ()

b
Il

! (2.30)

CDk(()lm q(hw|x)

I
M=

with h(k) ~ q(hlz),

=
Il

1

where V4Ly'(7) is the empirical estimate of the gradient. The authors call
this step of optimization the gq-wake update.

Another reasonable way to optimize the parameters ¢ is to maximize
Ing(h|z) from the inference network ¢(h|z), with z, h sampled from the
generative model p(z, h), i.e.,

9 .. _9
g5 Lal(@ h) ~ pla, ) = 5o Ing(hl)

s alnq(h(k)|$(k))
~ N VLS (x) = , 2.31

with V,L;(r) as the empirical estimate of the gradient for the g-sleep
update. This is equivalent to the sleep phase in the classic WS from
Eq. (2.23)).

has been shown to learn better discrete models than the standard
(Rezende et al., 2014)) and its convergence properties were extensively
studied by |Le et al. (2020). The full pseudo-code of the algorithm can be
seen in Algorithm [2] The final update rules of the RWS| are the following

—_

01 =0, —1n
(2.32)

nl & 1 ., N w
b == 5522 <SV¢Lq,<k,r> + WkWLq,(km)) :

The empirical estimates of the loss L*" are computed with minibatches of
size B indexed by r, sampled each S times with indices k.

2.3.2 Bidirectional Helmholtz Machines

In 2016, Bornschein et al. (2016 described a new type of optimization algo-
rithm using a different objective for the minimization, called the
[Helmholtz Machine] (BiHM]). Their model is still an [HM] with a generation
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Algorithm 2: Reweighted Wake-Sleep

1 Let x be a sample from the dataset

Let p and ¢ be the distributions of the generation and the recognition
networks with weights W and V'

Let w be the importance weights from the RWS

Let M be the depth of the HM

#wake phase update

for each layer i from q ascending with h° = x do

Sample b from q(h*T|h?)

Compute the gradients Vi L, with respect to W* as in (2.27)

Compute the weights @ from the multiple samples

10 #q-wake update

11 Compute the gradients Vi Ly’ with respect to V' similarily to the

sleep phase as in (12.30))

12 | Update W* and V* using 1 with the Vi L, and VLY with the

@-s as in

13 #sleep phase update

14 for each layer i from p descending with h™ sampled from the prior do

15 | Sample A7 from p(hi~1|h?)

16 Compute the gradients Vg L with respect to Vi asin (2.31))

17 | Update V’ using 1 with V4 L} as in

N
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network p and a recognition (or inference) network ¢, on which the authors
define a new probability distribution as the geometric mean of the two joint
distributions p and ¢ as

. 1
p (I’, h) = 2 p(x,h)q(h,x) )
where Z is a normalization constant
Z =Y \/p(z,h)q(h,x) .
z,h
The authors define ¢(x) through the marginalization
q(z) =p*(x) =D _p*(x.h)
h

and they show that it equals

Q(x) = zh:p*(xv h)

_ @;\/p@,h)qmm
~ (33 Volehatiin))

Now using the Cauchy-Schwarz inequality

1D (g < S 1 FmPD g,

we can notice that Z < 1 and this gives an upper bound on the unnormalized
probability p*(z)

() = (z Jole, h>q<h|:c>> — () < p'(a)

From the above equality it also follows
Inp*(z) > Inp*(x)

and thus the unnormalized likelihood In p*(z) is a lower bound of the likelihood,
so it can be used as proxy for the optimization. Furthermore p* can be
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estimated via importance sampling
2
h
h~g h\x) q(hlz)

13 p(l‘, h(k))
~ | = — ith Ay ~ g(h
(S ; q(h(k)|x) Wi (k) q(hlz)

which, by recalling Eq. (2.29) and using Jensen’s inequality (f(E[z]) < E[f(z)]
for a convex function f), results in

W2<1Z p<h<>>) ~ ().

This is a key inequality in the paper of Bornschein et al. (2016)) since this
means that optimizing their proposed objective p*(z) is a proxy for the
optimization of p*(x) which is a proxy for p(z).

The training in the paper proceeds with the minimization of In p*(z),
estimated analogously to the [RWS|paper (Bornschein and Bengiol 2015]). We
can start from calculating the derivatives by & which is now a placeholder for
both 6 and ¢

Olnp*(z
o6 a—gln (Z\/ x,h)q(hlz) > (2.33)

_ 2 yple, h)q(hlx) & In p(x, h)g(h|z)

(2.34)
Zh/ p(SC, h/>Q<h‘/|x)
0
_h~7yz:h|x léf Inp(x,h)q (h|x)] , (2.35)
where
yh)q(h
) = AP R
Yy p(z, h)q(l|z)
Now using importance sampling estimation
E 0 Inp(z, h)q (h|a:)] ~ 3 gln (, hay)q(hgy|x)
h~w(h|z) (’95 p = k k(% P T, Ny )g\ k) (2.36)

with Ay ~ q(hlz) ,
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with importance weights

h
o = | P@®D) Lk (2.37)

Q(h(k’)|$) ’ Zk’ Wi

We can fill in both # and ¢ in place of £ in Eq. and Eq. to get
the real and the estimated gradients. The authors use the same loss for both
parameter updates, which means that the algorithm does not alternate two
phases but updates both sets of parameters simultaneously. One training step
for the |B instead of two means that there is reduction in execution time,
for the same number of epochs which is a large improvement, compared to
WS and RWS] In addition, is shown to outperform its counterparts by
reaching better optimums on the same datasets.

Notice how the weights in Eq. compare to the importance weights
in Eq. , we can see that the actual weighted gradients following from
are the same as the ones of wake and g-wake phases (Egs. (2.26))
and ), with slightly different weights (see the extra square root). The
full pseudo-code of the algorithm can be seen in Algorithm |3| and the final

update rules of the are

nES
Op1 = 0, — EZZ@ kVoLy kyr and
i (2.38)
n
Pr1 = EZZ KoLy kry >
r=1k=1

with VL, and V4 L7 defined as in Eqgs. (2.27) and (2.30)) and are computed
with minibatches of size B indexed by r, sampled each S times with indices

k.

2.3.3 REINFORCE

Originally, a possible solution for learning [HMk was the REINFORCE algo-
rithm (Williams|, [1992)), which already had uses in inference problems. The
major difference between the REINFORCE and WS methods is that the for-
mer only has one training objective, the ELBO, presented before in Eq. .
While optimizing w.r.t. § in REINFORCE is equivalent to the wake phase,
optimizing w.r.t. ¢ has the well-known side-effect that the variance of the
estimation of the gradients grows linearly with the size of the network. For
this reason, it is not commonly used to train [HM.

The REINFORCE algorithm is used commonly in conjunction with other
algorithms specifically in the field of Reinforcement Learning (RL) as policy
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Algorithm 3: Bidirectional Helmholtz Machine

1 Let x be a sample from the dataset

Let p and ¢ be the distributions of the generation and the recognition
networks with weights W and V'

Let w be the importance weights from the BiHM

Let M be the depth of the HM

for each layer i from q ascending with h° = x do

Sample A from g(h*T!|A?)

Compute the weights @ from the multiple samples

Compute the gradients Vi L, with respect to W* as in (2.27)

Compute the gradients Vi Ly with respect to V' similarily to
g-wake as in ([2.30))

10 | Update W* and V* using 1 with the Vi L, and VLY with the

@-s as in (2.38))

N

© 0 N o Ok W

learning method (Mnih and Gregor} 2014)). The advantage of using it in RL
is that it enables the training algorithm to learn the policy together with the
value and state functions, instead of learning it separately. However the issue
of reducing the variance is addressed in several modern variants (Mnih and
Gregor, 2014; Tucker et al., 2017, |Grathwohl et al., |2018; Kool et al., [2020).

The exploding variance of the REINFORCE is not a problem in the case
of the[WS| because of the switched objective in the sleep phase. This is in fact
is the reason why REINFORCE is not used in the literature and practice for
training [HMkg. Therefore, in this thesis we will not conduct any experiments
with REINFORCE and we will not do any comparison to it.

2.4 Other Generative models

In this section we give a short introduction of alternative generative models
which are used in Deep Learning, other than [HMk.

2.4.1 Variational Auto-Encoder

An approach which proved to be successful and thus common to several deep
generative models is based on the use of two separate networks: the recognition
network, i.e., the encoder, which provides a compressed latent representation
for the input data, and the generative network, i.e., the decoder, able to
reconstruct the observation in output. [Autoencoders| (AE|) (Goodfellow et al.,
2016) are classic examples of this paradigm, where both the encoder and the




38 CHAPTER 2. HELMHOLTZ MACHINES

decoder are commonly implemented as deterministic feed-forward networks.
[Variational Autoencoderg (VAE|) (Kingma and Welling, 2014)), (Rezende et al.,
2014) on the other hand, introduce an approximate posterior distribution
over the latent variables which are then sampled, thus resulting in stochastic
networks. While (Dayan et al., [1995) consist also of recognition and
generative networks, these are both commonly modeled as (Neal, 1992),
characterized by discrete hidden variables. In comparison, standard [VAEE
commonly adopt continuous Gaussian variables only in the bottleneck layer.

In the presence of continuous hidden variables, for which the stochastic
back-propagation of the gradient is possible, as in [VAE, the generative and
recognition networks can be trained simultaneously, through the definition of
the ELBO, which corresponds to a lower-bound for the likelihood and the
use of the reparametrization trick (see Eq. ) In the presence of discrete
hidden variables, as for HMs, this approach cannot be directly employed,
and thus the need for the (Hinton et al., |1995).

Because is one of the more common contemporary techniques, and
it is closely related to[WS], we include them in some of our comparisons when
evaluating experimental results in Chapter [f

2.4.2 Restricted Boltzmann Machine

The |Restricted Boltzmann Machine| as a deep generative model is one of
the first introduced (Smolensky, |1986), highly successful and highly popular
models (Hinton, 2002), (Hinton et al., 2006, (Hinton and Salakhutdinov
2006)) and (Zhang et al. 2018b)). Similarly to the models described before,
it has an architecture of stacked layers, one on top of other, however with
the crucial difference that the edges connecting the nodes of the layers are
undirected. In practice this means that for each layer there is a single set of
weights which is being applied in both directions in the network, when it is
used either as generative or recognition network.

The undirected nature of the edges creates a huge conceptual difference
between the RBM] and the models which consist of two different networks,
like the [HM] and [VAEs. While the goal in the two-network models is to learn
some distribution with one network and at the same time train a second
network to learn the former, the learns only one set of weights in
both directions. The is trained with the help of an algorithm called
Contrastive Divergence (Hinton, 2002), which uses Gibbs-sampling to sample
alternatingly two adjacent layers. An overview of newer versions of these
algorithms is given in the work of Zhang et al| (2018b)). Typically, the
improvements on are aimed towards learning faster and more accurate
estimations by improving the effectiveness of Contrastive Divergence and
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Gibbs-Sampling, which is known to be slow to converge.

The geometric properties of RBM] such as their expressive power, have
been studied in depth (Montufar and Morton, 2015; Montufar et al., |2015)
more recently. Indeed it has been shown that are universal approxi-
mators, with no theoretical drawbacks to feed-forward networks (Montufar,
2015, |2016).

2.4.3 Generative Adversarial Networks

|Generative Adversarial Networks (GAN)) were introduced by |(Goodfellow et al.
(2014) and raised to popularity in recent years because of their impressive
capabilities (Karras et all [2019) as generative models. consist of
two networks which are called the generator and the discriminator, which
are trained in an adversarial setting, where the generator learns to generate
samples that look like they come from the target distribution, while the
discriminator learns to differentiate between the generated samples and the
target ones. While the construction of two networks might remind us of the
two networks of [HMk and [VAEE, the training objective represents a huge
paradigm shift in how the algorithm learns.

First, the generator and discriminator functions in principle need not be
stochastic networks, virtually any differentiable function can be used as these,
which creates already difficulties in comparing with algorithms based
on stochastic networks. Secondly, the alternating min-max optimization used
to train the two networks of a is conceptually very different from the
training of the [IM] This makes it very difficult to cast the learning objective
of as a variational inference problem, which most other generative
models discussed here are.

There are more modern versions of as in the work of |Arjovsky et al.
(2017), where the authors have introduced some variational inference, stochas-
ticity, and geometrical concepts into their model, by using the Wasserstein [
metric (Vaserstein, [1969)).

Note 5

In our work, we only compare with training algorithms defined for the [HM,
Sometimes we report results with [VAE given that there is a reference for the
benchmark that we are testing.
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Chapter 3

Information Geometry

IInformation Geometry| (Amari, [1985; /Amari and Nagaokay, 2000; |Amari,
2016} |Ay et al., 2017) studies the geometry of statistical models using the
language of Riemannian and affine geometry. For a better understanding of
the following sections, a baseline understanding of some differential geometry
concepts is required. In the present chapter, we will provide a brief introduc-
tion of the concepts that pertain to the thesis but we do not provide rigid
definitions for all of them. For additional details, we refer the reader to the
first two chapters from the book of /Amari and Nagaoka| (2000) or the works
of Nielsen| (2020)), Kass and Vos| (2011)) or [Murray and Rice| (1993)).

3.1 Manifolds

A D-dimensional manifold M is a set of points such that each point has D-
dimensional extensions in its neighborhood. Such a neighborhood is locally
topologically equivalent to a D-dimensional Euclidean space R”. Given a
manifold M with D dimensions, we can define a function ¢ : M — RP as
a coordinate system, which maps every point p on M to D real numbers
o(p) = [&1, -+, &p], which we call the coordinates of the point[]. In this work,
we are only interested in smooth manifolds, which means that at any point
M is differentiable infinitely many times (the atlas is C*).

At each point p € M, we can define a tangent space 7, M that locally
“linearizes” the manifold. On the tangent space, the inner product is defined
by the metric tensor g, which often depends on the specific point p on the
manifold. The definition of the inner product space on 7, M enables the
calculation of angles between vectors and vector lengths. In this work, we
only discuss and use the Fisher-Rao metric described in Section

In addition, we can define another local structure on the tangent bundle
TM, the affine connection V which is a differential operator, that makes it

!Generally, not all manifolds have a global coordinate system, as we have defined here.
Some have local coordinate systems defined on disjoint open subsets of the manifold, in
order to cover the whole manifold. In this work we will not consider any such cases, and
will always assume a global coordinate system and by extension global coordinates.
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possible to define the covariant derivative, parallel transport, and the intrinsic
curvature and torsion of the manifold. In this work, we only discuss and use
the Levi-Civita connection described in Section [3.5

For more details about manifolds, we refer the reader to the books of [Lee
(2010, 2013}, 2018)) on the subject.

3.1.1 Statistical Models

We assume the reader to be familiar with probability theory, nevertheless, we
will give a brief introduction of basic concepts. A probability distribution
is a function p that is defined on (X, Y), a set X with o-algebra ¥, where
u(X) = 1. Using p we can define a probability density function p as

p(z) >0 (Vo € X) and /p(x)du(m) =1
in case X is a continuous set and

p(xz) >0 (Vz € X) and > p(z) =1

TeEX

in case X is discrete.

Now consider a set of probability density functions & which can be pa-
rameterized by a set of parameters [§;] from an open subset Z of R”, where
D is the dimension of the parameter space. We write such a set as

S:{pgzp(l’;g)‘gz [517”'7£D] EE}?

or abbreviate it as S = {p¢} and we call it a parametric model or a statistical
model. Most of the probability density functions that we are familiar with
are such parametric models: Bernoulli, Gaussian, Multivariate Gaussian and
the whole exponential and mixture families of probability distributions.

3.1.2 Statistical Manifolds

Given a statistical model S = {p¢}, under certain regularity conditions for &
(Amari and Nagaokal 2000, Section 1.1), S is a statistical manifold and has
the parameterization [£] as a coordinate system (as there are infinitely many)
(Lauritzen, |1987, Chapter 4).

By looking at statistical models as manifolds, Machine Learning tasks
(regression, classification or more generally estimation tasks) beget geometric
interpretations. An estimation procedure for predictive models, as in the case
of [HME, in fact assumes there is some goal probability distribution p* that
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usually needs to be approximated as good as possible by some parametric
model pe. This problem is equivalent to finding the point pe+ on the manifold
that is the closest to the projection of p* (or more generally, the closest w.r.t.
to some cost function to p*). A visual representation of this can be seen in
Figure [3.1] A gradient descent based algorithm moves with small steps on

*p

Figure 3.1: A geometric interpretation of learning based on GD. The GD
algorithm taking steps from an initial point pg, in the direction of the gradient
pointing to the optimal solution pg«, which is the closest to the goal p*.

the manifold towards the optimal solution pg-. In this setting accounting for
the geometry of the manifold is crucial for an effective and efficient learning.

A question arises naturally, if statistical model S can be interpreted
as a manifold, then what is the appropriate metric tensor g and an affine
connection V for it? In the next sections we present the Fisher-Rao metric
and Levi-Civita connection which are commonly used in Machine Learning
applications.

3.2 Fisher-Rao Metric

In [[G], statistical manifolds are commonly endowed with the Riemannian
Fisher-Rao metric over the tangent bundle. By Chentsov’s theorem, the
Fisher-Rao metric on statistical models is the only Riemannian metric (up
to rescaling) that is invariant under sufficient statistics (Cencov, 1978; |/Amari
and Nagaoka), 2000, Chapter 2.4).

The metric is defined by the expected value in point p of the product of
two tangent vectors, represented by the derivation of log probabilities, which
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are centered random variables, i.e., with zero expected value. Given a basis
for the tangent space, derived from the choice of the parametrization, the
inner product associated with the Fisher-Rao metric is represented through a
quadratic form expressed with the [Fisher Information Matrix] (FIM]) F with
entries g;;. The elements of the of § is defined at a given point £ as

95(€) = Be[0 npe()0; npe(a)] = [ pelw) 0, mpe()dy Inpe(a)de . (3.1)
where 0; = 8%_ and E¢ is the expectation at point . Another equivalent
formulation is given by

9i5(§) = —E¢[0;0; Inpe ()] . (3.2)

It is easy to see that the m F(§) is symmetric and it is also easy to
show that it is positive-definite since the partial derivatives {0pe, ..., Oppe}
are linearly independent for smooth manifolds. The Fisher-Rao metric is an
intrinsic geometric quantity and it is invariant to the choice of coordinate
systems.

3.3 Natural Gradient

Amari (1997, [1998)) in his seminal work introduces the [Natural Gradient|
and shows how it can be used to speed up the convergence rate of a
gradient descent optimization algorithm by taking a step in the direction of
the steepest descent w.r.t. the metric of the space. The use of the NG has
shown its advantages (but also limitations) in Machine Learning.

In [Gradient Descent| (GD]) we minimize a loss function £ over a parameter
space ©, with parameters § € ©. The optimization step of [GD]| for the
minimization of £ at iteration ¢ is formulated as

ot = 0" — VLG , (3.3)

where 7 is the learning rate and V denotes the vector of partial derivatives
géi. In this thesis we are dealing with optimization over the parameter
space of probabilistic models, so we are going to assume implicitly that © are
parameters of some probability density function p. Additionally, we suppose £

is a cost function over the statistical model, such as the negative log-likelihood

L) =—E[lnpy (x)] . (3.4)

It is well known that, under certain conditions on the choice of n, [GD]
in Eq. (3.3) converges to a local optimum 6* where all elements of V.L(0*)
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approach 0. However, if we use a different parametrization { € © for the
function £

Ct—H = Ct - UV[’(Ct) )

we arrive at a different optimum ¢*, depending on 7, where pg- # p¢c-. The
reason is that [GD] is not invariant with respect to the parametrization, in
particular because it does not take into account the underlying geometry of
the parameter space ©.

The can be used to address the previous two issues. If we consider the
[GD] from a geometric perspective, the optimization of £ should be done over
the statistical manifold M, as shown in Figure 3.1} In [NG]| the optimization
step is computed in the direction of the steepest descent over a statistical
manifold M with associated metric g given by the [FIM] represented by the
Riemannian gradient of £. For infinitesimal steps the [NG| by using the
Fisher-Rao metric, is independent of the choice of parametrization of 6 or (.

The vector of partial derivatives VL represents the coordinates of a
covector on the cotangent space, %L(@) € T;M. The @ is the vector in
T,M associated to VL through the canonical isomorphism between tangent
and cotangent space induced by the metric (Amari, (1998)), i.e.,

VL) = FO) VL) , (3.5)
where F(6) is the defined as

gg log p(6) <§9 logp(9)> ]

82

FO)=E

(3.6)

adapted from Eq (3.1]), where % log p(0) is the vector of partial derivatives,

and %;9 log p(#) is the Hessian matrix. The natural gradient descent update

then takes the form

Or11 = Expy, ("VL(©))) (3.7)

where the exponential map operator Exp (explained in Subsection [3.5.3) is a
retraction that guarantees that the iterates remain on the manifold (Absil
et al., 2009). In practice, often the Exp is avoided and the update is used
as

0,01 =0, —nVL®,) , (3.8)
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as it is easier to compute and knowing that the domain of the # is R" and
there is no risk that 6, results in values which are not associated to the
distribution (Amari, [1998)P]

Because the natural gradient V£(6;) follows the steepest descent, with
respect to the metric of the underlying space, this in practice results in much
faster convergence (i.e., fewer steps) compared to regular (Euclidean) |GD] as
proven by Amari (1998).

The Euclidean gradient is a special case of the Riemannian gradient, where
the [FIM] is the identity matrix, which describes the metric of the Euclidean
manifold.

3.4 Kullback—Leibler Divergence

In this work, we are mainly concerned with learning generative models, and
more specifically [HME. In these models, we have two distributions representing
the generative and recognition networks p and ¢. The primary goal of [HME,
similar to other generative models, is to learn a parametrized distribution
po(z) of some target distribution pp(z), i.e., for the two to be as similar as
possible pg(z) ~ pp(x). This goal is often obtained by learning a second
distribution simultaneously, i.e., to do inference of the parameters by learning
the recognition network ¢q(h|z) ~ p(h|x). In order to compare the similarities
between probability distributions, we need a measure that tells us how close
those distributions are. This is where the [Kullback-Leibler| (KL|) divergence
becomes useful.

Divergences are a common way to measure dissimilarity between probabil-
ity distributions. A divergence is defined as a function D : P(X) x P(X) —
R*, where P(X) is a set of probability distributions defined on X. The
properties of a divergence D are:

1.
D(pllg) > 0 for all p,q € P(X) ; (3.9)
2.
D(p||lq) = 0 if and only if p = q. (3.10)
Note 6

There are two important properties to take notice of:

2To better understand the notion of the retraction, we point the reader to a more
detailed explanation in the work |Absil et al.| (2009} Section 4.1).
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1. There is no rule for symmetry, although for some divergences D(p||q) =
D(q||p) holds true, in general it is not true.

2. Sometimes divergences are erroneously referred to as distances, however,
these represent a different geometrical concept. Although Egs. and
hold also for the concept of distances, distances also have to be
symmetric and obey the triangle inequality d(z,z) < d(z,y) + d(y, z),
which do not necessarily apply to divergences.

On statistical manifolds, there is a number of divergences that can be de-
fined, such as the family of f-divergences and a-divergences (Amari, 2016,
Chapters 3.3 and 4.1). The one that most interests us however is the
divergence as it is the most commonly used divergence to compare probability
distributions and plays a key role in [HMk. The divergence is defined as

Dxr [p(x)]|g(x /p ln—dm

We see that the divergence (being part of the f-divergence family) is
invariant to the parametrization of the distributions p and ¢ (Rényi, [1961)).

There is also a strong connection between the and the Fisher-Rao
metric (Jeffreys| [1946]). We can recover the entries g;; of the (up to a
scaling factor) from the divergence by looking at how an infinitesimal
change df to the parameters 6 affects the parametrization of the distribution
given the divergence

po()
1

Dics [po(x) (a0 + 46)] = [ pofayn 220 P,

This approximation is done by taking the Taylor expansion of the natural
logarithm from within the [KI] divergence (for a detailed explanation, consult
the work of Jeffreys| (1946)).

3.5 Levi-Civita Connection and Parallel
Transport

The connection or covariate derivative describes how the tangent space of
a manifold changes on an infinitesimal scale. In Riemannian geometry, the
most commonly used connection is the Riemannian or Levi-Civita connection,
which is uniquely defined on every Riemannian manifold (Lee, |2018; |Amari,
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2016)). The two most important properties of this type of connection, by its
definition, are that it preserves the metric Vg = 0 (where V is the covariant
derivative operator) and that it is torsion-fred’] All connections V can be
defined on the tangent bundle, with coordinate basis vector fields 0y, ..., dp,
where V; stands for Vi, as

V0 =T%0; . (3.11)

The T';-s are called the Christoffel symbols, which describe how each indi-
vidual basis vector changes in relationship to other basis vectors. For the
Levi-Civita connection, these symbols are defined as

1 m
Fé’k = igl (8kgmj + 8jgmk - amgjk) )

where g, are the elements of the metric described by the in Eq. (3.2),
and ¢g? are the elements of the inverse of the [FIM]|

3.5.1 Parallel Transport

Connections allow us to introduce the concept of parallel transport, which is
the action of transporting vectors along smooth curves on a manifold (Amari,
2016) from one tangent plane to another. The connection describes how we
can move a vector v from a point p to p + dp. The parallel transport takes
it further, which means that we can take a vector v defined at a point p on
the tangent bundle 7, M of a manifold M and move it to a different point
p’ defined on T,y M along a curve, such that it remains parallel with itself
during the movement on the curve. The parallel transport describes how this
move is done along some smooth curve v, where v(0) = p and (1) = p’. We
write this transport as

p'=v(1)

v(y1) = 11 v(v(0),

p=7(0)

where at each point on the curve, the direction of the vector is preserved along
the curve, i.e., is parallel with itself w.r.t. the connection. This condition
can also be formalized as the covariant derivative along the curve is zero, i.e.,
Vw(t) =0.

In general, the parallel transport is not uniquely defined by the start
and end-points p and p’ but depends also on the curve 7. A consequence of

3Torsion-free means that the torsion-tensor is zero, which describes how much a vector
rotates (or rolls) around its axis. Thus in the case of the Levi-Civita connection, the vectors
do not rotate.
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Y1

p& Y2

Figure 3.2: Parallel transport of the vector v along the curves v; and ~,.

this is that transporting a vector v along two different curves with the same
beginning and end-points may result in different orientations of the same
vector at the target space in p/, as presented in Figure .

Under the Levi-Civita connection, we can define a unique Riemannian
geodesic v which by definition is a smooth curve that minimizes the distance
according to the metric g. Using this connection, we also have the following
property, for any vector v; and v,

<U17U2>7(0) = <H Ul’HUQ>7(1) '

The property states that the parallel transport along v preserves the angle
between vectors if they have been transported along the same geodesic and it
also implies that the vector is unchanged in length after the transport.

Remark 1
We call a manifold flat w.r.t. V if there exists an affine coordinate system 6,
such that

Vjal' =0 5

for all i # j, from which it immediately follows
k
Iy =0,

based on FEjy. . This means that for flat manifolds all geodesics w.r.t.
the connection V are straight lines ((Amari and Nagaokdl, 2000), Section 1.7)
and that parallel transport of vectors on flat manifolds works the same as in
FEuclidean space. This implies that the direction and length of the vectors do
not change, i.e., two vectors defined at two different points on the manifold
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can be simply added together since the shift from one space to another leaves
the vector unchanged. A visual representation can be seen in Figure[3.3

Figure 3.3: Adding two vectors on a flat manifold, is the same at every point
of the manifold, as parallel transport does not depend on the curve, only on
initial and ending points. With v defined at p and transported to p’ added to
w which is defined at p’ and transported to p results in the same vector with
the same orientation and size, at every point. Transporting both vectors v
and w to a third point p” and adding them results in the same vector as in p
and p'.

3.5.2 a-Connections and Exponential Families

In addition to the Levi-Civita connection, we can define a whole family of
connections, called a-connections (Amari and Nagaoka, 2000)). This family
of connections is in function of a parameter a;, which is a real number, and
for specific values of o we have specific connections defined: a = 0 is the
Levi-Civita connection, a = 1 is the Exponential connection and @ = —1 is
defined as the Mixture connection. All these connections are naturally defined
and are distinct from one-another (see visual representation in Figure .

Let us introduce the notion of exponential families, which are statistical
models that can be written in the form

po(e) = exp | C(x) + Y 0'fi(a) —v(6)] |
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Figure 3.4: Geodesics for different alpha connections: red for o = 0 — ~° the
Levi-Civita geodesic, blue for a = 1 — 7 the exponential geodesic and green
for = —1 — 4™ the mixture geodesic.

where 6 are the parameters of the distribution p; C' and f; are functions
defined on input space X and ¥ a function on © the parameter space. This
family of distributions includes the most common distributions: Bernoulli,
Normal, Poisson, Binomial etc. (DasGuptaj, 2011).

Figure 3.5: The e-flatness of a geodesic for distribution from an exponential
family: a curve 4¢ on the manifold M is a straight line in the coordinate
system defined by 6;-s.

Remark 2
An important property of exponential families is that when parametrized by

0 they are flat in regards to the exponential connection, which is commonly
referred to as e-flat (Amari and Nagaokd, |2000, Theorem 2.4). This flatness



52 CHAPTER 3. INFORMATION GEOMETRY

implies that 0 is a special coordinate system, in which the e-geodesic on the
manifold corresponds to a straight line in the coordinates. Visualized in Figure
7.l

Thanks to the flatness, transporting vectors along any curves works
the same as in Euclidean space in a certain parametrization (based on the
observation from Remark . From the above property it follows that we can
easily move vectors between tangent spaces of the statistical manifold for the
exponential family.

3.5.3 Exponential and Logarithmic Maps

When dealing with vectors and geodesics it is important to define two im-
portant mappings, the exponential map and the logarithmic map, which is
described in more detail in the work of |Absil et al.| (2009).

Let v € T, M be a tangent vector to the manifold at a point p. For a given
connection there is a unique geodesic 7,(t) satisfying ~,(0) = p with initial
tangent vector 7,,(0) = $~(t) = v. The exponential map Exp, : T,M — M

is defined as
/

Expp(v) =7(1)=p".
The exponential map thus gives us the endpoint p’ of a geodesic associated
to a vector v. The logarithmic map (log-map) Log, : M — T, M is defined
as the inverse operator to the exponential map, as it recovers the vector
associated to the geodesic for a given point p/

Logp(p') =v.

In general, the exponential map is only locally defined, it only applies to
a neighborhood p, i.e., it may not be defined for certain v € 7, M. For flat
manifolds, because the geodesics connecting two points are straight lines, the
corresponding vector given by the log-map is self-evident, i.e., it isv =60 —0

Note 7

We will use these notions when we talk about the geometrical concepts of
[Accelerated Gradientss (AGS) in Section[6.1.4 However, since connections
and parallel transport only briefly appear in this work, we will not go into
more details, and we point the reader to the works of |Amari and Nagaokd

(2000) and Amari (2016) for more information.
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Chapter 4

Geometry of Helmholtz Machines

The is a probabilistic model with a specific architecture which can be
described as two [Directed Acyclic Graphs (DAG) (Ay, 2020; Cowell et al.|
2007} [Lauritzen, 1996)). In this section, we study the geometry of the ,
through the lens of DAGE. Influenced by the previous work of [Ay| (2002),
we exploit a general property of these kinds of models, determined by the
underlying structure of [DAGE, for the derivation of the for and
[HMk. Notably the for has a fine-grained block-diagonal structure
which allows an efficient computation of the NG|

4.1 Gradients of Directed Acyclic Graphs

Consider a [Directed Acyclic Graph| (DAG]), with N nodes divided into two
sets, i.e., N = {z} U {h}, with = the observed random variables (points in
the data set) and h the hidden random variables. Furthermore, we suppose
that all variables are discrete and by definition, there are no cycles in the
graph. The joint distribution of the nodes in the [DAG]| can be written in the
following way, as it is classically done for directed graphical models:

pg(l’, h) = H Kr(mrlxpa(r); 91“) ) (41)

reN

where for each node r € N, 2,4(,) are the random variables corresponding to
the set of parent nodes of the random variable z,. K, is a kernel function,
which in our case is the probability density function (pdf) of x, given its
parents, having parameters 0,. If pp(z) is the true distribution underlying
the observation in the dataset D, our goal is to minimize K L(pp(z)||pe(x)),
w.r.t. the parameters 6, which is equivalent to maximizing Y, pp(z) In py(x).
Therefore, the function we are optimizing during the training of the model is
L(0) =, pp(z) Inps(z), where 6 is the set of parameters 6, of the kernels
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K,. Calculating the gradients for a parameter 6, gives

OL(6)
96, 89

0
—pr o0, anpg x,h)
:;m( 39

x)Inpg ()

(xs|xpa ) (from Eq. (1))

v N
2?;8) Zh: sgvK Zs|Zpas); )) a{;r v (a:rlscpa(r);&)
= S22 TL K (i) 10 (el )

0
= ZpD (ZL‘) Do h|[L’) 90 T ($T|xpa(r); 97")
z,h T
using pj, (x, h) = pp () py (h|z)

_Zp9 x,h) 0 an (xr|xpar 0,,)

8

Since the statement inside the expectation only depends on a specific z, and
its parents p.(), we can simplify the above expectation to

dL(6) KA

Z pa (xmxpa )a{; In K, (‘TT|xpar);9> .

*Lpa(r)

(4.2)

Therefore, computing the gradient of £(6) w.r.t. the variable 6, is inde-
pendent of the computation of the gradient w.r.t. the other variables 6, with
s # r. However, this still requires knowing the posterior py(h|z), which is
generally intractable in practice. Gibbs sampling and other Markov Chain
Monte-Carlo methods are often computationally expensive in higher dimen-
sions for estimating the posterior distribution. A different approach used in
consists of introducing a second network to learn the posterior pg (h|z)
by approximating it with a distribution g, (h|z).
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4.2 The Fisher Information Matrix of
Directed Graphical Models

In this section we show how the [FIM] can be rewritten in a convenient way
in the case of [SBNE, and in particular for [HMg. The [FIM] for DAG models
takes a simplified block-diagonal form thanks to the locality of the connection
matrix, given by conditional independence among random variables. Let us
formalize this result through the following theorem:

Theorem 1

Let G be a[DAG model, the variables of which are grouped in layers such that
each node from the i-th layer has parent nodes from the (i — 1)-th layer only.
The associated to the joint probability distribution p that factorizes as
the product of conditional distributions according to G has a block-diagonal
structure, with one block for each hidden unit of size equal to the number of
its parent nodes.

The for the distribution py (x, h) is defined as
F(0) = Epyan) {Vg Inpg (z,h) V, Inpy (z, h)] ,

where V In py is a column vector. Alternatively, it is easy to show that the
[ETIM] can also be written as

F(0) = —Bpyeny |Vilnpy (z,h)]

where by V3 1n py (z, h) we understand the Hessian of In py (x, k).
For each r € N, 0, is the vector of variables denoting the parameters of
the distribution of z, given its parents. From the Eq. (4.2)) it follows that

Vo, Ve, Inpg(x,h) = 5TSV§T In K, (mr|xpa(r); Qr) ,

with d,, = 1, if r = s and 0, otherwise. This shows that the Fisher information
matrix has a block-diagonal structure

]:(9) = _]Epg(x,h) [diag (Vgr In Kr ([L’r‘.%pa(r); (97«)) (4.3)

TEN:l ’

and thus, in order to compute the F(60), it is sufficient to compute
Vi InK, (xr|xpa(r); 07.) for every 0,.
U



56 CHAPTER 4. GEOMETRY OF HELMHOLTZ MACHINES

The [HM]is a DAG| and as such the above structure applies to both of its
networks. Using our previous notation from Chapter [2] introduced for [HME,
with the parameters of p being 0; = W*, the formula becomes

? 0§ 7i+1
S G np (K[ ) (4.4)
which applies similarly to the recognition distribution ¢ as well.

This shows that models such as [SBNg, which have a topological structure
that can be described as layered [DAGE, have an associated with a
finer-grained block structure, consisting of one block per neuron, with size
equal to the cardinality of the previous layer.

Sun and Nielsen (2017) have demonstrated that the structure of the
given some architectures of neural networks can be simplified without
approximation, compared to a fully dense matrix, to a block-diagonal structure,
where the blocks correspond to the sizes of layers. Our work goes beyond
their result and provides a crucial refinement of the previous works.

While block-diagonal structures as approximations for have been
used before (Desjardins et al., [2015]), (Grosse and Martens, [2016)), (Sun and
Nielsen, |2017)) or (Bahamou et al., 2022), to the best of our knowledge, at the
writing of this thesis, this is the first application to algorithm design of such
a fine-grained block-diagonal structure for the Most importantly, the
structure is not derived from further approximations of the but instead
is a consequence of the topology of the network itself.

The proof of this result is based on a generalization of Theorem 1 from
the work of |Ay| (2020), see also Lemma 1 in |Ay| (2002), where the locality of
is studied from a theoretical perspective.

The results presented in this section, which are key results from (Varady
et al., 2022), indeed prove that without the need of further approximations
the [FIM] for [SBNE is block-diagonal with blocks of smaller size compared
to previous results from the literature, typically having one block per layer,
e.g., (Desjardins et al., 2015 |Sun and Nielsen| 2017). This has significant
advantages from a computation perspective. A graphical representation of
the difference in the block-sizes between our methods and the ones from the
literature can be seen in Figure 4.1}

Tyl = —Epa)

p

4.3 The Fisher Information Matrix of
Sigmoid Belief Networks

We rewrite Eq. (4.4)) for a more compact representation, assuming our model
uses a Bernoulli distribution for K, (xT|xpa(r); QT), as commonly happens in
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[SBRNE and by extension [HMk. With mean parameters given by the sigmoid of
a linear function of x4y, we have that

K, (xr|xpa(r); 9T> =5 ((er —1) H,Tmpa(r)) )

Then the first and second derivatives are

agﬂ In Kr ($r|xpa(r); 67") = (Q*Tr - 1) xpa(r);z‘ [1 — S ((233'7« — 1) H;Fxpa(r))]
and

62
59m39rj In K, (xr|xpa(r)§ 07‘) =

= ajrj (22, — 1) Tpagya [1 -5 ((er -1) Qjmpa(r))}
= — (2%, — 1)2 Tpa(r)iiLpa(r);S ((21:,, - 1) G;Fxpa(r)) {1 — s ((QQJT - 1) ijpa(r))} )

Therefore, the double derivative written using vector notation is
Vi, WK, (2 ]pa; 60) = =5 (22, = 1) 8] 0pae) Tpa @iy, (45)

where s = s(1 — s) is the derivative of the sigmoid function s. This leads
to a block structure for the F with respect to the weights 0, of the
distribution p and similarly for ¢, of the distribution gq.

Furthermore, such a fine-grained block-diagonal structure is not only true

for binary [SBNE, but as we have seen in Eq.(4.2)) it generalizes to all

models, a result we will exploit in Section [7.I]to learn continuous distributions

with [HMk.
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[ J’ Ii+1
lo+1
lo(ly+1
ol + 1)1 bl +1)
h+1

[ I+11 (i +1) o {
l1(l2 + 1) 4 | _V’J

{ Iyl +1) { Ih+1

(a) Our structure for the FIM (b) Our structure for the FIM
of the Recognition network of the Generation network

l(l;+1
0(1+ ) ll(l0+1)

[ bl + 1)
ll(l2 + 1) L

{ Ll +1) {

(c) The structure of the Recognition (d) The structure of the Generation
network FIM used in the literature* network FIM used in the literature*

Figure 4.1: Graphical representation of the FIM for a Network with 3 layers
with respectfully 6, 3 and 2 nodes. The gray dotted lines identify the blocks
associated to the layers of the network. The matrix admits a fine-grained
block-diagonal structure with blocks of size equal to the size of the hidden
layers. The blocks are ordered in both cases from the bottom layer to the
top starting from the upper-left. *The comparison with the literature are
typically block-diagonal approximations based on layer sizes from the works
of (Desjardins et al., [2015; Sun and Nielsen, 2017).
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Chapter 5
Natural Reweighted Wake-Sleep

In the first part of this chapter, we show how one can use Monte-Carlo
sampling to estimate the then compute its inverse. By applying results
from the previous chapter we derive an efficient formula for the computation
of the [NG] for [HML

We introduce the [Natural Reweighted Wake-Sleep| (NRWS)) algorithm for
training [HMg. We elaborate on some implementation details and hyperparam-
eters of the model. Finally, we compare experimentally the with other
training algorithms for the [HM] and show how we achieve state-of-the-art
results for a fixed budget both on training epochs, and real-world time.

In the next part we show how the used for the [HM] can be used not
only for the NRWS]| but also for other training algorithms, such as the
(Bornschein et al., 2016]), which allows us define the [Natural Bidirectionall
IHelmholtz Machine| (NBiHM)J). Although there are some theoretical limitations
of this new model, we show how the new algorithm can still profit from the
[FIM] of the and reach better performance with it.

Finally we analyze the convergence properties of the through the
work of (Ikeda et al.,|1999)), and we suggest an alternate approximate solution,
the [Rescaled-sleep| , to the convergence problem raised by the authors
for which they define the [Sleep-well] (SW)). We compare the two solutions in
some experiments and find that both can improve over the standard model.

5.1 The Natural Gradient for Reweighted
Wake-Sleep

The definition of the [FIM] applied to the generation network is
Fo(0) = —Epyay [V Inps(a, h)] .

If we treat the [HM] as a [DAG| model as in Chapter 4} where N = {z, h},
M is the total number of layers, with [; the length of each individual layer
i € [0..M] we can write the joint distribution as:

po(x,h) = I [I p(h*7 |5 655)

i=0j=1
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and the log probabilities as
In pg(x, h) ZZlnp (R [R5 0,5)
=0 j=1

It is easy to see that after applying the Hessian V2, similarly to the derivation
in the previous chapter we get

Vo, Vo, Inpy (2, h) = 06V, Inp(h*? |7 6;5) .
The [FIM] is block-diagonal following Theorem [T, with the structure shown
in Figure From here, by looking at Eq. (4.4) it can easily be calculated
Vi, npg (7 [RY) = —pg(h*7 [RF1)[1 — pg(h™ [ (hiH)T , (5.1)
where each block of the [FIM] is
82
p(x,h) [
oW (OWid) T
, T A AT
= Byt |5 (737 W) it (1)

where hi™! is a column vector of the previous layers’ samples and W% is the
j-th row vector of the weights of the p network’s i-th layer. We stress the

fact that the has a different block F)7 for each neuron j from each layer
1. Equivalently for the recognition network

JT_;L'J — p(hi7j|hi+1)]

(5.2)

Y

2

gk |h
l&vw' vy 10 )]

= Eqo |5 (V) "W ) 0 (1)

in which case the of q is block-diagonal, with the largest blocks being of
the size of the input x x x. This will become more important later, where
the complexity of the algorithm is discussed in Subsection [5.3.3

In the case of binary values {1} instead of {0, 1}, we have

P = s (10 (w9 i) ) (5.4)

while the formula for the the m is the same as in Eq. (4.4).

In the light of Chapter 2] we know RWS| works very well on [HMk. Given
the above equations, knowing the structure of the [FIMk of both networks,
we now have a way to compute a gradient step based on [NG] for layers of

the . We can use the formulas from Egs. (5.2]) and ([5.3]) to apply the
update to the three phases of the [Reweighted Wake-Sleepf

P I = Eq(nlar)
(5.3)




5.1. THE NATURAL GRADIENT FOR REWEIGHTED WAKE-SLEEP61

o wake phase: precondition the gradients of the wake phase w.r.t 6,
VoL,(x, h), with the inverse of the generation distribution p:

VoLy(z, h) = F, 'VoLly(x,h) ;

o g-wake update: precondition the gradients of the q-wake phase w.r.t ¢,
V4 Ly (w,h), with the inverse of the recognition distribution g:

VoLl (x,h) = F ' VLl (z,h) ;

o sleep phase: precondition the gradients of the sleep phase w.r.t ¢,
VL3 (x, h), with the inverse of the recognition distribution ¢:

VoLi(z, h) = F 'V Li(z,h) .

We will refer to this new algorithm, where we use the NG| on the RWS] as
Natural Reweighted Wake-Sleep| (NRWS]). In the following subsections, we
will discuss the implementation and algorithmic details of the NRWS]| that
enable it to be an efficient method for the training of [HMk.

Remark 3

The in Fqgs. and only depend on the statistical models as-
sociated to the joint distributions p(x, h) and q(x,h), and in particular they
are independent from the specific loss function L defined over the model, as
well as from the chosen training algorithm. Hence, since the model of the
[HM remains unchanged, the same [FIMs can be used for different training

algorithms, such as[W39 and [RWS,

Remark 4

There is a good argument to be made (Ay, |2020) that the reference distribution
of [FIM should be the visible distribution p(x) instead of the joint p(z,h)
that we are using. However it has been suggested (Ollivier et all, |2017) that
the profits from being computed w.r.t. p(x,h) when it is empirically
estimated, as it is numerically more stable and requires fewer examples to
estimate, compared to computing with p(x). Derivation of the w.r.t. the
visible distribution p(z) however presents additional complications, which do
not make its empirical estimation computationally feasible, and is a subject
to be explored in future works.
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5.2 Estimation of the Fisher Information
Matrix

Notice that h is a stochastic quantity which can be sampled based on the value
of the nodes from the previous layer, because of the conditional independence.
We can use this to compute a Monte Carlo estimate of each block of F with

n samples, Egs. (5.2)) and (5.3) can be estimated as

Fp! = Epn) ls/ ((Wi’j)Th”l) hit! (hi“)T]

1 ZS’ <(Wi,j)Thi+1> pi+l (hi+1)T (5.5)

[~
p n

= Ui+1Q;j (Ui-‘rl)T with hi-‘rl ~ p(hi+1|hi+2)
and
Fo? = Eqhloypo (@) ls' <(V"7j)Th"‘1) Rt (hi_l)w
qu‘,j ~ :ZZS’ ((Vi,j)Thi—1> pi-1 (hi—l)T (5.6)

=UIQ (UY) with A~ g(hRT?)

Eqs. (5.5)-(5.6) represent the blocks F»7 and Fj”of the empirical [FIM, for
Wi and for V% respectively, which are obtained by sampling A**! and h*~1
n times from the previous layers. In the last step, we introduced a matrix
representation for the empirical estimation I of F, where we obtain the U®
matrices by taking the r-th sample h*" as column vector 7 of the matrix U?,
while the diagonal matrices Q7 and Q%7 are diagonal matrices based on the
evaluation of the activation functions, i.e., Q}’ = diag {s' ((W” )Th”l)}. A
visual representation can be seen in Figure [5.1]

Furthermore, we can reduce the variance of the estimation from Eq. ,
by taking inspiration from m (Section and its use of importance
sampling Eq. . By using reweighting for the samples in Eq , we
can get a lower variance estimation using the same amount of samples as
for the Monte-Carlo variant. Note that we can reuse the exact same weights
as the ones that the RWS| uses, with no additional computation. Thus, to
obtain a lower variance estimation for the expected value using samples from
the distribution g(h|z)pp(x), we reweigh them by importance sampling with
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i+1, i+1,rT i+1 i,J i+1T
hz r hz r Uz Qp] Uz
[ —
. q"
L] — =
F, E n
r=1 nxXn n Xl
liv1 x1 liyi xmn

Figure 5.1: represented in matrix notation as a matrix product.

the same weights @y as in Eq. (2.28)) and we get

B = s (W) nigt) wigt (i)
k=1

—UQyY (U”l)Twith B ~ ()

(5.7)

where Q,” = diag [@ks' ((Wivj)Théz)l)]

We only use this approach for the M of the generation distribution £},.
The reason for reweighting F}, is because we prefer samples coming from the
real-world distribution pp to ones that come from the [HM] model since it
is the target distribution that we try to approximate. Applying the same
reweighting method to the Fj, might counterintuitively bias the estimate from
samples that come from pp to samples coming from p which is a probability
distribution depending on parameters that are still in the process of being
learned.

5.3 Natural Reweighted Wake-Sleep

In this section, we introduce the [Natural Reweighted Wake-Sleep| (NRWS)), a
geometric adaptation of the RWS| (Bornschein and Bengio, 2015), where the
update of the weights is obtained through the computation of the [NG| of the
different loss functions in the wake and sleep phases.

The update rules of NRWS| at step ¢ for the weights 6 = (WO, ceey WM>

and ¢ = (Vl, VM ) of the generation and recognition networks are given
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by
1 B S
9t+1:9t 77F ! ZZWkVL () and
Br 1k=1
A (5.8)
Gria = 60— O F, ! ZZ( VL M+wkvy"’”),
r=1k=1

where L, L} and L are the empirical estimates of the loss functions £, L7
and L} for the wake, sleep and g-wake phases, respectively. Such empirical
estimates L, are computed with minibatches of size B indexed by 7,
sampled each S times with indices k. Notice that in accordance with the
implementation of the RWS| algorithm, the learning rate in the updating rule
for qﬁ is halved to average the two gradients. Furthermore, the emp1rlcal
F and F are also estimated with B and S, based on Egs. (5.6) and .
Where n= B xS,

The pseudo-code for is presented in Alg. 4l In the following
subsections, we address some of the implementation details of the
algorithm.

5.3.1 Solving systems with the Fisher Information
Matrix

In this subsection, for simplicity, we will only discuss the case of the generation
network since everything is analogously true for the recognition network as
well.

The computation of the [NG| update requires the inversion of the [FTM]
which is not a trivial operation from a computational complexity perspectiveﬂ
It is well known that the inversion of an m x m matrix takes O(m®*+°M) with
2 < w < 3, by using some variant of the Cayley—Hamilton theorem (Decell,
1965} (Williams), [2012)P7]

The [FIM] has the size D x D, where D is the total size of all the parameters
of [HM] The size of the parameters in our case is the sizes of the weights and
biases in each dense layer in the D =YY D; =M (I, + 1)l;_; for the

generation network, where D;. This sum can easily be in the millions, even

I'Where we refer here as the inversion of a matrix, in the language of mathematics, in
practice in computational science, we are actually using the method of solving a linear
system, as there is no need to compute a full inverse of the [FIM] Since the inverse is
multiplied with the gradient of the loss, which is a vector, F~! - VL, their product can be
viewed as the solution to a linear system F - X = VL. From a mathematical perspective,
all the following derivations are valid and useful, this comment only serves to clarify that
we are using the computationally more efficient formulation in practice.

2Currently the smallest know value is w ~ 2.371552 (Williams et al., [2024).
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Algorithm 4: Natural Reweighted Wake-Sleep

1
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Let = be a minibatch of samples from the dataset

Let p and ¢ be the distributions of the generation and the recognition
networks with weights W and V/

Let w be the importance weights from the RWS

Let M be the depth of the HM

#wake phase update

for each layer i from q ascending with h° = x do

Compute the gradients Vi L, with respect to W* as in (2.27)
Compute the weights @ from the multiple samples ([2.28|)
Compute the matrices for ﬁ’; for the sub-blocks in ¢ with A**! and
p(h'|h*) as in

Compute Vi L, = (F})"'ViL,

#q-wake update

Compute the gradients Vi Ly’ with respect to V' similarly to the

sleep phase as in ((2.30)

Compute the matrices F, for the sub-blocks in ¢ with A'~' and

q(h'|h*~") as in (5.6)

Compute Vi LY = (F})"'V.LY
Update W* and V* using n with the %;Lp and %flL;” with weights
@ as in (5.8))

#sleep phase update
for each layer i from p descending with h™M sampled from the prior do

Compute the gradients Vg Ly with respect to Vi asin (2.31))
Reuse the matrix F qi calculated in the q-wake phase
Compute ViL = (Fi)"'ViLs

Update V* using n with §2L2 as in ([5.8))
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for relatively small networks, which prevents the calculation of the inverse
due to the computation complexity.

This is where the usefulness of a block-diagonal structure comes in, because
the computational complexity of inverting a block-diagonal matrix equals that
of inverting its largest block since all blocks can be inverted independently of
the others and in parallel. In our case, the dimension of the largest block is
the product of the last two layers of the network, which already brings down
the complexity from O(D%) to O ((lpl1)%).

However, we can do even better by using the fact that the empirical
is a low-rank estimation of the true one. Recall the matrix product
formulation of the from the previous section and in Figure If the
number of samples n = S - B used for the estimation is less than D, which in
practice is almost always true, then F' is a low-rank estimation of the true
[FIM] This implies also that the empirical [FIM]is not even invertible, because
F is singular, and thus a perturbation of it is needed to make it invertible.

In our case, however, because of the block-diagonal nature of the [FIM] the
condition is that the number of samples has to be smaller than the largest
block of the largest layer n < D;, typically lyl;. This is still sometimes the
case, as the largest layer usually grows with the size of the data. While we
can manipulate the size of n, we have some limitations as smaller B-s leads
to better fitting of the data, using the MBGD], and helps avoid overfitting,
and larger S-s lead to diminishing returns in estimation accuracy, thus the
remains singular. Our only remaining option is the perturbation of the
singular matrix F using Tikhonov Regularization.

5.3.2 Renormalized Tikhonov Regularization

In order to approximate F' by an invertible matrix, it is a common technique
to add a Tikhonov regularization term in the form of a damping factor af,,
where a € [0,1] and I,, is the identity matrix of size n. Our regularized
estimate of the inverse for a network with a single layer becomes

F'=(al,+F)™"

= (al, +UQUT)™*. (5:9)

~ We would prefer, that when o — oo then F~' — I, and when oo — 0 that
F~! — F~1. However
Jdi P = lim (al, +UQUT) T =0,

. =1 1: T™\—1 _ -1
O}g}noF —O}gno(aln—l—UQU ) =F".
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To solve this problem, we can use the term 1/(1 + «) to renormalize the
Inversion

ﬁialn—l—Fialn—kUQUT
C 1l4a 1+« ’

This renormalization term gives us the right limits for the inversion:

(5.10)

Jim F7U = lim (14 o)(al, +UQUT) T =1, ,

and

. H—1 7 T™\—-1 _ -1
C}glOF —O}gno(l—i-oz)(ozfnnLUQU) =F.

5.3.3 Low-rank Inversion of the Fisher Information
Matrix

Since F is a symmetric and positive-definite matrix, for large enough «a, we
can use the Sherman-Morisson-Woodbury formula (Woodbury, |1950), which
is the most efficient way to do a low-rank matrix inversion, or more precisely:
a low-rank update of an invertible matrix. While there are multiple equally
valid versions of this formula, which all have different advantages, we settled
on using the original Woodbury formulation.

The formula introduced by Woodbury states that for matrices Z is n x n,
Ciskxk,Uisnxk,and V is k x n, with assumed n > k, the following
holds true:

(Z+UCV)l=z"t-zUCT +VvZIiU)yTVZT
If we take Z =al,,U=U,C=Qand V =U", we have:

1 1
(al, +UQUT) ' = —I, — —
[0 «

UQ " + ;UTU)lUT |

We took two main features into consideration when choosing the method:
the overall complexity of the operations needed to execute the formulation,
with our matrices, and how much memory is needed to keep in memory the
partial matrices. This last condition/requirement will become evident in
Section (.3.4

There are two advantages to this version: first, inverting () is in linear time
because it is a diagonal matrix, so inverting it is just taking the reciprocal
of the diagonal. Second, we only have to keep in memory two matrices after
the first use of the formula U, which is n x k, and the inverse of the inner
parenthesis matrix k x k (more details about this in Section [5.3.4)).
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Note 8
Using 1/a? computationally might lead to numerical instability for a < 1,
therefore we reformulate the equations.

For the Sherman-Morrison-Woodbury formula, it is possible to bring 1/«
out of the inner inversion, to get rid of 1/a?.

1 1 1

n T =l = — e B
al, + UQU )™t I -U(Q™! vto)y“tu’
(0 (0 v
1 1 1
— - —UEQ +-UTU)UT
(0 [0 « (6%
1 11t 1 Trm—177T
=l - U~ (Q '+ UTU)'U
1 1
:E#ﬁ—aUmQ*+wﬂUr%ﬂ
1

:ah—UmQ4+WUYWT.

5.3.4 K-step Update

By moving with a small step in the direction of the gradient descent, we can
make the assumption that the metric is changing slowly during a few training
steps. Under this assumption, we can choose to reuse the for a certain
amount of steps K before recalculating it from the mini-batch. We will call
this technique the K-step update (a similar approach was used in (Martens
and Grosse, 2015)).

Notice that it is not very efficient to save in memory the whole inverse

S\ —1
(F;’J) of each block of the [FIM] as it would take a memory requirement

of O(1?). Indeed, even when using the low-rank inversion of the diagonal
matrices for which we used the Sherman-Morisson-Woodbury technique, the
update step would have a computational complexity of O (I2).

We can do better than that in both memory requirement and computa-
tional complexity, when using the low-rank technique, by saving only the

. N -1
Uit and the (A]ZD’J ) partial matrices of the formula
~ -1 , o N T\ !
(Fp%]) — (a[n + Uerle] <Uz+1) )

1 I — Uz‘+1(a (QZj)*l n (Ui+1)T [ri+ )‘1 (UHl)T] |

2%
Ap

«
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which we can use in the computation of £~ - VL when the update is
computed.

Saving the matrices U and the inverse of the inner matrix A%/, we
have a memory requirement of O (I;n) and O (n?) respectively, which is much
smaller in comparison to keeping the whole inverse O (I?).

When reusing the previously computed blocks, the computational
complexity for each update is dominated by the multiplication of the inverse
with the vanilla gradient, and it becomes O (n* + I;n) every K-th step
when the inverse is calculated and O (n* + [;n) every in-between step.

The result of using the K-step update is that we obtain a speed up every
time we are reusing the partial matrices, by trading in memory space, since

. -1
we need to save U and (A;;J ) among iterations.

5.3.5 Implementation Details

A final aspect related to the implementation is the technology we are using to
program/run the algorithm, and the side-effects arising from that choice. Our
decision fell on CUDA-optimized Tensorflow (Abadi et al.| 2015)EI since we can
take advantage of the large level of parallelization built into the framework.
This means that we can parallelize the calculation of the inversion of the
over the nodes of a layer, so we can calculate F} by calculating all F}7 in
parallel, and by extension the complexity of the algorithm O (Iy (Iyn + n?))
becomes in practice close to O (Iyn + n?) (if we suppose that complexity is
dominated by the sizes of the bottom two layers). In doing so we use 3
dimensional tensors for the [FIM] matrices F', which is visualized in Figure [5.2]

hz+1,r hz+1,rT Uz+1 Uz+1T
—
n i gi
i q _ .
F, = E = =
' q
r=1 j=0 Lixnxn nxl
liyix 1 livi xn

I x lipa x liga

Figure 5.2: defined as tensor products, notice that @’ is a made up of
diagonal matrices.

3More details about the technology in the Appendix
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The final form of calculating the inverse of a series of blocks corresponding
to layer ¢ of the thus is given by

()"~ (a[li +UTQ (Ui+1)T) -

1+«

(5.11)

- te [Izi ~Uu (o (@) 4 () Ui+1>_l (UZ‘“)T} .
(5.12)

By saving the blocks the memory usage for each layer [; increases to
O (I;n® + l;+1n) when using the low-rank inversion and saving U and (A") ™
matrices, as visualized in Figure , while this complexity is O (I;41[?) using
the straightforward inverse for weights W* of size I; x l;;, and analogously
for V*.

Uz'-i—l Ui-‘rlT

litz1 xmn
Figure 5.3: Inverse of the defined as tensor products.

Using the Woodbury formula thus reduces the theoretical complexity of
the method to O(ly(lin + n*)) every K-th step and O(ly(l1n + n?)) on all
the other steps. In the layers ¢ where n > [;, which is true for the narrower
layers towards the top of the there is no need to apply the Woodbury
formula, because calculating and storing the inverse of the block is actually

more efficient as in Eq. (5.11)).

Remark 5

All calculations for computational complexities assume that the matriz products
are calculated as efficiently as possible. In our case this means multiplying
from the right, starting with the gradient vector and the last partial matriz. A
short explanation about the nuances of matriz multiplications for the is
gwen in the Appendiz[B

Besides the number of samples S, the minibatch size B and learning rate 7,
two other hyperparameters have been introduced for the the damping
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factor «, needed to invert the estimation of the [FIM] computed from the
samples when it is not full rank, and the number of steps K during which the
[FIM] is frozen, i.e., it is not updated with respect to the new minibatch, for
computational efficiency. Hyperparameter tuning for the learning rate 7, the
damping factor «, and the value for K are presented in the Appendix [C.2]
Our hyperparameter tuning experiments show that appropriate values for
« are in the range of 0.01 to 0.2, depending on the network topology. We
also found that K can be kept relatively high with values between 100 and
1,000 with almost no loss in performance but with a significant gain in time.
This result shows that during training it is possible to avoid continu-
ously re-estimating the geometry of the manifold of probability distributions,
through the estimation of the [FIM] at each iteration, and that instead, a local
approximation is sufficient to speed up the convergence when using the [NG]
A plausible explanation for this behavior is given by the use of the Tikhonov
regularization which allows us to obtain more robust estimations for the

5.3.6 Diagonal Natural Reweighted Wake-Sleep

As part of our study of the [NRWS]| we verified whether it is possible to further
constrain the structure of the [FIMg and by extension make the algorithm
faster, but without loss of accuracy in training. A rough way of approximating
covariance matrices is to use only its diagonal components. The
Natural Reweighted Wake-Sleep| (DNRWS)) is a version of the where
we approximate the by taking only its diagonal elements. In the case of
the [HM] it is easy to calculate them by

Fid = izs’ ((Wi’j)Thi“) (h™*1)? and (5.13)
Fivd = izs’ ((viﬁ)%—l) (W12 (5.14)

Inverting the matrices becomes trivial since they are diagonal in this
setting. Because it is much faster, we can calculate the [FIM] approximation
in every gradient step, with no need to save it for K steps.

Analyzing the change in the hyperparameters of the learning rate and
damping factor « in Figure |5.4] reveals that usually, the best combination
is similar to the one used for NRWS| Taking a smaller « leads to quicker
convergence, but a worse minimum, with some instability when closer to
convergence. Larger damping leads to a more stable convergence, but a
slower one, compensating by speeding up with a larger learning rate leads to
premature convergence. The preserves the property of the damping
factor, that for a — oo we recover the Euclidean gradient.



72 CHAPTER 5. NATURAL REWEIGHTED WAKE-SLEEP
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Figure 5.4: Loss of training (continuous line) and validation (dashed line) on
MNIST with different Learning Rates and Damping Factors for the DNRWS|
[LR=learning rate n, Dp=Damping factor «].
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Figure 5.5: Loss of training (continuous line) and validation (dashed line) of
[RWS|  DNRWS| and [NRWS| on MNIST; (right) epochs (left) seconds of 500
epochs [LR=learning rate n, Dp=Damping factor a, K=K-step].

In Figure 5.5 we compare DNRWS| to NRWS|and [RWS| for a shorter period
of 500 epochs where S and B was kept the same for all algorithms. We see
a speedup of [DNRWS| compared to the RWS| but the achieved minimum
is worse than that of This observation is in line with what we were
expecting, as the diagonal approximation of the leads to worse results
than the estimation of the actual structure. In wall-clock time the DNRWS! is
a bit more promising, as it manages to outperform RW§]for a longer period. A
deeper analysis with a full comparison of training algorithms till convergence
can be found in the following section, where we find that our observations
from this small-scale experiments remain true as the fails to improve
on either or
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5.3.7 Experiments with the Natural Reweighted
Wake-Sleep

For the performance evaluation of [NRWS]| we use the binarized version of the
MNIST dataset of handwritten digits (Deng, 2012) as a standard benchmark.
In addition to MNIST, we show the efficiency of the NRWS|on the FashionM-
NIST dataset and a downsampled version of the [Toronto Face Dataset| (TFD)).
In addition, we used the miniMNIST dataset for a brief explorative analysis
of the hyperparameters shown in Appendix [C] to determine good values for
the learning rate, damping factor, and K-step parameterdﬂ

The functions optimized in training differ depending on the algorithm
updating phases, see Section [2.3.1. To favor comparisons, in our plots, we
report as loss function the Negative Log-Likelihood (NLL) (see Eq. )
averaged over minibatches and samples for all algorithms, since the NLL plays
a fundamental role in the training of HMs.

In addition, we compared also to a version of the algorithm noted
as in the experiments, where only the diagonal elements of the [FIM]
are computed and used in the evaluation of the NG| [DNRWS| employs a
rough approximation of the which is much faster to invert. We added
this algorithm to our experiments to assess whether or not this is a good
trade-off. We give some additional details about DNRWS|and its performance
in Section [5.3.6

Preliminary analysis on the miniMNIST showed a very small standard
deviation for the NLL over multiple runs of the same experiment, with different
seeds. We tested the miniMNIST dataset with 24 different seeds and the
best hyperparameters (LR 0.002 and Dp 0.05 as in Table and Figure
in Appendix D]). After 100 epochs we obtain an average log likelihood
of —28.39 with std 0.04, while after 200 epochs an average of —28.20 and
std 0.03. This shows that the variance is relatively small for different seeds
and gets smaller over time. We repeated the experiments with multiple seeds
on the [TFD| dataset as well, with the best hyperparameters, with 10 seeds.
After 1,000 epochs, the resulting LL on the test set had a mean of —370.0
and std 0.18. In light of these results, we could conclude that the algorithm
is robust against randomness and that there is no growth of the variance
(usually associated with the REINFORCE algorithm and its variants, see
Section . Based on these observations we only present a single run per
experiment with the confidence that they behave closely to an average run.

In all the experiments we worked with an epoch budget and a time budget

“More details about the datasets used for all experiments in this thesis are described in

Appendix @
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for the NRWS] or until the algorithm has converged, on the same hardware.
For Figures [5.06] and [5.8 we used an epoch budget of 2,000 and a time
budget of 70,000 seconds which corresponds to roughly 20 hours. For each
training algorithm, in the plot comparisons, we present the results associated
with the best choice of the parameters (learning rate n, K, and damping
factor «), optimized for 2,000 epochsﬂ

MNIST

The training is performed without data augmentation, with binary variables
in {—1,1}. In Figure/5.6|and Table [5.1| we report the results of experiments on
the MNIST dataset with hyperparameters tuned for each individual algorithm.
The experiments are performed with a binarized dataset, equivalently to other
benchmarks in the literature (Bornschein and Bengio| [2015}; [Bornschein et al.|

2016).

\ —e— NRWS LR0.005 Dp0.2 K1000
98114 —— DNRWS LR0.002 Dp0.2 K1000
I\ —+— RWS LR0.005

loss
loss

0 250 500 750 1000 1250 1500 1750 2000 0 10000 20000 30000 40000 50000 60000 70000
epochs time (s)

Figure 5.6: Training curves for MNIST with[MBGD)} continuous lines represent
the quantities on the train set, and dashed lines the ones on validation; Left:
loss of algorithms in epochs; Right: loss of algorithms in wall-clock time (s)
[LR=learning rate n, Dp=Damping factor a, K=K-step].

In Figure [5.6] we present the loss curves during training, for the training
and validation sets. The advantage of NRWS| over [RWS| in these experiments
comes in the form of convergence to a better minimum. converges
faster than its non-geometric counterpart in epochs. In time (right panel),
is faster than vanilla RWS, even if the time for each epoch is roughly
25% more (see Table [5.1)).

5The complete details about the settings used in the experiments in this thesis, including
software and hardware details, are described in Appendix @
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The by pointing to the steepest direction with respect to the Fisher-
Rao metric, allows for higher rates of convergence, however at the same
time it might incur in premature convergence and thus reduce generalization
properties. This phenomenon is known in the literature and has been already
reported by other authors in different contexts (Glasmachers et al., [2010;
Martens and Grossel, [2015; Pajarinen et al., 2019)). In our experiments,
we found that tuning the damping factor was sufficient to regularize the
experiments.

We compare our MBGDE implementations of [WS| [RWS| and [NRWS]| with

state-of-the-art algorithms (Bornschein and Bengio, |2015; |Bornschein et al.,
2016), see Table . We found, based on the final convergence values of the
experiments, that our implementation of RWS| and [BiIM] performs as well as
the ones from the literature. Implementations from the literature also take
advantage of accelerated gradient methods (ADAM (Kingma and Bal 2015))),
learning rate decay (from 1073 to 3 x 107%), L! and L? regularizers, and an
increased number of samples towards the end of the training (from 10 to
100), in order to achieve better results. While using variable learning rates,
regularizers and variable number of samples (Bornschein et al., [2016) could
be successfully employed to improve our reported results, this was not the
scope of this work. Even with a simple training procedure (fixed learning
rate, no regularization and fixed number of samples S = 10), we notice how
the IS Likelihood on 10000 samples is better than [RWS| as reported from
the literature (Bornschein and Bengio, |2015) and even slightly better than
(Bornschein et al., 2016|). The impact of variable learning rates and
increased number of samples at convergence provides a substantial advantage
for in (Bornschein et al., |2016)), as it can be seen from the results
obtained with our implementation discussed in Section [5.3.8, where
compares favorably to using the same settings in training, up to hyper-
parameter tuning. In particular, we expect our results for to improve
further with the use of variable learning rates, additional regularizersﬂ and
an increased number of samples once the algorithm has reached convergence.

Additionally, notice that when training until convergence, the difference
between DNRWS| and [NRWS| becomes more significant, we conjecture that
the rough approximation of the is not able to capture information
useful to reach a better optimum.

6See experiments with NRWS| using L! and L? regularizers in Section
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S n a| K| LL |[T/E
10 0.002 — | - [-9056 | 30s
10 0.002 - | - | -87.36 | 34s
10 0.002 | 02| - | -86.8% | 39s
10 0.002 | 0.2 1000 | -84.91 | 43s
VAE - - T - =895 -
RWS| | 10-100 | 0.001-0.0003 | - | - |~-86.0| -
BiHM] | 10-100 | 0.001-0.0003 | - | - |~-85.0| -

Table 5.1: Importance Sampling estimation of the log-likelihood (LL) on
the test set with 10,000 samples for different algorithms after training till
convergence with T /E is the average time per epoch, S is the number
of samples in training, 1 is the learning rate, a is damping factor and K from
K-step. The values for [VAE] (Kingma and Welling| [2014)), RWS| (Bornschein
and Bengio, 2015)), and [BiHM]| are reported from (Bornschein et al., 2016)
however the T /E are not comparable because of different hardware used in
the experiments.

Toronto Face Dataset and FashionMNIST

We tested on a downsampled version of the [Toronto Face Dataset]
(TED|) (Susskind et al., 2010 and the FashionMNIST dataset (Xiao et al.,
2017). We used a 24 x 24 resized version for the to be able to use only
dense layers in the neural networks of the [HM] Given the absence in the
literature of experiments on [FIM] with [RWS|on those datasets, the comparisons
were performed with our implementation of RWS| and [NRWS|

We used a similar setting for experiments for each of the datasets, as
for the MNIST. The same sample and batch size and architecture were
used for the RWS| and [NRWS] but the learning rate and damping factor
were individually tuned for each algorithm. For FashionMNIST we used
the same network as for the MNIST experiments and for we used
300, 200, 100, 75, 50, 35, 30, 25, 20, 20 nodes for each layer, which is very similar,
but wider at the last layer.
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Figure 5.7: Training curves for FashionMNIST with Gradient Descent, con-
tinuous lines represent the quantities on the train set, and dashed lines the
ones on test; Left: loss of algorithms in epochs; Right: loss of algorithms in
wall-clock time (s) [LR=learning rate 7, Dp=Damping factor a,, K=K-step].

DS ALG | S| n a | K LL T/E

. RWS| | 10 | 0.004 | - | - | -236.96 | 38s
FashionMNIST | ieeera | 100 | 0,002 | 0.1 | 1000 | -235.65 | 51s
RWS| | 10 | 0.002 | - | - | -372.73 | 30s
NRWS| | 10 | 0.002 | 0.2 | 1000 | -370.05 | 39s

Table 5.2: Importance Sampling estimation of the log-likelihood (LL) on
the test set with 10,000 samples for different algorithms after training till
convergence with . T/E is the average time per epoch, S is the
number of samples in training, 1 is the learning rate, a is damping factor and
K is from K-step. The values for @ are from our own implementation.
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Figure 5.8: Training curves on with Gradient Descent, continuous lines
represent the quantities on the train set, and dashed lines the ones on test;
Left: loss of algorithms in epochs; Right: loss of algorithms in wall-clock time
(s) [LR=learning rate n, Dp=Damping factor «, K=K-step].
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- i
(b) Generated images

Figure 5.9: Example images generated with [NRWS| after 1000 epochs (a)
FashionMNIST (b)

In the results in the Figures and we can observe similar curves
to what we saw in the case of MNIST. Even the best learning rate for the
[RWS| cannot catch up with the neither in epochs nor in real-world
time on both datasets. In the case of the in particular we see a pretty
big difference in the algorithms’ ability to generalize. The test curves of
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the NRWY]| perform much better than the RWS| on both datasets, which
the results from Table corroborate. In Figures [5.9a] and [5.9b] we can
see some generated images from an [HM] after being trained with on
FashionMNIST and respectively.

In the case of DNRWS] the limitations given by the use of a diagonal esti-
mation of the becomes more apparent, as for both datasets the algorithm
behaves similarly to or marginally worse than [RWS| From these experiments,
it is obvious that the uses a much too crude an approximation to
the to be useful in applications.

5.3.8 Natural Bidirectional Helmholtz Machine

The [Bidirectional Helmholtz Machine| (BiHM]) (Bornschein et al.| 2016)),
has been shown to obtain better performances compared to [WS| and [RWS]
However, differently from the former methods, optimizes a lower bound
of the log-likelihood with respect to the probability distribution

p@) = (e mate ) (5.15)

where 7 is the normalization constantﬂ. The advantage of this method is
that both the p and ¢ distributions are learned simultaneously without the
need for alternating phases. On the other hand, the update rules for
in practice are the same as the wake and q-wake phases from [RWS| see

Eq. and , only with different weights @,.

Unfortunately, the computation of the [FIM] for [BiHM]| does not lead to a
block-diagonal structure, due to how p* is defined. However, with the network
topology being the same in the two cases and due to the relationship of the
updating rules of with those of RWS]| as well as the fact that the
underlying structure of the [BilIM]is an [IM| by construction, we propose, as
a possible workaround, to employ as a block diagonal matrix with the

blocks F, and F, from Egs. and .

We are aware that this is not the true for the underlying probability
model employed by [BIHM] however motivated by the use of the same updating
rules for both algorithms and by promising experimental results presented
here, we decided to study such a variant and call it [Natural Bidirectionall

| 7See Section |2.3.2| for more details. |
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IHelmholtz Machine| (NBiHM]). The update rules of the NBiHM]| are
B B S
Ort1 =6, —nF, 12 Z Z Wk Lp (r,r) and
; Tq (5.16)

1
Grr1 = O — 77F !

ZZWkVkaT .

rlkl

The algorithm is presented in Algorithm [5]

Algorithm 5: Natural Bidirectional Helmholtz Machine

1

N

© 0 N o ook w

10
11

12

13

14

Let = be a minibatch of samples from the dataset

Let p and ¢ be the distributions of the generation and the recognition
networks with weights W and V'

Let w be the importance weights from the BiHM

Let M be the depth of the HM

for each layer i from q ascending with h° = x do

Sample A from q(h*t1|ht)

Compute the weights @ from the multiple samples

Compute the gradients Vi L, with respect to W* as in (2.27)

Compute the matrices for (F)~! for the sub-blocks in ¢ with hi*!
and p(h'|h") as in (5.9)

Compute VI L, = (F})"'ViL, |

Compute the gradients Vi Ly’ with respect to V* similarly to
g-wake as in ([2.30))

Compute the matrices (F)~! for the sub-blocks in i with h*"! and
q(h'|h*~") as in

Compute VLY = (F})"'V.LY N N

Update W* and V" using n with the VL, and V| Ly’ with the w-s

as in ([5.16)

Experiments with the Natural Bidirectional Helmholtz
Machine

For the experiments with [NBiHM] and [BiHM] we use the exact same model
architecture, hyperparameters (mini-batch size and sample size) and data-
augmentation as we have previously describedﬂ The exact values for the

8See Appendix |§| for more details.
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hyperparameters that are set on a per-experiment basis (learning rate, damp-
ing factor and K-step) are specified in the following and they have been
chosen always to favor each algorithm for the given experimental setting.

105.0 105.0
—e—  NBiHM LR0.001 Dp0.2 K1000
102.5 ——  NRWS LR0.005 Dp0.2 K1000 102.5
——  BiHM LR0.001

100.0 100.0+

97.5 97.5

95.0 95.0+

loss
loss

92.5 92.5+

90.0 90.01

87.5 87.5+

85.0 0 250 500 750 1000 1250 1500 1750 2000 85.0 0 10000 20000 30000 40000 50000 60000 70000

epochs time (s)

Figure 5.10: Training curves for MNIST for the [BiHM|and [NBiHM]algorithms,
continuous lines represent the quantities on the train set, and dashed lines
the ones on validation. Left: loss of algorithms over epochs; Right: loss of
algorithms over wall-clock time (s) [LR=learning rate , Dp=Damping factor
a, K=K-step].

MNIST

We trained on MNIST as in the original paper (Bornschein et al. 2016]),
with with fixed learning rate and sample size, and we compared it to
our implementation, as in Section to evaluate the impact of
the [NG] for BiHM] based on the [FIM] computed in [NRWS| Similarly to our
previous experiments, we performed them without gradient acceleration, no
regularization, and no adaptive sample size.

In Figure [5.10] we notice that compared to benefits from
the use of the NG|, both in convergence rate and for the value of the minimum
obtained at convergence, even though the [FIM|used in the computation of the
[NGlis not the proper one, but instead it is the one inherited from RWS] These
results are somewhat unexpected as we know that we are not computing the
gradient the correct associated with the p* from Eq. . The same
finding can be observed in Table [5.3|

A further observation is that a big advantage of versus [NRWS|
is its running time. Since is doing a single update for the weights
of both networks, which corresponds to the wake and g-wake updates up
to different reweighting factors, while the has a total of 3 phases,
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ALG | S| n |a| K | LLp | LLp" |T/E
BillM] | 10 | 0.001 | - | - | -87.6 | -90.745 | 29s
NBilIM| | 10 | 0.001 | 0.1 | 1000 | -86.18 | -89.21 | 38s
INRWS [ 10 | 0.002 | 0.2 | 1000 | -84.91 | - 435

Table 5.3: Importance Sampling estimation of the log-likelihood (LL) for
both p and p* on the test set for MNIST with 10,000 samples for different
algorithms after training till convergence with T /E is the average time
per epoch, S is the number of samples in training, 1 is the learning rate, o
is damping factor and K is from K-step. The values for [BiHM] and [NBiHM]

are from our own implementation.

NBiHM]| takes significantly less time for an epoch compared to [NRWS| (see

Table [5.3). However, in spite of this, even if NBiHM] outperforms [BiHM] we
could not reach the same accuracy and convergence rate obtained NRWS]

which surpasses both methods. We hypothesize that this could be the side-
effect of not using the proper for the algorithm.

Toronto Face Dataset and FashionMNIST

DS S[ n [a] K| LLp | LLp |T/E

10 [0.002 | - | - | -237.99 | -239.41 | 31s

F-MNIST 10 | 0.002 | 0.1 | 1000 | -235.95 | -237.15 | 38s
10 | 0.002 | 0.1 | 1000 | -235.65 - 485

10 [0.002 | - | - | -375.44 | -375.54 | 2T7s

TFD 10 | 0.002 | 0.2 | 1000 | -370.24 | -370.39 | 30s

10 | 0.002 | 0.2 | 1000 | -370.05 - 37s

Table 5.4: Importance Sampling estimation of the log-likelihood (LL) for
both p and p* on the test set with 10,000 samples for different algorithms
after training till convergence with SGD. T /E is the average time per epoch,
S is the number of samples in training, n is the learning rate, a is damping
factor and K is from K-step.

We compare [BIIM] and [NBiHM] to NRWS| on the FashionMNIST and TFD
datasets as well, with the results visible in Figures and respectively.
The curves on the TFD seem to confirm that outperforms both
INBiIM] and [BiHM], as previously noticed on the MNIST dataset. On the
FashionMNIST dataset instead, we observe a different trend, is the

best overall method, and keeps a lead on for half the running
time when looking at the wall-clock time.
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The trend previously seen in the training curves is corroborated by the final
convergence minima in Table [5.4], where shows a large improvement
over its non-geometric counterpart, for both log-likelihoods p and p*. However,

at convergence, in Table [5.4] the and [NBilIM] eventually catch up

and achieve for both datasets very close final minima. Hence, while in the
initial phases of training on the FashionMNIST, prevails, as seen in
the training curves, the final values at convergence are approximately within
the standard deviation of the results (estimated to be approximately 0.18 on
TFD, as shown in the beginning of the present section).

250 v 250
\ —e— NRWS LR0.002 Dp0.1 K1000 GD
W —+— BiHM LR0.002 GD

N ——  NBiHM LR0.002 Dp0.1 K1000 GD 2457

245+

240+ 240+

loss
loss

235+ 2351

230+ 2301

225 225

0 250 500 750 1000 1250 1500 1750 2000 0 10000 20000 30000 40000 50000 60000 70000
epochs time (s)

Figure 5.11: Training curves for FashionMNIST for the [BiHM|and [NBiHM|
algorithms, continuous lines represent the quantities on the train set, and
dashed lines the ones on validation. Left: loss of algorithms over epochs; Right:
loss of algorithms over wall-clock time (s) [LR=learning rate 7, Dp=Damping
factor a, K=K-step].

5.4 Convergence Properties
of the Wake-Sleep Algorithm

As introduced in Section the algorithm switches parameters in the
divergence for the sleep step. The divergence is not symmetric (see
Section , so the switch in the order of the parameters breaks the basic
converge guarantee of optimizing a single objective.

lkeda et al.| (1999) shows through a factor analysis model that one can
understand each of the optimization steps as a geometric projection from one
data manifold to the other. Consequently, if you only had a single [KT] function
in both optimization steps (similarly to VAE Section or REINFORCE
Section , the algorithm would be a version of the geometric em algorithm
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Figure 5.12: Training curves for TFD for the [BiHM|and [NBiHM]| algorithms,
continuous lines represent the quantities on the train set, and dashed lines
the ones on validation. Left: loss of algorithms over epochs; Right: loss of

algorithms over wall-clock time (s) [LR=learning rate n, Dp=Damping factor
a, K=K-step|.

Figure 5.13: Example of optimization with e and m projections for the KL
divergence; ¢, are the parameters of the generation network p and ¢; are the

parameters of the recognition network ¢ at step t. Figure readapted from
(Ikeda et al., [1999)

as seen in Figure |5.13] The convergence of the em and their relationship
to the [Expectation-Maximization| (EM)|) optimization process is known in
literature and in particular has been studied by Fujiwara and Amari| (1995)
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and |[Amari (1995).

LT}
suttu,
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0: " O

Figure 5.14: Optimization with e and m projections of the wake and sleep
phases. Figure readapted from (lkeda et al., 1999).

In the case of because of the different objectives, while the wake phase
does behave like an m projection, the sleep phase does not conform to an
e projection. Therefore, there is no straightforward way to prove that
converges to an optimum for the primary objective. In Figure we show a
possible oscillating behavior of the projections.

5.4.1 The Sleep-well and Rescaled-sleep Variants of
NRWS

Ikeda et al. describe a method, which they call [Sleep-well| (SW|), where
between each consecutive wake phase, they perform as many sleep phase
gradient updates as needed until convergence. They prove that with this
modification the [SW] phase is in fact equivalent to a gradient flow in the e
step. Thus, the Wake-Sleep-well variant of the algorithm is a version of the
em algorithm, and thus it converges to the [Maximum Likelihood Estimation|
, but only when the model p is realizable by ¢, and can also be viewed
as a |Generalized Expectation-Maximization| (GEM]) algorithm (McLachlan
and Krishnan, 2007). We illustrate in Figure how the behaves
geometrically.
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Figure 5.15: Optimization with e and m projections of the wake and sleep
phases for the variant of the [Wake-Sleep]| for comparison the [WS]
projection in dark red. ¢}, are the parameters of the recognition network
q at the i-th step sleep step within the ¢ + 1 update step. ¢;¥; is the final

parametrization of the [Sleep-well| when it converges.

Notice that the algorithm by Ikeda et al. uses the exact [FIM] while in
the present work, we are employing an estimation of the gradients and of
the based on the minibatch. In the training of the model and in the
estimation of the [FIM|[RWS| and [NRWS]| are using weighted samples for each
point in the batch to improve the quality of the estimation, this does not
impact on the convergence properties derived for the [WS| as the multiple
samples only serve to better estimate the exact and gradient. The only
change RWS| and [NRWS]| introduce, is the use of the q-wake step, which is
analogous to optimizing the same as the wake phase, which supports
the original em convergence. Further studies on the convergence properties
of RWS| and [NRWS]| in relation to the number of samples used in training
represents an interesting research direction and will be the object of future
work.

To the best of our knowledge, the [SW] variant of the [WS|is not used
in practice in experiments in the literature. We show in a few experiments
in Subsection [5.4.2] that while there is a noticeable difference between the
WS and the [SW] algorithms from the perspective of the final convergence
minimum, it is more convenient to use the former because of the increased
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running time of the second.
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Figure 5.16: Optimization with e and m projections of the wake and sleep

phases for the [RS| step variant of the [Wake-Sleep| For comparison, we show
the WS projection in dark red.

However, what if we could have the best of both techniques? We could
approximate multiple sleep steps, by doing a larger step in the sleep step,
which does not carry any time penalty with it. By rescaling the learning rate
with some factor 7,, only for the sleep phase, could potentially carry most of
the benefits of the [SW] with none of the drawbacks. We call this variant of
the [WS|[Rescaled-sleep| and we present in Figure an illustration of
such a rescaled sleep step during training.

Whether the[RS]step is equivalent geometrically to the multiple sleep steps,
we can confirm that it is not. As in any [GD] based method, the consecutive
gradient steps can change direction based on the underlying geometry of the
manifold and are not equivalent to rescaling just one step. However, whether
the rescaled method is “close enough” in approximating the [SW] to have its
benefits, we show experimentally in the next section.

5.4.2 Experiments with Sleep-well and Rescaled-sleep
Variants of NRWS

As preliminary exploratory analysis, we studied briefly the [SW] variant of
As mentioned in Section [5.4] only has theoretical convergence
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Figure 5.17: Loss on the train and validation sets of the miniMNIST with
different 1, 3, 5, 10 sleep steps for every wake step, with learning rate n = 0.001.
Left: loss of algorithms over epochs; Right: loss of algorithms over wall-clock
time (s).

guarantees for the variant where the sleep phase is repeated until convergence
after every wake phase. To the best of our knowledge, there are no studies in
the literature using this variant. It is usually commonly accepted to use WS
as a simple alternating algorithm, with one step of each phase instead.

In Figure we compare 4 variants of the on miniMNISTﬂ, with
the same hyperparameters, where we only changed the number of sleep steps:
1, 3, 5, 10 per one wake step. We see that there is a noticeable difference
between the variants, with more sleep steps resulting in better convergence in
epochs. However, looking at the real-time comparisons of the experiments, the
conclusion takes a different perspective, as the time penalty for the multiple
sleep phases ends up slowing down the algorithm significantly, with an amount
that scales linearly with the number of steps.

Next, in Figure [5.18 we studied how the [SW]affects the on a longer
training period. We noticed that the also benefits from extra steps in
the sleep cycle, however, seemingly to a lesser degree than the WS We also
tested the RS variant, because taking a larger step could benefit the algorithm
in a similar way as taking more but smaller steps. We found that slightly
increasing the length of the sleep step with a factor of 3 does benefit both WS
and The benefit of increasing the size rather than the number of steps
is that it does not come with any extra time penalty, however taking more
steps achieves consistently better minima. Doing both larger and more steps,
however, can impact negatively the algorithm (see red line in Figure .

9More details about the datasets and settings used in the experiments can be found in

the Appendix Sections @ and @
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Figure 5.18: Loss on the train and validation sets of the miniMNIST with
different 1, 3 sleep steps and 1 or 3 times [RS] steps for with learning
rate 7 = 0.001 and damping factor a = 0.2. Left: loss of algorithms over
epochs; Right: loss of algorithms over wall-clock time (s).
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Figure 5.19: Loss on the train and validation sets of the TFD with different
1, 3 sleep steps and 1 or 3 times steps for with learning rate
17 = 0.0005 and damping factor &« = 0.2. Note that the orange and green
curves are almost completely overlapping in the left plot in epochs. Left: loss
of algorithms over epochs; Right: loss of algorithms over wall-clock time (s).
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To confirm these findings we repeated the same experiment but for the
[TFD] dataset, and for a longer period. As we can see in Figure the results
are similar to the ones in the previous experiment, as 3 sleep steps and the
step by a factor of 3 are almost completely overlapping. Contrary to the
previous example, however, we see that in the case of the combined
Rescaled-Sleep-well performs the best, but again, we conclude that it is not
worth doing multiple sleep steps, as it is too costly.

Remark 6

Given the relatively small loss improvement of [SW and [RY over [WY and
[NRWY in Figures[5.17, [5.18 and [5.19, we decided to opt for the original
variant of the [W9 with 1 sleep step and with the same size as the wake
phase for the rest of our experiments. The original variant is the fastest
time-wise and it is in line with all other works from the literature, that we
compare to, thus we used the standard single sleep step through all of our next
experiments. However, based on our analysis in this section, we recommend
the use of the [RY for all variants of the [W9 for any future research, as it
s easy to implement, and it has virtually no drawbacks when combined with
an appropriate learning rate. In particular, does not lead to premature
convergence, or overshoot the minimum in the sleep phase.
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Chapter 6

Acceleration and Regularization
for Natural Reweighted
Wake-Sleep

In this chapter, we expand on our previous work on the by applying
techniques that are known to improve the performance of [GD] based algo-
rithms, in terms of faster convergence or generalization capabilities, gradient
acceleration and regularization.

We start by showing how we could adopt a class of methods to speed
up the convergence of that we will refer to as [Accelerated Gradients|
[AG). This class includes: Momentum (Polyak, [1964; |Jacobs, [1988),
IMomentum)| (Nesterov)) (Nesterov, |1983) and Adam (Kingma and Bal, 2015).
We discuss a formal framework for the definition of [AG]for training algorithms
and we show how we can use such methods with the to speed up the
convergence, with minimal drawbacks to the generalization capabilities.

Furthermore, we investigate the use of classical L' and L? regularization
methods with the NRW§S|and propose a parametrization invariant regulariza-
tion method, that can regularize independently from the choice of parameters.
We show how such a |Geometric Regularizer| (GR]) can decrease the general-
ization error in both and its non-geometric counterpart.

6.1 Accelerated Natural Gradients

|Accelerated Gradients| (AG|) methods (see for a review Goodfellow et al.| (2016]
Chapter 8)) are very common in Deep Learning and have gained popularity
in recent years (Kingma and Ba, 2015} Dozat), |2016; Keskar and Socher, 2017}
Wilson et al., |2017; Duchi et al., 2011} Zeiler], [2012), as they can speed up
the learning process of gradient descent-based optimization, with negligible
increase in computation cost per iteration, compared to non-accelerated
gradients. Intuitively, some of these methods, such as Momentum (Polyak,
1964), and Adam, work on the principle of modifying the gradient
vector based on how much it is aligned to the gradient vectors of previous
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steps. More formally acceleration is often obtained as the discretization of
second-order dynamics (Kingma and Ba, [2015). Additionally, for some
methods there is an additional term in the gradient update step, a correction
factor, which helps the [GD] based optimization to retain the correct direction,
to lower the probability of overshooting the optimization minimum (Nesterov,
1983).

Using [AG] methods with the Euclidean gradients for the optimization of
[HME does not present difficulties, and it has been applied in previous works by
Bornschein and Bengio (2015)) for and Bornschein et al.| (2016)) for
In the following, we illustrate more in detail how [AG] methods are applied
to the , through the example of the Momentum method (Jacobs, |1988])
and the [Nesterov Momentum)| (Nesterov]) with the correction factor (Nesterov,
1983).

Momentum

We describe the gradient descent step as in (3.3))
Ori1 =0 — VL) ,

where 6 are the parameters of the model, that are optimized, and VL(6;) are
the gradients of the loss at step ¢ and 7 is the learning rate. Compared to
the simple @ the Momentum method adds a v;*, velocity component to the
parameter update rule, which is based on the previous update step at time
t—1

vt = put, — VL(O)

6.1
01 = 0 + oy 6.1)

where [ is a parameter that controls the strength of the momentum compo-
nent.

The inclusion of the velocity component results in much faster convergence
(in training steps), especially at the beginning of the optimization.

Nesterov Momentum

The intuition behind the [Nesterov Momentum)| (Nesterov) is that the update of
the velocity vector and gradient vector is executed in reverse order, compared
to the standard Momentum. In the case, first we take a step in
the direction of the velocity vector, which results in an intermediary point
0¢41, and from that point we calculate the gradient update. This second
step can be understood as a “correction” to the potential overshooting of the
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Figure 6.1: The (a) Momentum and (b) Nesterov Momentum steps are
illustrated as vector updates.

velocity term, therefore, it is also called the look-ahead gradient term or the
correction factor (Goodfellow et al. |2016). The parameter updates
at step t are formulated as
Oryrpy = 0p + Buity
v = Bui, — VL(Oy)) (6.2)
011 = 6 +nuy" .
The Momentum and steps are illustrated in Figure [6.1

Adam

While Momentum and incorporate only the first-order dynamics of
the gradient to adapt the learning rate, Adam (Kingma and Bal 2015) also
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adapts the second moment to accelerate the gradients. An update step of
Adam is formulated as

vy = gy — (1= B1)VL(0:)

e = famey = (1= 32) (VL) (6.3
ooyt
t+1 t \/W_I,t‘f'e ’

where m; is the discretization of the second moment, 3; and (35 are parameters
setting the influence of v* and m, and € is used to control numerical tolerance.

In the remainder of this chapter, we will approach the [AG] methods from a
geometric perspective. In the context of Euclidean geometry, the parameters
are defined in # € RP, where R” could be understood as the Euclidean
manifold Mpg. Then, the vectors v; which are defined at 6; are defined in the
tangent space associated to the manifold My at point 6;, v, € Th), Mp. Let
us take as an example the equations defining [Nesterov] from a geometrical
perspective we can notice how the vectors defined above belong to different
tangent spaces

0;, —UV,C(@) €Ty, Mg
Buiy € Ty, \ Mg (6.4)
—nVLO + Bviy) €Ty, ,ME .

In most applications making use of [AG] methods for the training of Neural
Networks, an underlying Euclidean geometry is implicitly assumed for the
parameters to be optimized. This does not pose any issue related to comparing
gradients belonging to different tangent spaces, since all the tangent spaces
are canonically isomorphic, thus they can be naturally identified (Lee, 2013,
p. 42), i.e.

TgtME = Tgt_lME = T9t+1/2ME = TME .

Therefore, the addition and subtraction of the vectors are well-defined.

However, [AG] methods in their basic formulation do not take into account
the geometry of the statistical model defined by the [HM] therefore we cannot
apply them directly to

6.1.1 Accelerated Gradients in Riemannian Geometry

[AGI methods have been studied before in the context of [G] and Riemannian
Optimization in the works of |Alimisis et al.| (2021}, 2020)); |Chirco et al.| (2022));
Bécigneul and Ganea (2018); |Liu et al.| (2017)). Furthermore, Martens (2020a))
discusses how popular training algorithms such as AdaGrad (Duchi et al.,



6.1. ACCELERATED NATURAL GRADIENTS 97

2011)), AdaDelta (Zeiler, 2012), and Adam (Kingma and Bal [2015) are related
to the[NG] since they can be interpreted as providing diagonal approximations
for the [FIML

On a Riemannian manifold M, as in our case for the statistical model
associated with the , the different vectors from Eq. belong to different
tangent spaces

Ty M # Ty, M#*Ty,,., M (6.5)
hence they cannot be summed directly.

Note 9
Recall from Chapter[3 that we are using as retraction the subtraction oper-
ation, instead of an exponential map, in the case of vector operations on a
Riemannian manifold. For more details about retraction and gradient updates,
see Section [3.9 and the work of [Absil et al] (2009).

In the following, we will revisit the concepts of connection, metric and
parallel transform. For a brief explanation of these concepts see Sections[3.5,

On a Riemannian manifold, given a connection V, a special mapping
can be defined among tangent spaces as the parallel transport, providing
a solution to transport vectors from one tangent space to another (Absil
et al., 2009). In the setting, the velocity vector v, can be parallelly
transported to the tangent space Ty, M of the current point py,, in the case
of the Momentum or the look-ahead gradient in the case of We
illustrate visually the parallel transport before the sum of the gradient and
velocity vectors needed for the in Figure [6.2]

To compute the parallel transport of a vector X on the tangent space
defined on the statistical manifold M, one needs to solve the following
differential equation

VX =0, (6.6)

where v is a curve connecting the source and destination points and V is the
connection (see |3.5). The expression can be written as

VX =347 (XM + 0,X7) B (6.7)
irjik
where sz are the Christoffel symbols, 0; are the partial derivatives with
respect to the basis vector e; and Ej; is the coordinate vector field corresponding
to the e; basis vector (Absil et al., 2009).
One option for the choice of parallel transport would be to use the Levi-
Civita connection, in which case the Christoffel symbols are defined as

1
Iy = iglm (OkGmj + Ojgmk — OmGijk) (6.8)
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(a) The velocity vector v;—; defined on the tangent plane Ty, , M associated to
0;_1, while 6; defines Ty, M.

(b) Parallel transport of the velocity vector v;_; from Ty, , M to Ty, M and the
look-ahead gradient vector VL on Tp, /2./\/1.

where g, are the elements of the metric described by the m, and ¢g* are
the elements of the inverse of the [FIM| Computing Eq. [6.8] and by extension
solving Eq. , is in general computationally very expensive on non-flat
manifolds ( I', # 0).

Another option would be to use the exponential connection, which would
simplify the parallel transport in the general case, as for models in the
exponential family where the connection is flat, i.e., we could transport the
vectors as on the Euclidean manifold when models are parameterized in the
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(d) The sum of velocity v;—; and look-ahead gradient vectors VL with 6; after the
parallel transport to get 0y41.

Figure 6.2: The sum of the velocity and look-ahead gradient vectors using
the parallel transport for a Nesterov Momentum update.

natural parametrizationﬂ The however, is by construction not part of
the exponential family. A requirement for an (both networks of the
to be part of the exponential family is for each node of the network, to have
parent nodes which are either only one, or married, i.e., to have a connection
between them (Lauritzen) |1987). This condition only applies for a if it is
a chain of one node per layer since the children of the nodes in one network

1See Section for a detailed explanation of exponential families and the exponential
connection.
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become the parents in the other network.

In order to obtain a computationally feasible approach to parallel transport,
we relax these conditions, and we compute the parallel transport as if we had an
exponential family at hand. In other words, we behave as in a Euclidean space
with respect to the natural parameters and we transport vectors accordingly.
Our main argument, to support this choice is the following.

Based on our previous experiments with the NRWS| we noticed that the
describing the metric at a point 6, is changing very slowly (see [5.3.4]).
If we assume the slowly changing metric to be constant for large portions of
the statistical manifold, from equation (3.11)) it follows that the Christoffel
symbols I‘;'.k are 0, since the derivative of a constant metric is 0 (Zuoqin, 2016,
Chapter 10). Furthermore, it also follows according to Eq. that the
parallel transport corresponds to the identity. Therefore we could assume,
that the tangent planes for the points 6;,6,_, and 6,11/, are locally equivalent,
and we can transport vectors between them as in Euclidean spaces.

Therefore, to use [AG] methods with [NRWS| the only modification we need
to do to the methods is to exchange the gradients V for the V. These
methods are then formulated as:

e Momentum

o = o™, — VL(6,)

- (6.9)
Or41 = 0 + nuy
o [Nesterovl
9t+1/2 =0, + 6”?—1
ol = Bl — VL(Oy4) (6.10)
01 = 0, + vy’ .
° Adam
vf = By — (1= B1)VL(6:)
. 2
my = By 1 — (1= ) (VL)) (6.11)
01 =0, +1

_ Y

Vi +e’

6.1.2 Experiments for NRWS with Accelerated
Gradients

In this section, we approach the training of the [HM] with [AG] from a practical
standpoint as we test through experiments the effect they have on and
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[NRWS| In these experiments, we do not use the mathematically correct (from
a Riemannian perspective) methods for the , which would have to
use parallel transport over statistical models, because, as we have discussed
in the previous section, it would be computationally too expensive to do so
in practice. Instead, we use the default version of the acceleration methods,
as they might still be helpful from an optimization perspective. For each
[AG] method we used the standard recommended parameters, which are the
following:

e Momentum (Jacobs| 1988): g = 0.95;

 Nesterov Momentum)| (Nesterov}, [1983): g = 0.95;

o Adam (Kingma and Bal 2015): 5, = 0.9 and £ = 0.999.

Since we use the as a drop-in replacement for the gradient, we do not
fine-tune the parameters further for the individual algorithms, but take them
as given, to see how a improves on the recommended setting.

For each experiment, we report the results for 2,000 epochs of training
for the NRWS| and [RWS| In Figures [6.4] and [6.6] we additionally compare the
algorithms with [LR]in wall-clock time for a period of 70,000 seconds which
corresponds to roughly 20 hours. Finally, we train the for 5,000 epochs
to compare the final convergence minima of the algorithms, to compensate

for the larger per epoch run-time of the [NRWS| (see Table E|

MNIST

We tested each of the [AG] methods discussed above with the and
variants of In the experiments, we used learning rates of n = 10~%, the
damping factor a = 0.2, K = 1,000, and a network structure of 300, 200, 100,
75, 50, 35, 30, 25, 20, 10 dense layersﬂ The reason we used a lower n than
in the experiments in Chapter 5] is that we noticed a tendency for the [AG|
methods to overfit.

In Fig.[6.3 we see that both[RWS|and [NRWS]| benefit from the [AG methods,
outperforming in epochs the non-accelerated method by a visibly large margin,
reaching better minima in a fraction of the time. In the case of RWS], we
see that Momentum and behave very similarly during the training,

2Based on the experiments in Section the run-time of is only ~ 1.4 times
slower than the one of RWS| which means that ~ 3,000 epochs would be enough to
compensate for the time difference. However, the latter did not converge in that period, so
we ran it till 5,000 to compare final convergence values.

3The values for learning rate, damping factor and further hyper-parameters are described
and motivated in Appendix @
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Figure 6.3: Comparison of Adaptive Gradient methods on MNIST for RWS
and NRWS, continuous lines represent the loss on the train set, and dashed
lines are the ones on validation.

with almost overlapping curves. At the same time, Adam outperforms them
both for the best results in convergence rate and minimum reached. These
results are in line with what we would expect from the literature about these
methods (Goodfellow et al., 2016). In the case of the we see a slightly
different behavior, as both Momentum and outperform Adam. This
behavior is somewhat surprising, as we would expect better performance from
Adam, based on what we have seen in the case of RWS| We speculate about
the reasons behind this behavior in the following section.

In Figure [6.4] we compare RWS| and [NRWS]| with their respective best
performing [AG] method, Adam for RWS| and [Nesterov] for NRWS| In these

plots, we see that both in epochs and wall-clock time, using
outperforms using Adam, from the very beginning of the training. The

IS Likelihood estimations corroborate the results from the plots in Table [6.1]
For the RWS] we see that Adam presents the best results, while for NRWS
reaches the best log-likelihood value for [Nesterov]

TFD and FashionMNIST

We begin the experiments by comparing the Momentum and [Nesterov| methods
on the and FashionMNIST datasets and then Adam (Kingma and
. We use the same structure for the underlying @l as in the
previous experiments, for the algorithms [RWS| and [NRWS| we use the same
hyperparameters as in Subsection|5.3.7], with a fixed learning rate of n = 0.0001
and the other hyperparameters set to the standard values as described in
Appendix [A] Our aim in these experiments is to see whether any of the
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Figure 6.4: Comparison of best AG methods on MNIST for RWS and NRWS,
continuous lines represent the loss on the train set, and dashed lines are
the ones on validation. Left: loss of algorithms over epochs; Right: loss of
algorithms over wall-clock time (s).

ALG | Epochs | AG method LL
- -97.58

Momentum -87.14

2000 Nesterov -87.25

Adam -86.75

RWS - -92.83
Momentum -86

5000 Nesterov -86.07

Adam -85.65

- -90.79

Momentum -85.7

NRWS 2000 Nesterov -85.47
Adam -86.59

Table 6.1: Importance Sampling estimation of the log-likelihood (LL) on
the test set with 10,000 samples for different algorithms after training till
convergence.

Momentum based [AG| methods can improve on the performance of the
In Figure |6.5) we show how the curves of the loss evolve during the training
on the datasets, for the RWS|and the In each plot, we compare the 3
aforementioned [AG| methods to the simple non{AG] variant of the algorithms.
We notice that the curves for Momentum and almost completely
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Figure 6.5: Comparison of Adaptive Gradient methods on TFD and Fashion-
MNIST for RWS and NRWS, continuous lines represent the loss on the train
set, and dashed lines the ones on validation.

overlap. Even when they do not overlap, their behavior is very similar, with
approximately the same inflection points and minima, even though all weights
in the experiments are initialized with some random noise added. Therefore
we will mostly discuss the [AG] methods in pairs as the first-degree methods
(Momentum and and the second-degree method (Adam )
Looking at the experiments done with (Figures and ,
they reflect our expectations based on the literature, for both datasets. The
algorithms employing first-order [AG|] methods outperform the plain gradient
variant, both in convergence rate and reached minimum loss. Adam further
improves on the performance over the first-order methods, in both speed and

4By first-degree and second-degree methods we mean that the former use the discretiza-
tion of the first derivative of the moment and the latter use the discretization of the first-
and second derivatives (Kingma and Ba) 2015), as described in the previous Section.
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convergence minima, more in the case of [TFD] than for FashionMNIST, but
also in the latter to a noticeable degree.

When analyzing the experiments done with NRWS| (Figures and
, we see a slightly different behavior. While all methods seem to
improve on the results in convergence rate and loss, we notice a switch in
the order of the methods from a performance perspective, as the first-order
methods overtake the Adam very early in the training (from the beginning in
the case of FashionMNIST and at around 100 epochs for [TFDJ). Not only do
the first-order methods have a faster convergence rate, but they also reach
better minimums for both datasets.
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Figure 6.6: Comparison of the best Adaptive Gradient methods on TFD and
FashionMNIST for RWS and NRWS, continuous lines represent the loss on
the train set, and dashed lines the ones on validation. Left: loss of algorithms
over epochs; Right: loss of algorithms over wall-clock time (s).

In Figure we compare RWS| and [NRWS| on FashionMNIST and
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[TFD] with their respective best performing [AG] method, Adam for RWS] and
or Momentum for In these plots, we see that both in epochs
and wall-clock time, for both datasets, outperforms [RWS| both using
[AG] from the very beginning of the training.

The results are summarized in Table [6.2], where we present the losses
of the algorithms using Importance Sampling with 10,000 samples after
2,000 epochs for and 5,000 epochs (till convergence) for . We
see the results from Figure reflected in the values of the table, namely,
that in the case of RWS], Adam dominates the other [AG] methods, while for
Momentum and [Nesterovl seem to be the best choices. It is worth
mentioning that in almost all cases the NRWS| outperforms the RWS| when
comparing them with the same [AG] with the notable exception of Adam for
FashionMNIST.

Our hypothesis about the reason why prefers first-order methods
over Adam lies in the assumptions we take when we use the with [AG]
methods. When applying the first-order methods to an [NG| optimization
without taking into account the geometry, we are implicitly assuming a locally
flat manifold for the associated statistical model, where one can parallelly
transport vectors, as in the Euclidean space. Probably, if the manifold is close
to being flat in the neighborhood of a point, this action can be done, without
a strong impact on the optimization process, and it leads to good results, as
in our case for the Momentum and the which both improve on the
non{AG] variant.

When using second-degree methods, the implicit assumption of almost
flatness in a neighborhood of a point appears to be stronger compared to first-
order methods, since the covariant derivative (which we assume to vanish) is
used not only to compute parallel transports but also to compute accelerations.
While we see that the second-degree methods also improve on the [NRWS|
not to the same degree as the first-degree ones. One could argue that this is
because of too strong of an assumption, however, we have seen in previous
experiments (Section and Appendix , that the m of the manifold
is very slowly changing allowing us to avoid the recalculation of it for a K
amount of steps. Seeing how Christoffel symbols for the Levi-Civita connection
depend on the gradient of the metric, small changes in the [FIM] result in
almost negligible changes in the covariant derivative on the manifold with
respect to the directional derivative.

Notice how [Martens| (2020b, Section 11) discusses how second-order meth-
ods, such as Adam can be understood as using empirical estimations of the
diagonal components of the [FIM] and by extension, they can be viewed as
variants. Therefore we could understand using Adam and at the
same time for as overlapping methods, where Adam adopts a rough
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approximation of the [FIM]in the computation of the gradient and
uses an estimation of the true [FIM] In the light of this, we speculate that in
this context applying Adam to [NG| appears to be incompatible, indeed, in
our experiments we found that using Adam with leads to sub-optimal

performance.

DS ALG | Epochs | AG method LL
- -249.44

Momentum -239.05

2,000 Nesterov -238.99

Adam -238.28

RWS - -244.85

. Momentum -237.44
FashionMNIST 5,000 Nesterov 53730
Adam -236.66

- -243.1

Momentum -236.16

NEWS 2,000 Nesterov -236.29

Adam -237.33

- 377.77

Momentum -373.76

2,000 Nesterov -373.72

Adam -371.51

RWS - -377.24
Momentum -372.57

TFD 5,000 Nesterov -372.42
Adam -370.89

- -376.74

Momentum -369.7

NEWS 2,000 Nesterov -369.68

Adam -370.01

Table 6.2: Importance Sampling estimation of the log-likelihood (LL) on
the test set with 10,000 samples for different algorithms after training till
convergence.

While our results using [AG] methods with [NRWS| are promising, the
adaptive steps of Momentum and and the accumulated momentum
of Adam are still implicitly assuming a Euclidean manifold, which from a
geometrical perspective is not the correct approach, since it is not considering
the Fisher-Rao geometry of statistical models. This motivates the exploration
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of Adaptive Riemannian Gradient methods for [HM, in potential future works,
which account for the geometry of the statistical models.

6.2 Regularization of Weights in Helmholtz
Machines

A recurring problem in all Machine Learning tasks is the lack of generalization.
The most common way to quantify this issue is to measure the generalization
error, which measures how well a model can behave on yet unseen data, com-
pared to the performance on the training set. Commonly the generalization
error is measured by studying the generalization gap, which is the gap between
the losses measured on the train set and the validation set during training.
While we expand on our previous work, we can develop better methods to
improve the generalization gap, by regularizing the parameter space.

Regularizationﬂ is a technique in Machine Learning that is commonly used
to obtain better generalization properties, a typical approach is by forcing
the weights of a model to be small, and implicitly to keep the model more
simple (Occam’s razor principle) (Goodfellow et al., [2016)). The reason for
this is usually to prevent overfitting when a model learns the training data
too well and does not generalize on new unseen data. One method commonly
used is forcing a simplified structure on the model, so it does not get as
“overconfident” in its goal by learning noise in the training set, and thus as a
consequence, by reducing the number of weights it reduces the generalization
gap (or generalization error). We measure the generalization gap as the
distance between the performance of the algorithm on the training set and
the validation set (Bishop|, 2006). This measure is not an absolute measure,
however, but a relative one. When comparing two different training methods
on the same dataset which have the same performance on the train set, we
prefer the one where the generalization gap is smaller, i.e. the performance of
the algorithm on the validation set is better or equal, as it usually generalizes
better on yet unseen data.

6.2.1 L' and L? Regularization

A common way of regularizing a training algorithm is to add to the loss
function a term that penalizes some norm of the weights, i.e. to force the
values to be small, as illustrated in Figure 6.7}

SWe refer to (Goodfellow et al. (2016, Chapter 7) for a review of common regularization
techniques in Machine Learning.
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’ng

Figure 6.7: L?-norm of a weight vector w = [wy, wy].

The most common regularizers, which we will be referring to as
(LR), are L' and L? regularizers, based on the L' and L? norms,

which are defined as

L' (z) = ||z|, = Z |z;|  sand (6.12)

L(z) = [|z]l2 = /ZIH (6.13)

which correspond to the first- and second-order p-norms

() = Jlall, = ﬁ

Commonly, the norms are raised to the power of p so that the root functions
disappear, which simplifies the calculation of the gradients with respect to
them.

These common regularization methods, however, do not account for the
geometry of statistical models. In the case of statistical models that have
a Riemannian geometry, as for [HMk, these regularization methods are not
compatible with the geometry, for instance, because they are not invariant
to the choice of parameters. This, in turn, means that [LR] for statistical
models might not lead to the desired effect of favoring models with better
generalization properties.

To evaluate the effectiveness of [LR]methods on[HM] we add a regularization
term to the empirical estimate of the loss, with a coefficient /3, to control the
strength of regularization. Thus the new update rules for the will be

buis = 0, =0y £ 305 (@9 L) + AV

1TBlkSI ) (614)
buir = 0= nF 530S (55 + VL) + BV

rlk:l
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where || - || is a placeholder for both L' and L? norms.

6.2.2 Experiments with L! and L? Regularization

We conducted some experiments with the [LR] on [HM, in order to evaluate
what effect they have on the training and generalization properties of the
algorithms. We tested the L' and L? regularizers on both FashionMNIST and
[TFD]in a similar experimental setting, as in Subsections and Appendix[A]
We chose the best-performing learning rates, damping factors, and K-step
for each algorithm from the previous experiments. For both FashionMNIST
and datasets we used the same network as in all previous experiments
Subsection |5.3.7] The added regularization terms to the loss are equal in both
cases (RWS|and NRWS)) and the added time penalty is negligible, compared
to the cost of the other operations (dominated by the computation of the
[FIM]). We present the behaviors of the [LR] variants on [RWS|and NRWS| during
training in Figures and [6.9, where we used a budget of 2,000 epochs.
In Table [6.3, we present the final convergence minima of the best-behaving
algorithms, where we let the RWS| train till 5,000 epochs, to compensate for
the slower per-epoch run-time of (see Table H

We tested different values for 3 for RWS|and [NRWS] for both datasets, to
see the effect that each regularization method has on the respective algorithm.
Through these experiments, we also want to find a candidate value for (3,
which minimizes the generalization gap and provides good performance on
the validation set, for each training method and dataset.

We present in Figure the effects of the L! and L? regularizers on both
RWS| and NRWS| for FashionMNIST and in Figure for [TFD]

In the case of the in Figure[6.8] we see different behaviors for L' and
L? regularizers, while both improve on [RWS| and [NRWS|in some capacity.
Starting with the L! case, notice that for @l using most of the tested values
for £ in the range of 0.0005—0.01 leads to almost the same performance on the
validation set, with an early convergence, compared to the non-regularized
version. We can see the same early convergence behavior in the case of
the for all values of 8, however, it is immediately apparent that all
regularized models end up at a worse convergence minimum than the non-
regularized algorithm. In this sense, L! regularization makes the learning
worse, than if we would not regularize at all.

6Based on the experiments in Section the run-time of is only ~ 1.4 times
slower than the one of RWS] which means that ~ 3,000 epochs would be enough to
compensate for the time difference. However, the latter did not converge in that period, so
we ran it till 5,000 to compare final convergence values.
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Figure 6.8: Training curves representing the loss using LR on TFD with RWS
and NRWS, for different values of 5. Continuous lines represent the quantities
on the train set and dashed lines the ones on validation.

L2 regularization behaves as we expect on where we see that the
regularization improves the performance of the algorithm, with stronger
regularization being better up to a given value (5 = 0.05). However form
we see a different behavior, compared to the non-geometric counterpart. We
see that a small amount of L? regularization (8 = 0.0005,0.001) slowly derails
the algorithm from a better optimum to a worse convergence minimum, while
for larger amounts of regularization (5 > 0.05), the algorithm converges
almost instantaneously to a sub-optimal convergence value.

Therefore, in the case of the [TFD| both [LR] methods fail to improve the
performance of the NRWS|

Studying the behavior of LR] methods on FashionMNIST in Figure 6.9} we
notice that neither regularization method, for any tested value for 3, improves
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on either RWS| or NRWS| We see a clear trend for both L! and L? that the
larger 5 we take, the more the training underperforms to the non-regularized
version.

We compared the final minima after the convergence of the algorithms,
with the best S-s for each regularization type and without any regularization
and we present these results in Table [6.3] We used the best values for the
learning rate and damping factor as in the previous experiments. The findings
in the table corroborate the results from the previous figures, as we find again
that the tested L? regularizers do not work for the geometric algorithm
as the non-regularized versions of the algorithms come out on top for both
datasets. In addition, for the even if regularizers improve on the results,
as in the case of the [TFD] they do so only marginally.

DS ALG | Epochs | Regularizer B LL

- - -239.39

2000 L 0.00001 | -239.29

L2 0.00001 | -239.34
: ey
FashionMNIST 5000 LT 0.00001 | -237.61
L2 0.00001 | -237.63

- - -236.49

NRWS 2000 LT 0.00001 | -236.65

L2 0.00001 | -236.51

- - -373.87

2000 Lt 0.01 -372.89

L2 0.05 |-370.39

RWS - - -372.63

5000 L! 0.01 [ -3729
L2 0.05 -370.3

- - -370.32

NRWS 2000 Lt 0.01 -372.5

L2 0.1 -370.9

Table 6.3: Importance Sampling estimation of the log-likelihood on the test
set with 10,000 samples for different algorithms after training till conver-
gence (5,000 epochs for RWS|and 2,000 epochs for |3 - the rate of
regularization; LL - log-likelihood].

Based on the previous results, the following questions arise: Why is the
performance of the less effective for the in the case of and
why do they only affect the learning on FashionMNIST in a negative way?
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Figure 6.9: Training curves representing the loss using LR on FashionMNIST
with RWS and NRWS, for different values of 8. Continuous lines represent
the quantities on the train set and dashed lines the ones on validation.

Our hypothesis lies in how the regularizers work in the context of an [HM]
and what specifics the data of FashionMNIST has. As we have mentioned
previously, [LR] works by enforcing a constraint on the magnitude of weights
of the network, ensuring that the models do not learn extreme values for their
parameters.

The fact that regularized algorithms are discouraged from learning extreme
values for the parameters explains why regularizers have a detrimental effect
on the performance of the training algorithms on FashionMNIST. If we look
at any sample from the dataset (samples shown in Figure and the
Appendix [A] Figure , we notice that every image has a black background.
A black value is represented as 0 (or analogously —1 for a tanh activation), to



114 CHAPTER 6. ACCELERATION AND REGULARIZATION

sample a 0 from a Bernoulli distribution one needs the output of the sigmoid
to be close to 0, which means that the input of the sigmoid has to approach
—00 as

() =0.

therefore, the model is required to learn extreme values for its parameters to
generate constant black backgrounds. Hence, regularizing the model with L*
or L2 for FashionMNIST is not beneficial to the learning, as it is discouraged
to learn the extreme values associated with the background of the images.

Figure 6.10: Sample images from the FashionMNIST dataset.

The success of NRWS| over RWY|is partially based on the fact that thanks
to the [NG| the size of the gradients is modified depending on the metric,
and it can grow in magnitude, depending on their direction, compared to the
gradients of (Amari, |1998). With larger values for gradients, the size of
the weights can grow faster, and as such the algorithm can explore a much
larger area in the parameter space, for a fixed amount of steps, so that it can
converge faster to better local minima of the optimization. The methods,
however, set constraints on the size of the weights, by definition, which limits
the area in the parameter space where the training algorithm explores, which
area consists of less extreme values. In this sense, we hypothesize that the
for actively work against the benefits of the NRWS] as it limits how
large the weights of the network can grow. Indeed, we can see this behavior
in the case of the black values of the FashionMNIST data, where the
is much better at learning the extreme values for the weights, representing
the black values, and achieves smaller losses than using methods.

We illustrate how the norms of the weights and gradients change through-
out the training of the wake phasd’| with a regularized and a non-regularized

"We have verified that the curves of the loss and norms of the weights and gradients
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(d) Loss, weights and gradients of NRWS with LR for FashionMNIST.

Figure 6.11: The evolution of the norms of the weights and gradients on TFD
and FashionMNIST with RWS and NRWS: (left) evolution of the loss during
training, validation set with dashed line, train with solid line; (center) norm
of weights; (right) norm of gradients; in epochs.
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algorithm for both RWS| and [NRWY|in Figure We see that the losses
for both methods and both datasets, the regularized versions in the first
few epochs get reduced to a minimal value, and stay there until the end
of the experiment. In all cases, except for the  RWS| on [TFD] this minimal
convergence value on the validation set is larger, than the non-regularized
version. Simultaneously, the gradient becomes near constant but not 0 for the
entire experiment length. However, we see that for the non-regularized NRWS]
which outperforms the other methods by achieving a smaller value for the
loss, the norm of the weights takes a much higher value. We can also notice
that the norm of the gradients in this case decreases and eventually, it will
level out. The non-regularized RWS]| behaves similarly to the non-regularized
in loss and norms of gradient and weights, only it is slower, as we
know from previous experiments (see Section to reach the same values
for the measured quantities. Furthermore, the behavior of the norms of the
weights shown in the plots confirms our hypothesis about FashionMNIST. We
can observe that the norms of the weights of the non-regularized algorithm in
Figures [6.11c| and [6.11d| reach much higher values than for the regularized
version, implying that the non-regularized algorithms learn larger weights.
We have seen that using the does not work for all datasets, as well as,
[LR] does not help the convergence of the NRWS| However, this does not mean
that we cannot regularize geometric algorithms on [HMk. In the following
section, we explore some possibilities of regularizing statistical models using

concepts.

6.3 Geometrical Regularization over
Statistical Models

In the case of a statistical model py, we need a different measure of complexity,
than the norm of the parameters 6 to differentiate between simple and complex
models (Occam’s Razor). A good geometric principle is to find a dissimilarity
measure that is independent of the parametrization #. One such measure of
complexity could be the entropy of py, as it is most commonly associated
with a state of disorder, randomness, or uncertainty.

Another approach to measuring the complexity of a model py is to compare
it to some fixed reference distribution pg, one which is a standard or a non-
informative distribution, and preferably independent of the parametrization
6. In the case of SBNE, using Bernoulli distributions for the random variables,
po could be chosen to be the uniform distribution, for which the weights of

during the sleep phase behave analogously to the curves of the wake phase.
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the parametrization are 6; = 0. As a reference distribution pq is independent
of the training data and it is always returning probability 1/2 independently
from input.

Given a reference distribution pg, there are multiple ways to regularize
our distribution py in relation to it, which usually requires that we have to
define some form of dissimilarity measure, a distance or more generally a
divergence, between the two distributions, where a smaller value for such a
measure relates to a higher similarity between the two. Regularization then
is understood as encouraging similarity between the two distributions. Some
of these measures we could use and minimize are the following:

1. The divergenceﬁ between the distribution p and the reference py:
The [KT] divergence has the advantage that it is independent of the
parametrization of py and pg. Indeed, we can show that using the [KTJ
divergence as a measure equals maximizing the entropy of the statistical
model py if py is the uniform distribution over binary variables (see

Subsection for more details).

2. The length of a geodesic defined on the probability manifold M con-
necting the distributions py and py: Minimizing the length of geodesic
connecting py and py is not a trivial task, since calculating the geodesic
itself is generally computationally expensive (see Section for more
details). Equivalently, one could minimize the norm of the velocity
vector associated with the geodesic, however, this requires calculating
the logarithmic map Log,,(py), which is also not easy to compute in
the general case. Such a method could be possible for proper choices of
the geodesic (not necessarily using the Levi-Civita connection) for some
statistical models, such as the ones in the Exponential family, but as
the is not part of any of those. Applying this type of regularization
is not trivial, and the exploration of such techniques could be explored
in future works’

6.3.1 Entropy Regularization of a Helmholtz Machine

In this section, we calculate the [KI] divergence between the generative dis-
tribution py and a uniform one p, with fixed parameters. Notice that the
uniform distribution py has maximum entropy, and is defined for finite sample
spaces. If we take the binary case where our py are Bernoulli distributions

8For more information about the KL divergence, see Section
9Geodesics, velocity vectors, the exponential family and logarithmic maps are explained
in Chapter @
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and pg is the uniform distribution, we get

po(z, h)

dzdh
Po (.f, h)

arg tI()nin Dxkr [pe(z, h)||po(z, h)] = arggnin /pg(:c,h) In
= arg min /pg(x, h)In pg(z, h)dxdh
9

— arg min /pg(x, h)Inpo(z, h)dxdh
0

const. w.r.t. 6

= arg min /pg(x, h)Inpg(z, h)dxdh
0

= —argmin Hplz, h| = argmax H,[z, h] .
0 0

(6.15)

We see that by maximizing the entropy H of the distribution py we
minimize its divergence from py.

Methods based on the maximization of the entropy are well known in the
literature, they have been introduced by Jaynes (1957) in the form of the
Maximum Entropy Principle and have had a rich research history since (Shore
and Johnson, |1980; |Guiasu and Shenitzer, |1985; Fornalski et al., [2010)). The
Principle of Maximum Entropy is based on the premise that when estimating
the probability distribution, one should select the distribution that leaves
the largest remaining uncertainty (i.e., the maximum entropy) consistent
with your constraints. This choice maximizes the probability that we do not
introduce any additional assumptions or biases into the estimation (Lloyd
and Penfield, 2003)). In simpler terms, the principle states that when faced
with multiple probability distributions that all represent the same data points
from a dataset similarly well, the best choice is the distribution that has
the maximum entropy, as that one is the most likely to generalize well on
new/unseen data (Maj, 2021). Regularizing the entropy is very popular in
Reinforcement Learning (Audiffren et al., 2015; Haarnojal 2018), in particular,
the method known as Soft Actor-Critic (Haarnoja et al., 2018)) uses the concept
of maximizing the entropy in training to balance the exploration-exploitation
trade-off in continuous exploration spaces.

In the case of the [HM] we can use entropy maximization to increase the
generalization capability of the learned model. By choosing as a reference
distribution the uniform distribution, in the light of Eq. , we can
estimate the entropy for both the generative and recognition distributions
of the and add it as a regularization term to the loss during training.
These extra terms force the training to converge towards minima with higher
entropy. Therefore, following the Maximum Entropy Principle, the model
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should be able to generalize better. The entropies for the [HMk are defined as

Hp = Epyan) [Inpg (, h)] and
Hy = Eq¢(h|1’) [In.gg (R|z)]
In the case of the generative distribution p, we can rewrite the diver-

gence from Eq. (6.15) as a sum of divergences following the chain rule
(Braverman) 2011])

DKL [p(x, h)||p0(l’, h)] =

= Dxy [p(m‘hl)”po(ﬂhl)} + .-+ Dgyp [p(hM)Hpo(hM)} . (6.16)

Similarly, following (/6.15]), the entropy of p can be rewritten as a sum of
layer-wise entropies

Hpla, h] = Hylalh'] + -+ H,y W]

Because of this decomposition, by introducing regularization to the loss
function, we still conserve the advantage of WS based methods, that the
gradients can be computed and updated per-layer, a very important property
for the efficient use of . Hence, we can write the conditional entropies

for a layer 7 as
Hy [WWH] = Epy gy [Inpy (B[R] and

o o 6.17
oy (W0 = By oy [Ingy (5] (o10

In practice, the exact quantities are replaced by empirical estimations,
which allow the computation of the gradients by Monte Carlo sampling. We
estimate the gradients w.r.t. the expectations in Eq.(6.17) of H, and H, by
sampling from the parent layers

1 2B 0lnpy(zp, h .
VoHy, = 5722, pe(aék) ) yith (&), hiwy ~ pol, h) and
k=1
1 S'Balnq (hk‘.’ll'k) .
Voly = 5 > ¢a<;(s) B2 with @, gy ~ gol, 1) -
k=1

Notice that the computations of the gradients of H are almost identical to
the computations we use for the gradients of the loss L in Eqgs. (2.22) and
(2.23) only with samples coming from the opposite distributions. While the

10 Although we only showed here the derivation of the entropy of H,, the derivations are
analogous for the H,.
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samples for calculating the losses L per layer come from either the data
distribution p* or the opposite distribution (p for the recognition and ¢ for
the generative), the sampling needed for computing H-s layerwise come from
the same distributions, therefore the entropies are independent of the data.

By adding the gradients of the entropies to the update rule of the training
algorithm, we can regularize the statistical model to prefer higher entropy
distributions while learning p and q. We will refer to this method of regulariza-
tion as [Entropy Regularizer] (ER]). The final update rules for the parameters
of the [HM] for the with [ER] can then be formulated as

B 1 B .S,
Or1 =0y — 77Fp_1 [BV&HP + B Z Z kaeLp,(k,r)] and
r=1k=1

_ 1 B S 1 i ~ w
¢t+1 — (bt — 77Fq 1 [ﬁV¢Hq + @ Z:l kz_:l §V¢Lq,(k,r) + ka¢Lq7(k7r)] s

(6.18)

where we can control the strength of its effect with a parameter 3.

6.3.2 Experiments with Entropy Regularization

We tested [ER] on both FashionMNIST and in a similar experimental
setting, as in Subsections [5.3.7 and [6.2.2] We present the results in the plots
with algorithms running 2, 000 epochs for training both for RWS| and [NRWS|
For the final importance sampling values which we present in the tables,
we also include RWS| ran for 5,000 epochs, to compensate for the longer

per-epoch run-time of NRWS'| In all our experiments with we use a
warm-up period of 50 epochs, which we have shown to be appropriate in the

Appendix [C.3] Similarly to the [LR] methods, in the case of the [ER] the added
time from the computation of the gradient of the entropy is negligible, as
it has the same complexity as the computation of the gradient of the loss,
therefore we report the experiments only in training epochs.

In Figure [6.12] we present the change in the loss of [HM] models trained
with [RWS| and [NRWS| on [TFD| and FashionMNIST for different values of 3
for the (0, 0.8, 2.0, 5.0).

By analyzing the plots, we immediately notice that the for certain
values of 8 improves on the performance of both RWS| and [NRWS| in con-

vergence rate and final minimum, compared to the non-regularized version,

1Based on the experiments in Section the run-time of is only 1.4 times
slower than the one of RWS] for all datasets, which means that ~ 3,000 epochs would be
enough to compensate for the time difference. However, the latter did not converge in that
period, so we ran it till 5,000 to compare the final convergence values.
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Figure 6.12: Loss of the training algorithms using ER on TFD and Fash-
ionMNIST for RWS and NRWS, for 5 € {0,0.8,2.0,5.0}. Continuous lines
represent the quantities on the train set and dashed lines the ones on valida-
tion.

commonly on both the validation and train set. As we see in Figures
and [6.12d] the [ER] also improves on the FashionMNIST dataset, on which
the methods failed to improve (see Section [6.2.2)). Looking at the effect
of the different $-s on the loss, we conclude that the most favorable value is
£ = 2.0 among those we tested, as smaller values lead to less performance,
and larger values can lead to sub-optimal behavior (Figure or worse
performance than the non-regularized variant (Figure . In the case of
the NRWS] the [ER] seems to have immediate benefits on the training, while
for we see less improvement at the beginning of the training for in
the convergence rate, but ultimately the curves of the regularized algorithms
overtake the non-regularized one.

An important difference to mention, when comparing the results of the [ER]
with the ones done with L! and L? regularizers, is that the former does not seem
to improve just on the generalization gap between the train and validation



122 CHAPTER 6. ACCELERATION AND REGULARIZATION

curves of the experiments, but they improve on the overall performance of
the algorithms, by achieving better performance on the train set as well, not
just the validation.

We analyzed the effect the [ER] has on the weights and gradients during
training for the and FashionMNIST when using it with [RWS| and [NRWS|
in Figure[6.13] We see that, in fact, has the opposite effect on the weights
and gradients of the model than the L? regularizer, while also outperforming
the latter in reached minimum loss. We observe that the [ER] encourages
larger norms for the weights, which, as we speculated before in Section [6.2.2
is likely to result in more extreme values, which leads to better minima of
the loss. We can also notice for both datasets and both and
when using [ER] that norms of the gradients converge to some minimum, after
which they stay constant, similarly to the non-regularized version, but with a
higher norm, which likely contributes to the higher norms for the weights.

DS ALG | Epochs | Regularizer | 3 LL
- o -239.17

2000 R 2.0 | -238.71

RWS - T 23752
FashionMNIST 5000 ER 50 | -237.04
- T -236.49
NRWS| | 2000 R 2.0 | -236.05

- - 3739
2000 R 2.0 | -373.18

- - | -372.56
5000 ER 2.0 | -371.31
- T -370.32
NRWS| | 2000 ER 2.0 | -369.61

Table 6.4: Importance Sampling estimation of the log-likelihood (LL) on
the test set with 10,000 samples for different algorithms after training till
convergence with [SGD] where 3 is the regularization parameter.

Finally, in Table we present the best performance of the algorithms
measured in the loss with and without [ER], where we see the trends seen
in the plots confirmed by Importance Sampling estimation of the loss, with
10,000 samples. We see that indeed, for both datasets and with both training
algorithms RWS| and [NRWS] using [ER] improves on the final optimization
minimum. We notice in fact even when we run the RWS] for 5,000 epochs,
the final log-likelihoods are lower than the ones for the These results
are strengthened by what we learned from the curves in Figure [6.12] that the
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Figure 6.13: The evolution of weights and gradients in epochs on TFD and
FashionMNIST with RWS and NRWS: (left) evolution of the loss, validation
set is represented with a dashed line, train with a solid line; (center) norm of
weights; (right) norm of gradients.
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DS ALG | Regularizer and AG LL

[RWS| - -87.36

MNIST - -84.91
NRWS ER £ = 0.5, Nesterov -84.88

[RWS| - -237.52

FashionMNIST - -235.65
NRWS ER g = 0.5, Nesterov | -235.43

|RWS| - -372.56

- -370.32
NRWS ER £ = 2.0, Momentum | -369.61

Table 6.5: Importance Sampling estimation of the log-likelihood (LL) on
the test set with 10,000 samples for different algorithms after training till
convergence, where /3 is the regularization parameter. The values for RWS
and the plai are taken from the tables of Chapter .

[ER] improves on the non-regularized algorithms in both convergence rate and
minima of the loss reached.

6.4 Regularized Natural Reweighted Wake-
Sleep

We have seen in Section that we can improve the convergence rate of
by using [AG] methods. However, we noticed that in some cases there is
a need for regularizing the model. In Section [6.2| we showed that regularizing
the with techniques leads to some advantages in certain cases (TFD)
but in general, it cannot be applied to learning all datasets. Furthermore, we
discussed how [LR] methods are geometrically not sound for using them in
concordance with Therefore, in Subsection [6.3.1] we showed how the
can be used as a geometrically suitable regularization method, to improve
the performance of NRWS| on all datasets. In this section, we conclude the
chapter by combining all the improvements mentioned above and
to compare to the state-of-the-art results of NRWS| presented in the previous
chapter.

In Table [6.5| we present the results on the MNIST, FashionMNIST and
[TED] datasets using the best settings for gradient acceleration and regular-
ization, for each dataset. Notice that for all datasets, the version using [ER]
and [AG]| outperforms the plain NRWS| For the MNIST and FashionMNIST

datasets, we see only marginal improvements, however, if we consider that
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both improvement methods have been shown in the previous sections to im-
prove the convergence rate of the algorithms, with no noticeable computational
time-penalty, we think they are improvements nonetheless as they converge
faster to better results, even if we do not train until convergence. In the case
of [TFD] we see a larger improvement, compared to the other datasets, which
also confirms our hypotheses about the difference between black-background
images and more neutral images from the previous Subsection [6.2.2]

We conclude that using both [AG] and [ER] methods is almost always
beneficial to training. Since both methods can improve on both and
NRWS| methods, with no noticeable drawbacks it is an obvious choice for any
training method on an [HM]
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Chapter 7

Applications to Natural Images

In this chapter, we focus on the flexibility and scalability of[Natural Reweighted|

[Wake-Sleep] in particular, we focus on types of random variables that can be
modeled with [Helmholtz Machines, and on the size of the data in terms of

image resolution that the model can process.

So far we modeled image data with binary variables, when continuous
variables would be a better representation, therefore, we adapt the to
represent non-binary data. We compute the associated with Gaussian
random variables for the HM], which we show has a fine-grained block-diagonal
structure comparable to the one used for binary variables.

Later, we present how convolutional networks can also be used together
with the to learn datasets with higher resolution images, which would
be computationally demanding when using only dense layers, because of the
increased size of the blocks of the [FIML

7.1 The Normal Distribution in Helmholtz
Machines

In their work, |Dayan and Hinton| (1996]) proposed multiple variants of the
in addition to what we have used thus far, such as using different network
architectures, sampling methods, activation functions or distributions with
the model. One of the proposed options is to use Normal distributions to
represent continuous data, instead of the Bernoulli we have used up until
now, which enables us to use continuous random variables for the [HM] which
is particularly useful for learning and representing natural images.

Natural images are typically represented as 256 discrete gray or color levels,
in machine learning applications we usually rescale the discrete values equally
spaced onto the [0, 1] interval. These discrete values are typically then treated
as continuous values, and generally, we use a continuous distribution, e.g.,
Gaussian, to model them, up to truncation for values outside the interval of
interest. While previously data augmentation techniques and sampling were
needed to learn continuous data represented through the mean parameters of
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Bernoulli distributionsﬂ with a Normal distribution we can learn the values
directly.

When we use a Normal distribution in a [HM] the definition of the loss
function of the NRWS (log-likelihood of wake, g-wake and sleep) do not
change, however, the per-layer gradients for the parameters of the distribution
do. Recall the loss of a single layer of the as a conditional log-likelihood
In p(hi|hi*1; @), we can substitute p with the [pdf| of a conditional Normal distri-
bution N (p, o) having mean p and standard deviation o. More precisely[’| we

consider the parameters of node j as ¢/ = (W7, W27) with p™/ = (WZLJ ) hit!
and o™/ = exp ((Wé’j)Th"“), ie.

o (hi,j hi—i—l) _ N(hi,jLui,j’O_i,j)

i ,60)2
_ _M
om (o9 2(o™)

2
) (hi,j _ (WZLJ)TMH)
= CNT L eXp | — T 2 )
exp ((Wé’]) h”l) V2 2exp ((WCZ;J) hi+1)

(7.1)
where exp is the exponential function exp(z) = e®. The exp function in the
standard deviation ensures that ¢ has only non-negative values, which is
needed by definitionf’|

Remark 7

In this section, we will do all derivations for Gaussian random variables
only for the generation network p of the [HM| for simplicity, however, every
derivation applies analogously to the recognition network q as well, which we
skip for brevity.

We can calculate the gradients of the log-likelihood, first with respect to

'For more details about data augmentation for binary data see Appendix @

2We make the same assumption as we made in Note [4] that there is an implicit bias
term as in W - x + b, but we shorten it for brevity.

3When putting in practice the above derivations, we add a constant e to the o, where
0 < € < 1, which is a common technique in machine learning, to ensure the o is never 0 to
avoid numerical errors (i.e., the denominator of the first term in Eq. ), however, we
ignore this term in the formulae.
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then with respect to W7 as

s np (190) =

0 1 (hid — pid)?
) 7 i T Xp |~ T 2
W™ exp <(W3—’]) h’“) V2 2exp ((Wgw) h”l)

0 0 T
= — 711’1 V 27 —Wlnexp <(ng‘7) thrl) —
~—— —

oW,

0
0 (hi -y’

- i,j - 2
8Wa 2€Xp ((Wé,j)Thi-i-l)
(b — i) 9 1
i,5 . 2
2 oWs exp ((Wé’j)Thi“)

:(““fﬂff_l)mﬂ_
()
(7.3)

The computation of the above gradients enables us to train the with
Gaussian distributions using the non-geometrical algorithms, such as: WS]

— _hi+1 _
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[RWS| and BiHM] However, we are interested in training with the NRWS]
which is based on the and requires the computation of the and its
inverse. We recall from Chapter [4] in Eq.(4.3)) our previous result that the
for the can be written as a block-diagonal matrix

F(6) = —Epyun [block—diag (Vaiup (n9 ]+ 677)) } (7.4

i€ [07M_ 1] 7j€ [0,[1}

where 6%7 are the weights of network parameterizing the random variable h%/
given its parents h**1.

Theorem 2
The blocks of the [FIM for the [HM using Normal distributions for the random

variable p™, the mean of a node j in layer i, parameterized by WZLJ are

i I i1\ "
Foin = Epan) [ eyl (h*) 1 : (7.5)

For the random variable 0%, the standard deviation of node j in layer i,

parameterized by W7 the blocks of the can be defined as
ij 2 (h — i) i i+1\ |
o = Epan) [Wh ! (h H) . (7.6)

The off-diagonal blocks of the[FIM, using the derivatives of both pn and o, are

i 3 d” I
Fot e =Epan o (R9h )
(oWl o(Ws) (7.7)
_ 2(hY =) T
= ]Ep(:t,h) -—Wh (h ) — O .

From the above theorem, it follows that the using Gaussian random
variables has a similar fine-grained block diagonal structure as we had with
Bernoulli distributions, which is one block per neuron j. In this case, the
blocks are twice as large because the distribution has two parameters (u
and o). However, following Eq. the block of the neuron j also has two
diagonal blocks, one for 1 and one for o, resulting in double the number of
weights and blocks for a fixed network topology, compared to the Binary case.

A visual representation of a for a single layer of the is shown in

Figure
In the following two subsections, [7.1.1and [7.1.2] we will prove this theorem.
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Figure 7.1: Graphical representation of the Fisher information matrix for a
Network with 3-2 nodes and the prior using Gaussian random variables. The
gray lines identify the blocks associated with the layers of the network and a
single node of the network. The matrix admits a fine-grained block-diagonal
structure with two blocks for each node. The blocks are ordered from the
bottom layer to the top starting from the upper left.

7.1.1 The Hessian of the Normal Distribution

To prove Theorem [2, we have to first calculate the Hessian of the joint
log-likelihood defined in Eq. ([7.1)). Let us calculate the derivatives w.r.t.

o2 o2 | o2
owga(wi) awsia(wi)' " owa(wi)

Since we already calculated the first derivatives w.r.t. Wi/ in Eq. and
w.r.t. Wi in Eq. let us start by calculating the second derivative of the
first term W57
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5 (hzyj _ (Wﬁ’j)Th”l) pitl

o? L
lnp hz,]‘hl—i-l — -
. TN T TN T i\ 2
oW o (W) ( ) o(Wi?) (0%9)
R+l . . )
(i) 3 N T (hm B (W;J)Thzﬂ)
@) o(wi)
hi+1(hi+1)T
(0
To calculate the derivative of the loss w.r.t. 8—2T we can start
owglo(wy?)
from the first derivative W‘ZJ we calculated in Eq. (7.3)):
92 o
Inp h”|h“rl =
. NE
oW o(Ws?) ( )
_ 0 (™ — p™7) B+
= iNT .. 2
8( 0_’]) exp ((W;’J)Thi+1>
_ C2(hY =) hi+1(hi+1>T
(79)°

Finally, we can compute the off-(block)diagonal elements of the [FIM| by
taking the first derivative with respect to W/’/ from Eq. (7.2) and the second
derivative, with respect to W2

o2 . 0 (R — ™) :
Inp (A" |Ri+1) = h
owia(wa)' e () (W) exp ((Wé’j)Thi“)Q
. N 0 1
— hz,] 0] hl+1
(17 =) O(Wii) exp ((Wévﬂ')Tth
2 hl’] — by i

To conclude, the Hessian of the loss of a layer ¢ contains the following
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derivatives
0? . 1 . . T
1 R hz+1 — _ hz—l—l hz+1 7 )
owira(wi) () = g™ () 9
& ity = 2 = ) T
A Inp (hH|h ) = G 1 (p) (7.9)
and
0’ gt _ 2 (h" — ™) i1\ |
awﬁja( ;’,j)—l— lnp (h J |h +1> - —W}l +1 (h +1> . (710)

7.1.2 The Fisher information matrix of a Normal
distribution

In order to derive the [EIMlfor a statistical model associated with the [HHM] with
conditional Gaussian random variables, we need to compute the expectation

for each Hessian from Egs. (7.8)), (7.9) and (7.10).
Starting with the for the parameters of the random variable p*7, we

get

hy 82 1np(hi,j|hi+1)
Foi = —Epn) — —
? ,J 1,J
owiTa(wi?) | (711)
1 . NT]
_ 1+1 i+1
= Lo l(am)?h (=) |-

Since the structure of the probability distribution p is a Markov chain
p(z, h) = p(z[h)p(h'|h?)..p(R") |
we know that for any function f(h?) the following equivalence holds true
Epam[F(B)] = By [ Bpguiripiay [y [F(B)]]] - (7.12)

The expectation terms from p(h~!|h') to p(x|h') can be ignored, since from
their perspective f(h') is a constant, which can be extracted, and then they
all resolve to 1. Then the expectation of f(h') can be estimated by Monte
Carlo sampling through the previous layers:

By ()] ~ 3 F(A), with ¥ p(h]0M) . (7.13)
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In the case of the we can sample from g(h*1|h?) instead, which is much
simpler.

Since the expectation is only dependent on the random variable
R (o7 is also a function of A™™!) we can compute the empirical estimation
of the block of the by Monte-Carlo sampling h*™! n times from the
approximate distributiorﬁ as

i1 L i i\ T . it1 i1 i
Fp,{b——z(aijyh (R1) with B~ g(hTH ) (7.14)

n

In our case we use n = B - S, where B is the size of the minibatch and S
is the sample size, similarly to how we did it in Eqs. and from
Section [5.2] In the case of the for the parameters of the random variable
o, we have

o 82 In hi,j hi+1
Foo = ~Epn) l o] )]

oW gy

2 (hi9 — p)* i+1)
= Ep(:c,h) |:W,J)2h +1 (h +1> .

Notice that, compared to Eq. , there are two random variables (h' and
h**1) in the above expectation, which we can solve by splitting it over the
two separate variables. The innermost expectation concerning h considers
hit1 and thus the parameters p*/ and ¢%’ as constants, hence we can pull
them out of the expectation

(779"
9pi+1 (hH—l)T

(749"

9 (B — i) L NT
B niis 1) [(M)h’“ (n 1) ] —
(7.15)
.. .o\ 2
Ep(hilhi+1) [(h ) — ) ’]) } .
Knowing that for a random variable z sampled from a Normal distribution

N (i1, o), the second central moment is E [(z — p)?] = 02, we can simplify the
above expectation as

opi+l (pi+1yT N 9 9 (gii)? T
ng)Q)Ep(hi|hi+1) [(hw — ,u”]) } = (fji,j)l pitl (h1+1)

_ opitl (hiJrl)T '

4This estimation is explained in detail in Section



7.1. THE NORMAL DISTRIBUTION IN HELMHOLTZ MACHINES 135

Notice that the geometry of ¢ is constant over the individual nodes j and only
depends on the layer i + 1. Furthermore, if p (R""!|h"*2) is also a Gaussian
distribution, and knowing that for a normally distributed random variable x
the non-central moment is E [22] = u? + 02, we can simplify the expectation

from Eq. as
]Ep(hi+1|hi+2) {2}1“—1 (h”’l)—r} =92 (Mi-‘rl (Mi—H)—r + 0_i+1 (O_z'-i—l)T) )

This result is satisfying since the solution to the expectation can be
estimated more simply and can be shared for all blocks of the layer 7. The
empirical estimation of ]:;;:{, can be obtained by

F;:{‘ = 5 th—i-l (hz—i-l)T with Bt~ q(hz+1|hz) : (716)

which holds for any distribution of the random variable hi*1. If p(hi*!|hi+2)
is also a Gaussian distribution, we can estimate the block of the as

S (uz’-&-l(ui—i-l)—r 1 it <0i+1)T>
_ iz W;ﬁlhﬁg (WZ+1hi+2)T + exp (W;+1hi+2) (exp (W;+1hi+2))T ;

with hi+2 ~ q(hi+2|hi+1) )
(7.17)
For the off-diagonal elements of the [FIM] for node j in layer i involving
both p and o, we have

2
LI pitl) | —
Ep(z. ) law;;jawéﬂ' np (h"|h )1 —
_ 2(h™ — p™) i e\ T
= Ep@,n) lwh (h ) -
Refactoring the expectations with respect to h*/ as we did in Egs. (7.12) and

(7.15), and knowing that the first central moment of a random variable x
sampled from a Normal distribution N (p, o) is E [x — u] = 0, we have

2 (W —p) 1) T
]Ep(hilhi+1) [— (Ji,j)Q Bitl (h —H) 1
9pit1 (hi+l)T

(749"

L (7.18)
Ep(hi‘hi+1) {h J o) ’J}

=0.
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O

Since the expectation with respect to h® given h**! is 0, it follows that we
have a similarly fine-grained structure for the [FIM] to the one of the Bernoulli
case (see Section , which has smaller blocks than what is commonly used
in the literature. We visualize the structure of a [FIM]in Figure [7.2 with the
blocks reordered compared to Figure to illustrate the difference to the

usual assumption from the literature (Desjardins et all 2015 |Grosse and
Salakhudinov}, 2015; Sun and Nielsen) 2017)).

’ w }l1+1

lo(ll +1) 2 lo(l1+l)

2l0(l1 + 1) 210(11 + 1)

o

b 3
Ip+19
h(lz+1) { ’ 20y (I +1) |

L o

(a) FIM structure of our model. (b) FIM structure of other’s model.

li(l2+1) { Iz

23 (ly + 1)
(o

Figure 7.2: Graphical representation of the FIM for a network using Gaussian
variables with 3-2 nodes and the prior. The gray lines correspond to the
blocks associated with the network layers. The FIM admits a fine-grained
block-diagonal structure with blocks of size equal to the size of the hidden
layers. The blocks are ordered from the bottom layer to the top starting from
the upper left. The literature comparisons are from the works of |Desjardins
et al.| (2015),Grosse and Salakhudinov| (2015) and [Sun and Nielsen| (2017)).

7.1.3 Natural Reweighted Wake Sleep with Normal
Distributions

In order to use the with Gaussian distributions, we need to invert the
E'IME from the previous section.

Remark 8

Notice that the in Egs. and can be written as a product of
matrices in the form UQU" as we have seen in Section with different
values for ) compared to the binary case. It follows that Eq. , which
we introduced in Section [5.3.5, is still valid to invert and regularize the
in the NRWS.
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Thus, the inverse of a series of blocks corresponding to layer i of the [FIM]
is given by

(Fz‘)—l _ (a[li +UQ! (U”l)T) -

P 14+«

_ 1‘;@ []li _ it (a (Qi)*l i (Ui+1)T Ui+1>_1 (UiJrl)T ,

(7.19)
where « is the damping factor, U*"! has as columns the samples h*™! and Q*
is a diagonal matrix with entries /0% in the case of the F7, and the identity
I, for F)7.

When all layers of the [HM] are normally distributed we can directly
estimate the from Eq. (7.17)). In this case, we do not need an elaborate
inversion as in the Eq. (7.19]), but we just calculate the inverse after the
summation of the terms, as it has the same computational cost as computing
the inner parenthesis in the former equation (o (Q%)~" 4 (U) " U1,

As a consequence of the remark above, the complexity analysis we have
done in Chapter [5] also applies here, i.e., the complexity of the is
dominated by the inversion the of F}7 and F2J (only in the general
case as in Eq. using the Woodbury formula. Since usually, the bottom
two layers of the [HM] are the largest, in the general case for o we have a
computational complexity of O(ly(l1n + n*)) every K-th step and O(ly(l1n +
n?)) on all the other steps for both matrices. On the other side, when all layers
have a Gaussian distribution, only the inversion of F* has the complexity
presented above, which still dominates the computation.

To illustrate the capabilities of our algorithm we used it on the
(Susskind et al., 2010), with the same hyperparameters as we used in our
previous work (damping factor a, K-step, batch size B and sample size
S), except the network architecture, which has the same sizes with Normal
distributions on every layer and the learning rate 7. The learning rate has
to be lowered compared to the binary case because the continuous random
variables are faster to learn, as a consequence, we chose the value of 1074

In Figure [7.3] we show generated images using binary and continuous
distributions. First, notice the difference between the number of iterations till
convergence of the methods, as in the continuous case just after 200 epochs
the faces look comparable to the ones of the binary case after 5,000, thanks
to the faster convergence of continuous variables compared to binary ones. In
the binary case, we see faces with much stronger facial features, i.e., shadows,
orientation, mustaches or emotions, compared to the continuous case, but also
more salt-and-pepper noise and blurriness, sometimes to the point that the
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(b) Images generated as means of continuous variables after 200 epochs.

Figure 7.3: Images generated from an HM trained with NRWS with (top)
Bernoulli and (bottom) Normal distributions.

face is unrecognizable. While faces in the continuous case are more smooth,
but with less recognizable features (sometimes we cannot differentiate between
lips and teeth, and almost all faces are oriented directly towards the camera),
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however, there are no unrecognizable faces. Some of these problems may not
appear at different scales, as for larger images the small, pixel-scale mistakes
would be less noticeable.

7.2 Convolutional Neural Network

So far we have analyzed dense network architectures, where every neuron is
connected to every other neuron from the adjacent layers. However, we would
benefit from the flexibility of using other types of layer structures to introduce
sparsity in the weights, to be able to scale up to support e.g. larger
images. Less dense structures, such as convolutional layers (LeCun et al.,
1998), through weight sharing and by exploiting spacial information, have
been shown to greatly reduce the number of parameters used for learning
datasets with larger data.

We aim at expanding the capabilities of the by being able to apply
it to convolutional networks. To achieve this, we first need to investigate the
geometry of convolutional layers through its to enable us to use it in the
context of the update.

7.2.1 Convolutional Layer

Convolutional layers and |[Convolutional Neural Networks| (CNNs|) gained con-
siderable attention after the pioneering work of |LeCun et al. (1998) where they
first used it for classification tasks on images. Typically such a convolutional
layer applied to images can be represented as a function, where the inputs
x and the outputs y are 3-dimensional tensors, where the weights V' is a
4-dimensional tensorﬂ and the bias d is a vector. Let us define these quantities
with sizes as:

e x:H XWX C, where H is the height, W is the width and C is the number
of channels of the input z;

o y:H XW XF, where H is the height, W is the width and F" is the number
of channels of the output y;

e V:KxLXCXxF, where K is the height and L is the width of the weights
of the filter V;

e d:F ., which is the bias;

5Also usually referred to as filters in the context of CNNs
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Figure 7.4: Convolutional mapping of the input layer x to an example output
element from y. In this example H=4, W=4, C=2, 0 =2 W =2 F =2,
K =2, L =2, with s = 2. The blue area shows which area of = is multiplied
with the weights V" to define y¥* in the case where i1 =1, j =1 and f = 1.
The bias d*, represented as a yellow cube, is added output to the previous
multiplication which results in y%*, red cube. The dark green element Vi.s
is multiplied with the pink elements x5t%~1:si+1=Le thanks to the shift given
by the stride s.

e s : scalar, is the stride.

The weights V' of the layer usually do not span the whole height and width
of the input layer x (K < H and L < W). The convolutional operation works
by applying the same filter V' as a sliding window over the input x. The
weights V' are shifted by s number of elements vertically and horizontally
until they cover the whole input. We can define the function implemented by
the convolutional layer for an element of the output 3% as

K L C
YUt =D N T ykbet gtk LsstLe 4 gt (7.20)
k=11=1c=1

The result is that the outputs y“f capture only local information about the
input x, depending on the indices 7, j, and the width and height of the filter
K x L. In Figure [7.4] we show an example imagd], of how such a convolutional
function applies its weights V' to an input x. Additionally, activation functions
and probability distributions can be applied to the end of such layers, similarly
to the previously used dense layers, to transform them into stochastic layers.

6In Figure the notation - means all the indices along the axis, therefore V%
represents the £-th 3D sub-tensor of the 4-dimensional tensor V.
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Note 10
For an intuitive explanation of how we get to this many indices, and how
the convolutional formulae work, we refer to Appendiz[E|, where we build up

from the simplest two-dimensional case to the final, complex version we see
in Eq. (7.20), with multiple input and output channels, padding, and stride.

Note, that the fact that in a convolutional operation, we shift the filter
V over the input x, can be understood as sharing the said weights per layer.
This is an important property of convolutional layers since the sharing of
weights reduces the number of weights per layer.

7.2.2 Deconvolutional Layer

The deconvolutional operation can also be used to define a deconvolutional
layer where the sizes of the parameters are equivalent to the convolutional
ones, only now we treat y as the input and x as the output

e x:HXWXxC, where H is the height, W is the width, and C is the number
of channels of the output x;

o y:H xXW xF, where H is the height, W' is the width, and F is the number
of channels of the input y;

e« W :K XL XF xC, where K is the height, and L is the width of the
weights of the filter W;

e b: C, which is the bias;

e s : scalar, is the stride.

Note 11

For simplicity of notation, we assumed the same sizes H,W,C,F K, L for heights,
widths, and depths of weight tensor, input and output tensors for the convolu-
tional and the deconvolutional case, which would mean that they are mirror
images of each other. In practice, that is not always the case, as by modifying
the sizes of the filter W and stride s we could end up with the same size for
the input and output, therefore sizes of the filters of the convolutional and
deconvolution layers may not be equal. We made this assumption only to
simplify the text and to not introduce any further constants.

The deconvolution operation for a single element z%¢ can be defined as
K L F
xijc _ Z Z Z Ty klfe y(ifk)/erl,(jfl)/erl,f 4 e ,Where
k=11=1f=1 (7.21)
y(ifk)/s+1,(jfl)/s+1,f —0 if (Z — k) + 1’ (.] - l) +1 ¢ N .
S S
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mij(t

T

Figure 7.5: Deconvolutional mapping of the input layer y to an example
output element from z. In this example H=4,W=4,C=2H =2, W = 2,
F=2 K=2,L=2 with s = 2. The blue area shows which area of x is the
result of the deconvolution of 3%, red cube, with the weights W ¢, green
cube, summed with the bias 0°, yellow cube, in the case where 1 =1 j = 1,
and ¢ = 1, summed. The pink blocks of x are the result of the deconvolution
of y by the elements Wyy¢., dark green, thanks to the shift given by the stride
S.

Similarly to the convolutional layer, we can view the deconvolutional operation
as a sliding window of shared weights over the input. In Fig we present
an illustration of a deconvolution operation.

Remark 9
Note that a deconvolutional layer is not an inverse operator of a convolutional
one, as there is no direct, one-to-one correspondence between the weights W

and V.

7.3 The Geometry of a Convolutional Neural
Network

Recall our derivation of the gradients of a [DAG] from Theorem [T} where we
have shown that the [FIM] of a [DAG]Jis block-diagonal. It is easy to see that
[CNNE are still DAGE, which means that the theorem holds for these types of
layers as well. However, introduce an extra property by weight sharing,
which means we have to treat them differently.

Theorem 3
Let G be a directed acyclic graphical model, whose variables are grouped in
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layers such that each node from the i-th layer has parent nodes from the
(i — 1)-th layer. The variables are grouped per layer in disjoint sets (partition)
US; = N, where S;NS; = 0, VS;,S; C N, where the same variables are
applied to multiple pairs of parent-child nodes within one set. The
associated with the joint probability distribution p that factorizes as the product
of conditional distributions according to G has a block-diagonal structure, with
one block for each subset S; per layer, of size equal to the number of parent
nodes.

In the following section, we prove Theorem [3| and we see how it applies

to [CNNE in [HMk.

7.3.1 The Directed Acyclic Graph View of a Convolu-
tional Network

Let N be a directed graphical model, with the nodes divided into two sets,
N = {x, h}, with = the set of observed random variables (points in the data
set) and h the set of hidden random variables, generating the observations. We
suppose in our calculations that = and h are discrete. The joint distribution
of the nodes in N can be written in the following way, as it is classically done
in directed graphical models:

pole, ) = TT Kl 0, (7.22)
reN
where for each node r € N, 2,4, are the random variables corresponding to
the set of parent nodes of the random variable x,, and K, is the pdf (or pmf)
of z, given its parents, having parameters 0,.
However, since our weights 6; are shared within subsets S; C N, where
SiUS; =0,VS;,S; C N and i # j, with a total of R subsets, we can rewrite

Eq. (7.22) as

R
po(z,h) =[] I Kr(zs|wpacs); 6r) - (7.23)
r seS,
We illustrate an example [DAG| with shared weights in Figure [7.6 In
this example, we have two kernels K;(-;6;) parameterized by 0; = {a},

and Ks(-;0y) with 6y = {3,~}, where K; is applied to the set of nodes
Sy = {5, w6, x7, x8}, as Ky (ws|z1;01), Kq(w6|22;01), ete., and K is applied
to the set of nodes Sy = {9, x10, 11}, as Ka(xo|xs, x6; 02), Ko(x10|T6, 27;02),
etc. Note, that in the general case, the nodes of S; do not need to be
distributed per layer, as shown in the current example, but can be arbitrarily
arranged throughout the [DAG] We chose a layered distribution of the nodes
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ONORORQD

Figure 7.6: Example with shared weights 6; = {a} (green arrows)
for the set S; = {5, 26, 27,28}, and 05 = {B,7} (red arrows) for the set

Sy = {$97$107I11}-

to more closely resemble an [SBNJs structure, which forms the networks of an
M

If pp (z) is the true distribution of the dataset, our goal is to minimize
Dkr [pp(2)||pe(z)], w.r.t. the parameters 6, which is in the discrete case is
equivalent to maximizing Y, pp () Inpg(x) as shown in Chapter 2] The loss
function we are optimizing is £(0) = >, p(z) Inpy(z), where 6 is the set of
parameters 6, which define the kernels K,. The derivatives of the loss can be
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computed as

OL(6)
96, ae

= 2o (2) a(Z

x) Inpy (z)

(ms|$pas Z) (from Eq. )

i SES;

P,y (HHK(%I%S» >)

x pe(x) h 7" i sES.

i (7al2pace); 0:)

(z) j tes; i s€S;
pp (2) 0
= s h 1 Kz S a(s)s 01
; oo ()7 (2 )89T SZC:N%: n (33 [pace); 0:)

0
=2 po (@) po (hlx) 3 5o K (2l mpace: 0r)

= pp(x,h) Z 50 In K, (x5|xpa(s);9r)
x,h seSs. r
0
= Epg(:v,h) [Z 20 In K, (xslfljpa(s); Hr)]
SEST r

Since the statement inside the expectation only depends on x4 and its parents
Tpa(s), Where s € S,., we can simplify the above expectation to

0 0
aer - Ezs,mpa(s);SGSr [Z 69r " (xs|xpa(s); QT)] (724)

Therefore, computing the gradient w.r.t. the variable 6, is independent of
the computation of the gradient w.r.t. the other variables. Notice that the
gradient w.r.t. a variable 0, is dependent on the sum of all gradients of the
kernels in which it is involved.

In order to compute the [FIM] for a[DAG|with a convolutional structure, we
have to calculate the Hessian for the loss function above. From the Eq.
it follows that

Vo, Vg, Inpg (x,h) = 0y Z Vgr In K, (:178|xpa(s); Qr) ,

SES,
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with o, = 1, if » = t and 0, otherwise, since the partitions S, and S; are by
definition disjoint if 7 # ¢. This shows that the [FIM] has a block-diagonal
structure, where the blocks are sums over the individual applications of the
shared weights

F(0) = —Ep,an) [block—diag (Z Vi In K, (:cs|xpa<s>;9r)) ] - (7.25)
reN

SGST

O

7.3.2 Helmholtz Machines based on Convolutional Net-
works

In this section, we present how to apply Theorem |3| to a using convo-
lutional or deconvolutional layers. Since the [HM]is by construction a [DAG]
based on Theorem [3] we have that both convolutional and deconvolutional
layers will have a [FIM] that is block-diagonal, with a number of blocks equal
to the number of output channels, and with size equal to the product of the
layers” weights’ first three dimensions. To understand these blocks, we have
to derive the formula for the [FIM] incrementally by calculating the first-order
derivative of the loss and then the [FIML

We start from the representation of the loss as the log-likelihood of the
modelt

L(0) = E[lnpg (x, h; 0)]

We can split the nodes of the model § into sets S'" by M layers and by R'
filters that share the same parameters, where [ is the index of the layer, and r
is the index of the shared set within layer [. We can describe the parameters
that are shared by the nodes of the set S%" as {67} € #. Calculating the
gradient w.r.t. a specific 8" for a network containing M convolutional or
deconvolutional layers we get

oL 0
68573 = S Inpy (z, h; 0)
§ M-1R

= 9pir >0 > Ip (hi’s|hi+179i’t)

i=0 t scSbt

— Z 8jlmlnp (hl,s|hl+1;9l,r) 7

seShr

"For a more detailed explanation of the basics of see Chapter
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We know that the weights of the convolution and deconvolution are shared
along the horizontal and vertical axes of the output layer, the set S“" cor-
responds to the set of indices on those axes. Since both convolution and
deconvolution layers are independent over their respective output channelsﬁ7
C or F, these correspond to the number of unique blocks R. Therefore, the
gradient w.r.t. the loss, for both types of layers is

oLe) LM g o )
805771) Zzaehlnp(hl J ’hl-l-l el ) .

i=1j5=1

Consequently, according to Eq. (7.25) we can define the m of a belief

network containing convolutional or deconvolutional layers as

How
F(0) = —Epy(a,n) { block-diag (ZZV%M Inp (hl»ijr‘hlJrl;el,r))] 7

le[0,M—1};re[1L,R!] \ j=1 j=1
(7.26)
with a single block for layer k! with output channel r will have the form
B ’
Fr = —Epun [Z > Vi Inp (hlmhf“; 0’"’)] : (7.27)
i=1j=1

Let us focus on a single layer [ of the belief network to understand better
the derivations of the [FIM] as illustrated in Figure [7.7 If we view [HM] as
an [SBN], we have the layered formulation of the gradients, which holds true
when we use convolutional layers as well. Consider a single layer with the
distribution p (y|z; 0), parametrized by #, with input x and output y of the
layer. In the following, the distribution p can have an underlying convolutional
or deconvolutional layer, the distinction is not important at this point.

Knowing that the loss of the [HM]is the log-likelihood of the network, we
can calculate the gradients of the layer with respect to the loss as

a / /
891np (y|z;0) = ZZZ

i=1j=1r=1

50" lnp( ar| HT) (7.28)

where the sums over H and W represent the sliding window over the height and
width of the output, and R represents the output channel, which corresponds
to the C in case of the convolutional layer and F for a deconvolutional layer.

8 All the constants and indices that are written Monospace fonts are used as they have

been defined in Sections @ and @
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KXLXCXF

,
HXxWxC —
H xW xF
W“‘l
\F
® +F =
w2
T N y
e
W.J

(a) Convolutional layer with F' = 3 output layers.

r K-L-C

F-(K-L-C) 1

.

(b) FIM of a convolutional layer with F' = 3 output layers.

Figure 7.7: (a) Graphic representation of a convolutional layer with input
x of size H X W x C and output y of size H x W x F with weights W of size
K x L x C x F, W represents the f-th tensor of size K x L x C; each color
represents a different output channel in both the weights W and output y; (b)
the structure of the FIM associated to the weights W of such a convolutional
layer, with the different colors aligned with the blocks of the FIM.

We consider 6" to be a linear function of  with the weights W. Taking
the derivative w.r.t. a specific weight W*'" using the chain rule

i r d T .. OT 0 r ), ]
]np (y] |£If,6‘ ) = %lnp (y] ’*%9 ) av[/'kltr(9 (VV’ Z’]) ’ (729)
@ ©)

In this formulation, we assume that the activation function is part of the
first term (D), e.g., the sigmoid function for a Bernoulli distribution or the

0
IV kLt
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exponential function for the o of the Normal distribution, and we consider
the second term (2) to be a derivative of a linear function of W.

We know that (2) will result in a variable of the input layer z (since
0" (W,i,7) is a linear function), depending on the indices of the output ijr
and the indices of the weights k1¢r. We can define a function {2 that recovers
the input variable from x with the right indices, based on the ijr and k1tr to
replace our derivative as

0
aWkltr

igr o _
Qe =

0 (Wi, j) . (7.30)

This function is defined for convolutional layers according to Eq. (7.20]) as

Qi]ﬁr _ Wkltr Z Z Z Wklcf si+k—1,sj+1-1,c (7'31)

k=11=1c=1

— xserk 1,sj+1—-1,t

and for deconvolutional layers according to Eq. (7.21)) as

0

K L F
Qz]rr _ Wklfc x(i—k)/s—l—l,(j—l)/s—l—l,f
> o

i—k)/s+1,(j 1)/s+1t

where z(79)/s+1L.G-1)/s+1t ig defined only for (’;—k) +1, (J;—l) +1eN.

Notice, that in both cases in the definition of €2, the index r does not
appear on the right side of the equation. This is not surprising, since in the
convolutional case the weights are shared per output channel £, and in the
deconvolutional case the same for c, therefore, we can drop the respective
indices from 2. We can rewrite Eq. using (2 as

awfkmlnp (yijrlw;ﬁr) = <889 lnp( ijrlm;mn Do (7.33)

Furthermore, we can vectorize the operation above by noticing that the
second term %, which is a derivative of 8", is shared for all indices k1t, and
therefore we can flatten the 2-s to a vector a&ﬂ

0 >1np(yijr\:v; 97‘) —

dvect (W) 0 lnp( I 97") vect (Q”) . (7.34)

G

9The notation - means all the indices along the axis, therefore W*" represents the r-th
3D sub-tensor of the 4-dimensional tensor W.
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where Q% is the tensor made out of Q, for all indices k1¢. In order to derive
the final form of the according to Eq. (7.27) we need to compute the
Hessian of the loss, which results in

82 gr) .. or\
dvect (W"'T‘)avect (W’")T Inp (y J |x, 0 ) =
: i g T (7.35)
= Sy P (71 07) veet (27)vect (27)

Based on Theorem (3| all other blocks of the Hessian for vect (W) and
vect (W), where r # t are 0.

Remark 10

Notice, that the formulation of the Hessian of the loss in FEq. applies to
both types of distributions which we have studied thus far, i.e., Bernoulli and
Gaussian.

Finally, to define the [FIM] of either the convolutional or deconvolutional
layers for binary and continuous variables, we only have to replace (1)

62 ir T
W Inp (Z/ |50 )

with the appropriate derivatives for the respective distributions. In the
Bernoulli case where ' ~ Bern(p*”!), for 0" = p“! we have

_ _ lnp 171 T gty — _ gt 1— 75t
aputa(pz]t)—r (y | P ) P ( P )
according to Eq. (5.1). In the Gaussian case, where y"/* ~ N(u'*, c%'), for
0" = pu¥t we have
0? g g 1
1 Wt| .. 0t —
8Mijt(‘)(ﬂijt)T np (y 1 ) (a-ijt)2

as in Eq. (7.8) and for 8" = o' we have

82
ao-ijta(o-ijt)T

as in Eq. ([7.9).

2 (7 = iy’

Inp (ymmaiﬁ) - (oit)?
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Having all the ingredients we can define a block of the for the
parameters of W=7 as

H’ w’
Fy = —Epan [Z > Vi Inp (RH7 R 0 )}

i=175=1
L 0?Inp (hl”’“|m;9’">

= T Ep(h) {Z > 8o vect (Ql+17ij>vect (Ql+1vij>T}

=1 j5=1

o {82 Inp (hl,ijr|x;9’”) vect (Ql+1’ij)vect (QHl’”)T ,

— E,,
ZZ p(z,h) aera(@,,,)T

i=1j=1
(7.36)
where Q14 is the Q¥ function for the [ + 1-th layer.

Remark 11

From Eq. it follows that all versions of the convolutional and decon-
volutional [FIMs, whether they are Bernoulli or Normal distributions can be
written as a product of matrices in the form of UQU .

It is clear to see that for the UQU " representation of layers using Bernoulli
and Normal distributions only differ in @ matrices (see Remark [§). Notice
that we can use the same sampling technique from Section to estimate
the block of the [FIM] as

/

lefr - zn: Z Z - lg;ﬂ(fz;:];f 0r> vect (Ql+1’ij>vect (QZ+1’ij)T

i=1j5=1
with Ql+1 ij C hl+1 ~ q(hl+1|hl> 7

where n = B - S, B is the size of the minibatch and S is the sample size.

The only difference between the UQU " representation of convolutional/
deconvolutional and dense layers is that U matrices grow larger because the
former take more samples per parameters 8" thanks to the shared weights
over height H and width W of the output. While for dense layers U is of size
[; xn , where n = B - S, for convolutional layers n. becomes n, = B-S -W,; - H
and for deconvolutional layers ng = B - S - W;;1 - Hiy1. Thanks to the higher
number of samples for convolutional and deconvolutional layers the estimation
of their associated become more accurate, compared to a dense network
with the same number of input/output variables.

We notice that in both the convolutional and deconvolutional case the [FIM]
is block-diagonal along the output layers’ channels according to Eq. ,
which is axis C for a convolutional layer and axis F for a deconvolutional
one. This means that for a convolutional layer instead of having blocks the
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size of (K- L-F-C)* we get C blocks of the size (K - L - F)* in the case of the
deconvolutional layer and F blocks of the size of (K - L - C)*.

Another consequence of Remark [I1]is that we can reuse all derivations
from Section (Tikhonov Regularization, Shermann-Morisson-Woodbury
method, and K-step) to invert and regularize the of convolutional and
deconvolutional layers in an [HM] Hence we can use the as defined in
Algorithm [4] using these layers without any modifications.

7.4 Convolutional Helmholtz Machines

We start by performing experiments where we compare [RWS| and [NRWS|
using [CNNk. We use continuous variables in all layers of the as shown
in Section [7.1], with the same hyperparameters as we used in our previous
experiments (damping factor o = 0.2, K = 1,000, batch size B = 32 and
sample size S = 10), except learning rate 7. The learning rate has to be
smaller compared to the binary case and compared to the continuous case
without because the sharing of the weights in the convolutional and
deconvolutional layers speeds up the convergence of the respective layers by
summing up the gradients. We chose the value of n = 107°.

One of the advantages of using is that the total number of weights
gets reduced, compared to a dense layer, therefore we can use a higher
resolution version of the[TFD]dataset, where the images are 48 x 48, compared
to the 24 x 24 pixel images we have used so far. Using larger images generally
benefits convolutional layers (depending on the filter sizes K and L), as their
“field of view” (convolutional window) is focused on a smaller area of the image,
therefore, convolutional layers are capable of capturing smaller details/features.
Being able to use larger images with was also one of our primary goals
to derive the for [CNNsl

We start by evaluating the performance of in the non-geometric
setting by comparing the use of convolutional and dense layers in an [HM]
Note that by construction, for an [HM] we have the restriction that layer sizes
in the p and ¢ networks must match. However, that does not mean that
for every deconvolutional layer in p, a convolutional one in ¢ is enforced or
vice-versa. Using one type of layer in one network does not set any restriction
on the other one as long as the size of the input/output layers is kept the same.
Hence, one is free to choose combinations like convolutional /deconvolutional,
convolutional /dense, dense/deconvolutional, or dense/dense for a given layer
pair. In case we use the asymmetric pairs, we have to take care to flatten or
reshape the input-output nodes for the respective layers.

We saw in our preliminary experiments that replacing dense layers with
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Figure 7.8: Curves of the loss in terms of epochs on the TFD dataset using
the RWS with different network configurations for the bottom layer: Conv/
DeConv = convolutional ¢/ deconvolutional p, Dense = dense ¢/ dense p, Only
Conv = convolutional ¢/ dense p and Only DeConv = dense ¢/ deconvolutional

p .

convolutional and, particularly deconvolutional ones decreases the perfor-
mance and introduces some unexpected behavior. We experimented with
replacing multiple dense layers with convolutional/deconvolutional layers,
where we saw that the more dense layers we replace, the worse the perfor-
mance gets, even if we increased the number of filters per layer.

To illustrate this issue, we performed experiments using only RWS| with
4 different layer configurations for the bottom layer ly: dense/dense, convolu-
tional /dense, dense/ deconvolutional, and convolutional /deconvolutional for
the ¢/p distribution pairs. In order to test the impact of the new types of
layers, we keep the top of the by using the exact same network structure
from layers [y to Iy, i.e., dense layers of the size 75,50, 35, 25, 20,20. When
we use the convolutional /deconvolutional layers for ¢(h!|z) and p(x|h') we
use 3 x 3 convolutional filters, with a stride of 2 and 8 output channels (8
input channels in the deconvolutional case). In Figure we show the losses
associated with the 4 experiments.

We notice that the network architecture using only dense layers (Dense)
and the one where we have only one convolutional layer in the network ¢
but no deconvolutional layer in p (Only Conv), perform comparably well,
with the latter being slightly better. The network architectures that use
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Figure 7.9: Loss curves for TFD in epochs using RWS and NRWS to train
an HM with one convolutional /deconvolutional layer at the bottom of the
network, continuous lines represent the quantities on the train set, and dashed
lines the ones on validation.

both a convolutional and a deconvolutional layer (Conv/ DeConv) or just a
deconvolutional one in p (Only DeConv) underperform significantly to the
former two, with some unexpected behaviors in the curves of the loss.

Recall that these experiments were performed without using NG| which
suggests that there is a problem with using convolutional and deconvolutional
layers with independently of the training algorithm used. However, the
sub-optimal performance of the Conv/ DeConv and Only DeConv could be
explained by these structures being harder to train for using training
algorithms like the RWS|

We performed our next experiments with using the NRWS| We
kept the top l; to [y layers as before and we replaced the bottom layer [
with a convolutional layer in ¢(h'|x) and a deconvolutional layer in p(z|h')
with 3 x 3 convolutional filters, with a stride of 2 and 8 output channels (8
input channels in the deconvolutional case)m

In Figure [7.9] we compare the losses of RWS| and [NRWY] trained on
the same [HM] One can notice that both algorithms converge to the same
minimum of the loss, with the converging slightly faster, however, in

10We needed to restrict our test to using only the Conv/ DeConv setting because the
size of the [FIM] of a dense layer, for the resolution we are using, ran into a memory limit
on our testing hardware (which is described in Appendix [A]).
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both cases, the curves have some unexpected behavior. The has a
bump in the loss briefly around epoch 150, while the RWS]| seems to perform
slightly better for a period between epochs 200 to 500 before converging.

7.5 Comments about the experiments

In the following, we form some hypotheses to explain the unexpected behavior
we have noticed in our experiments. Such consideration could present insights
useful for the design of more effective strategies for employing [CNNg|

If we take a look at the literature, we see that there are but a few examples
of convolutional structures being used with stochastic networks, specifically
Belief Networks, such as[RBMk. The few examples we can find are typically
based on the works of Norouzi et al.| (2009) and Lee et al.| (2009), and usually
employ some atypical approaches to make use of convolutional layers with the
statistical model, such as relaxing the weight-sharing requirement and using
only a few layers (typically 1 or 2). However, there have also been stochastic
models that use convolutional layers very successfully, in particular, the ones
based on [VAEE, starting from the work of Kingma and Welling| (2014)f7] even
if typically the stochastic layers are associated with the latent variables and
do not appear in the encoder and decoder networks.

In our hypothesis, two main observations contribute to why the [HM] does
not show improvement with convolutional and, in particular, deconvolutional
layers. First, there is an inherent limitation given by the conditional indepen-
dence structure of the [HM] secondly, the convolutional and deconvolutional
layers are constrained by their topology and the sharing of their weights.

Starting from the first observation, we can notice immediately that there
is a structural difference between, from one side, the [IM] and [RBM], where it
appears that the convolutional structure cannot be employed in the topologies
as is, and from the other the [VAE| where it can be. The difference is that the
former two typically employ a Markov-chain structure for each layer of both
recognition and generative networks, while the latter is usually composed of
a distribution per network, which does not decompose per layerﬂ.

The consequence of having a Markov-chain structure for the joint distri-

1n Sections and we present in details and

2In this section when we discuss the inherent structure of statistical models, we are
referring to the typical formulation of those models, like [AM] [RBM] and [VAE] We are
aware of more recent works, such as the ones of [Sohn et al. (2015), |Goyal et al.| (2017)),
Chen et al(2020), etc., which use hybrid solutions combined from the aforementioned
structures, that blur the lines between these stochastic models, but we will not discuss
them in this setting, as they would have to be individually addressed.
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bution of p(z, h), which we are using to learn pp(z), is that the optimization
can be executed layer-wise as in [HMs], compared to [VAES, which use back-
propagation. This could be viewed as an advantage for an [HM] since it allows
us to formulate the as a block-diagonal matrix and use efficiently
to train our models. However, this layered structure introduces a constraint,
that the distribution of each layer p(h’|h**1) has to be as close as possible to
its counterpart in the corresponding layer q(h**!|h?), through the optimization
steps which minimize

Dxr {p(hi|hi+1)||q(hi+1|hi)} for the wake phase and

, . o (7.37)
Dkr {q(h”ﬂh’)ﬂp(hl]h”l)} for the sleep phase.

The based methods typically do not have this constraint, as p(x, h)
and ¢g(h|z) usually do not decompose into stochastic layers in such structures.
As such, we can think of the [VAE] as a one-layer belief network, where the
decoder and encoder networks are treated as one, very expressive, stochastic
layer in p and q respectively. Note that there are variants of (e.g.,
Ladder |Variational Autoencoder| (Sgnderby et al., 2016)), where the hidden
layers decompose in some way, however, usually in these cases the first hidden
layer in both distributions p and ¢ correspond to the decoder and encoder
network, and the rest of the layers form the bottleneck as a small Markov-
chain. In the bottleneck layers, the constraint illustrated in our first point
still applies.

For our second observation, let us compare the simplest possible cases of
a dense layer versus a convolutional layeIE, where we have a feed-forward
network with 3 input nodes and 2 output nodes, with a sigmoid activation.
In one case we have the nodes fully connected (dense layer), and in the other,
we connect them with a convolutional filter of size 2, as in Figure [7.10]

We can formulate both distributions with the formula

y ~ Bernoulli (8 ((VV)T . a:)) ,

where y is the output vector, sampled from the Bernoulli distribution having
as mean parameter the output of the sigmoid function s and the linear
transformation’] with the matrix W of the input vector . The difference
between dense and convolutional layers is the formulation of the matrix W.

13We illustrate our points on a convolutional layer for simplicity, but it applies analogously
to a deconvolutional layer as well.

A linear layer is typically formulated as W -z + b, but for simplicity, we ignore the
bias term b, as it is not important for our current argument.
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«
(a) Dense layer with weights (b) Convolutional layer with shared

{a,b,c,d,e, f}. weights {«, 8}.

Figure 7.10: Toy examples of feed-forward networks with 3 inputs, vector x,
and 2 outputs, vector y, with (a) dense layer and (b) convolutional layer.

In the case of a dense layer, the matrix can be described as a dense matrix

a b
Wd:Cd,
e f

with {a,b,c,d, e, f} individual weights, while a convolutional layer can be
described by a so-called Toeplitz matrix (Petersen et al., |2008)) as

a 0
Wc = 6 «@ )
0 8

with {«, 8} individual weights. The individual weights of W, and W, are
represented as arrows in Figure [7.10] Notice, that W, for the convolutional
layer contains 0-s in the corners of the matrix, which correspond to the missing
connections compared to the dense layer. Furthermore, since a convolutional
layer shares its weights through a sliding filter, we have only two weights
{a, B} controlling the linear transformation, compared to the six degrees of
freedom of the dense layer {a,b,c,d, e, f}. From this simple example, we can
immediately tell that a convolutional layer is less expressive than a dense
layer, in fact, it is a special case of the latter. Notice, that the effect of the
lower expressivity of a single convolutional layer is amplified when increasing
the sizes of the input/output layers for a fixed filter size.
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While we know that a densely connected feed-forward network, with
a single hidden layer, is a universal approximator (Hornik et al., 1989)@,
the same cannot be said about a convolutional network with one hidden
layer. However, a convolutional network can be a universal approximator
given enough layers (Zhou, 2020). Hence, the reduced expressivity of the
convolutional layers is not a drawback, in fact, it is a strength because a
convolutional network can trade off the expressivity of one layer, for extracting
local information. Therefore a can achieve the same performance as a
dense layer using less weights per layer but multiple layers.

Our two observations then are as follows: First, the nature of the
dictates that layers of the generation and recognition networks have to
be forced to be close (in the [Kullback-Leibler| sense). Second, convolu-
tional/deconvolutional layers are less expressive than dense ones. As a
convolutional layer is trying to learn the inference problem at hand, it is also
forced to learn an approximate distribution to the corresponding layer of the
opposite network, see Eq. . If the corresponding layer is a deconvolu-
tional layer, with similarly few weights, the problem is even more difficult, as
their mutual reduced expressivity works to their detriment when trying to
learn each others’ inverse. The reduced expressivity of a convolutional layer
combined with the layerwise constraint of results in the sub-optimal
generalization capabilities of layers including convolutional and deconvolu-
tional layers compared to fully dense layers. Based on these observations, we
hypothesize that unless a modification is done in the way [CNNk are employed,
[HM] cannot take advantage of convolutional and deconvolutional structures.

15Tn this context we understand the Universal Approximation Theorem as stating that
any continuous function f : [0,1]" — R, where y = f(x), with inputs = [0,1]", can
be approximated arbitrarily well by a neural network with at least one sufficiently large
hidden layer (Hecht-Nielsen, [1987).
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Chapter 8

Conclusions

In this thesis, we showed how [HMk can be effectively trained using the
[Natural Gradient] (NG)), thanks to properties of [Sigmoid Belief Networks
(SBNs), which allow efficient computation of the [Fisher Information Matrix
(FIM]). Indeed, by exploiting the locality of the connection matrix given by
the network topology of [SBNE, the structure of the [FIM]is a smaller-grained
block-diagonal matrix than what is generally used in the literature. In such
models, it is not required to introduce any extra conditional independence
assumption between random variables for computing the [Natural Gradient|
(ING)) efficiently, due to the sparse structure of the and the use of coarser
representations of its blocks in terms of low-rank updates of diagonal matrices.

We introduced the [Natural Reweighted Wake-Sleep| (NRWS]) algorithm
and we demonstrated an improvement of the convergence during training for
stochastic gradient descent. was not only faster to converge, both in
time and number of epochs, but the obtained optimum resulted in better values
for the likelihood estimation compared to the [Wake-Sleep| (WS) (Hinton et al),
1995), |[Reweighted Wake-Sleep| (Bornschein and Bengio, [2015)) and
[Bidirectional Helmholtz Machine| (BiHM)) (Bornschein et al., 2016)) algorithms.
Our findings have been corroborated by experiments on MNIST as well as on
continuous datasets such as FashionMNIST and [Toronto Face Dataset| (TFD)).
Furthermore, on these datasets, outperformed [RWS| and [BiIM] also
exhibiting a better generalization gap. These results defined new state-of-the-
art performance for on these datasets, concerning not only [WS|and [RWS]
but also in comparison to the more recent [BIHM] The faster convergence in
terms of wall-clock time is indeed a key aspect of using NRWS] as it is not
common in the literature that a training algorithm based on can compete
with non-geometric ones in this aspect.

The K-step update version of the algorithm showed considerable
speed-up in terms of training time, without a decrease in performance, with
respect to its baseline (K = 1). Noticeably, we showed how in our experiments
a delayed, and thus less accurate estimation of the [FIM] was enough to
achieve state-of-the-art performances for [HMk. Additionally, the damping
factor introduced in training effectively acts as a regularizer reducing the gap
between train and validation.
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We studied the computational complexity of the algorithm which is domi-
nated by O (I (I1n + n?37®)) where Iy and [; are the bottom two layers of the
[HM] which are usually the largest, and n = B % S is the minibatch size times
the sample size. Notice that the computation of the requires storing the
FIM| which has increased memory usage compared to the vanilla gradient,
even if the compact representations of the matrix are used. Hence, the current
version of the algorithm designed for dense [SBN is unsuitable for datasets
with high resolution and color images due to the computational complexity
depending on [y * [;. This is not considered a limiting factor, since dense
layers are not usually employed for such datasets in favor of more efficient
networks based on convolutional filters.

We introduced the [Diagonal Natural Reweighted Wake-Sleep| (DNRWS)),
which has a simplified diagonal [FIM] to check whether the [FIM] of the [HM]
can be approximated more efficiently. We have shown that the exact
used in the cannot be further simplified and approximated without
loss of accuracy since the significantly underperformed compared
to the NRWS| but also to the RWS] as it failed to converge to a reasonable
minimum of the loss in all tested settings.

We developed the [Natural Bidirectional Helmholtz Machine| (NBiHM]), by
using the computed for the NRWS| with the training steps and losses of
the While the [FIM]is not the appropriate one, because it should be
derived from the special p* loss of the instead, we can still reasonably
use it because of the underlying [HM] structure, for which the matrix was
defined. We showed through experiments, that the NBiHM] still improves on
the in terms of convergence speed and reached optimization minima,
however, it does not reach the performance of the NRWS]

While we studied the convergence properties of the NRWS| we found a
simple refinement, which we named the [Rescaled-sleep| (RS), that we can use
on all methods based on the[WS|to improve the convergence compared to their
baseline. The is based on the fact that we approximate the performance
of the [Sleep-well| (SW)) variant of the algorithm (which is guaranteed to
converge to the optimum), by simply scaling up the gradients of the sleep
phase, so that the algorithm mimics the em algorithm. Hence, the [RS| can
take larger steps in the sleep phase, which is much less computationally
expensive, instead of doing multiple in the case of while achieving almost
identical performance.

Next, we adapted gradient acceleration and regularization to the geometric
We noticed that with a couple of simple assumptions, we can use
first-order [Accelerated Gradients| (AG]) methods on [NRWS| such as the
Momentum (Jacobs| [1988) and [Nesterov Momentum| (Nesterov)) (Nesterov,
to improve the convergence rate of the algorithm, without noticeable
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drawbacks, still outperforming its non-geometric counterpart using the same
method. Using second-order methods on , like Adam (Kingma and
Bal, 2015), underperformed compared to the first-order methods, while still
improving on the non-accelerated version. We hypothesized that the reason
why the second-order methods did not improve is due to the fact that our
assumptions about the local regularity of the manifold are too strong beyond
the first-order.

During our experiments with the regularization of the NRWS] we have
found that |L*/L* Regularizerss| (LRs|) did not improve on the performance of
our algorithm because of the effects the constraining the norm of the weights
has on stochastic networks. Therefore, we introduced a new regularization
method called the [Entropy Regularizer] (ER)), based on the Maximum Entropy
Principle (Jaynes| 1957). We showed through experiments that, by adding a
term to the loss that boosts the entropy of the model, the can improve
on all based models, including the NRWS| with no noticeable drawbacks.

We evaluated the NRWS| with both [AG] and [ER] and we showed that we
could improve on our state-of-the-art result, on all tested datasets: MNIST,
FashionMNIST and [TEDL

Finally, we explored the possibilities of expanding the capabilities of
the by exploring how the algorithm behaves when using continuous
random variables instead of binary ones, and how it could profit from using
convolutional network structures.

We derived the [FIM] for a layer of the [HM] using Normally distributed
random variables and we found a very similar structure compared to the binary
case, which preserves the property of being finely-grained block-diagonal, with
2 blocks per node in a layer. We could efficiently compute the inverse of the
[FTM], thanks to its structure, which enabled us to use continuous variables with
the NRWS| We showed through experiments done on [TFD] that continuous
random variables can help us to train a in fewer steps to similar results
as with binary variables.

We proved that by using convolutional and deconvolutional layer structures
in an we can still describe the model’s geometry with a finely-grained
block-diagonal [FIMs In practice, however, using a [HM] with convolutional
layers resulted in lower performance than expected. We formulated two
hypotheses about why we think these types of layers do not work well with
and why other generative models do not have this constraint.

We started this thesis with the goal of exploring the possibilities and bene-
fits of training [Helmholtz Machines| using [[nformation Geometry, Throughout
it, we have developed a novel algorithm called the [Natural Reweighted Wake{
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[Sleep| that introduced [Natural Gradient| learning to by building on
the algorithm. During our research, we have designed geometric
variants of common machine learning techniques in training, such as gra-
dient acceleration and regularization, which we could use to improve our
algorithm and reach state-of-the-art performance on [HMk. We improved
the expressiveness of through the use of continuous variables, while
maintaining the benefits of geometric learning and we derived the geometry
of their convolutional and deconvolutional layers.

Although this thesis does not exhaust all the possibilities of the proposed
research question, we have made significant contributions to the field of
and [HM] with numerous findings that could be further explored, or just
reused in other research fields. Our results can represent a starting point for
future research on improving training algorithms for Neural Networks and
Deep Learning models using geometric algorithms, such as the [NG|
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AE Autoencoder.
AG Accelerated Gradients. [52] [93] [94] [06] 97, [LOOHIO7], [124] [125] [160] [161]
BGD Batch Gradient Descent. 27]

BiHM Bidirectional Helmholtz Machine. (9] [75] [76], [80]
94} [130} 159 [160] 182} 192

CNN Convolutional Neural Network. [139] [142], [143] [152] [154], [155], [158], [179]
205}, 212

DAG Directed Acyclic Graph. [53]
DNRWS Diagonal Natural Reweighted Wake-Sleep. [T1{73] [75] [76]

EM Expectation-Maximization.
ER Entropy Regularizer. [14] [[20H122] [124] [125] [161] 199} [200]

FIM Fisher Information Matrix. [9] [44H48], 64
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GAN Generative Adversarial Network. [10]
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GEM Generalized Expectation-Maximization.
GR Geometric Regularizer.

HFE Helmholtz Free Energy. [17]
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IG Information Geometry. [10] [L1], [I4] [41], [116] [161]
KL Kullback-Leibler. [21], 23] [25] [87, [117] [L19] [158], [189]

LR L'/L2 Regularizers. [101] [L09H114] [i16] [r20] [121], [124] [i61]

MBGD Minibatch Gradient Descent. [27], 28] [66], [74{77],
MLE Maximum Likelihood Estimation.
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Nesterov Nesterov Momentum. 97], [T00H104], [106], [107], [160]
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pdf Probability Density Function. [128

RBM Restricted Boltzmann Machine. [38],

RS Rescaled-sleep.

RWS Reweighted Wake-Sleep. [I3H15], [17}, [30] 60164, [72]
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SBN Sigmoid Belief Network. [10] [12] [19] [26]
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List of Symbols

The next list describes several symbols that are used within the body of the
document. A general rule is, that we use calligraphic symbols for the exact
values of the given mathematical quantities and simple capital letters for
the empirical estimations of those same values. In particular, we used it for
the Loss, Entropy and the |[Fisher Information Matrix] Furthermore, we use
a Monospace font for constants and indices used for [Convolutional Neurall

Networkk.

Convolutional Neural Networks

c Index commonly used for channels of input in CNN’s
C Input node channels

H Height of input node

W Width of input node

f Index commonly used for channels of output in CNN’s
F Output node channels

H Height of output node

W Width of output node

S Stride

K Height of weights

k Index commonly used for height of weights in CNN'’s
L Width of weights

1 Index commonly used for width of weights in CNN’s
Fisher Information Matrix

F Augmented empirical estimation of Fisher information matrix

F Fisher information matrix
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i
Fp

i
Fp
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LIST OF SYMBOLS

Empirical estimation of Fisher information matrix

Matrix of samples used for the Empirical estimation of Fisher informa-
tion matrix, when using the Woodbury formula

The “inner-inverse matrix” when using the Woodbury formula A =
aQ 1+ UU

Empirical estimation of the Fisher information matrix for the distribu-
tion p, of the j-th element of the i-th layer.

Fisher information matrix for the distribution p, of the j-th element of
the i-th layer.

Diagonal matrix of probabilities used for the Empirical estimation of
Fisher information matrix, when using the Woodbury formula

Helmholtz Free Energy

Augmented free energy of the generative network with respect to
the recognition network, which is used only in the sleep step of the
Wake-Sleep Algorithm

Energy of some state ¢

Energy of a state of the generative network
Entropy of the system

Entropy of the generative network

Entropy of the recognition network

Free energy

Free energy of the generative network
Internal energy of the system

Temperature of the system

Variational free energy of the generative network with respect to the
recognition network, also called Evidence Lower Bound (ELBO)

Information Geometry

v

A curve
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D A divergence function

Dkr [-]|] The Kullback-Leibler divergence function

M Manifold

X Set on which the manifold is defined

) Submanifold

K-step

Q@ Damping factor hyperparameter of NRWS

K K-step hyperparameter of NRWS

Loss

H The entropy calculated for the HM

H The estimation of the entropy

L Loss

L Empirical estimation of Loss

Probability distributions

p The activation value after applying the sigmoid function to the inputs

of the layer.

h%  j-th element of hidden layer i

N (i, o) Normal distribution parameterized by p and o

i Mean (of Normal distribution)

0 Generic parameters of the generation network p

w Parameters of the generation network p used in linear function of the

node

0] Generic parameters of the recognition network ¢

V Parameters of the generation network ¢ used in linear function of the
node

o Standard deviation
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s The sigmoid function s(z) = o=

N Set of all nodes in the network, visible and hidden {z, h}

h Hidden nodes

Do Probability distribution p parameterized by 6, sometimes written also
as p(...;0)

pp(x) The true distribution of data from some dataset D

ds Probability distribution ¢ parameterized by ¢, sometimes written also
as q(...;0)

T Visible nodes

Regularization

LP A p-norm type regularizer

I6] Parameter that controls the strength of regularization

Run-time constants

n Sample size times Mini-Batch size

B Mini-Batch size

D Dataset

M Depth / total number of layers of the network

D Dimension of the parameter space of a statistical model

n Learning rate

w Complexity factor for matix inversion 2 < w < 3

Ny Rescaled learning rate parameter (in the Rescaled-sleep method)

S Sample size

Oy, wr Weights for the RWS| and [BiIM]
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Chapter A

Experimental Details

In this section, we present all the experimental details for the experiments
in this thesis. The goal of the experiments is to train an on a dataset
by learning to generate images that look indistinguishable from the ones
that come from the dataset. To perform such experiments in a repeatable
fashion, we define which datasets we use, what hyperparameters the training
algorithms use and what kind of hardware are we using.

A.1 Datasets

In the following, we present the datasets that are being used for the experi-
ments, to evaluate which competing training algorithm performs better, and
also for tuning the hyperparameters of the algorithms.

o The ThreeByThree (denoted in the following as 3by3) is a synthetic
dataset, which was introduced by |Kirby]| (2006)). It consists of 12 vertical
and horizontal patterns on a 3 x 3 grid, represented in Figure [A.T]
where vertical patterns are two times more likely to appear as horizontal
ones. In our experiments, as a dataset, we used 10,000 samples for each
horizontal pattern and 20, 000 for each vertical one. The advantage of
this dataset is that the divergence value between the generation
distribution p and the true distribution of the data pp can be calculated
exactly, and we don’t have to rely solely on the approximation by
importance sampling, traditionally used to evaluate generative models.
The algorithms training on 3by3 converge very quickly to a minimum,
so the rate of convergence can be monitored in steps as well as epochs.
3by3 was mainly used for preliminary tests to explore the ranges of the

hyperparameters quickly and serve as preliminary comparisons between
the different variants of

« For the final performance evaluation of we use the binarized
version of the MINIST dataset of handwritten digits (Deng, 2012) as
a standardized benchmark. The dataset consists of 60,000 black and
white images of handwritten digits of size 28 x 28, shown in Figure [A.1]



190

APPENDIX A. EXPERIMENTAL DETAILS

MNIST has been long used as a benchmark by the ML community,
and as such it can be used to compare with different methods from the
literature, however, nowadays it is considered a somewhat small dataset.
We use MNIST for some of the hyperparameter tuning however we
mostly use it to benchmark the performance of the algorithms. The
network used for experiments with MNIST is usually composed o dense
layers of size 300,200, 100, 75, 50, 35, 30, 25,20, 15,10, 10 (identical to
the one used by Bornschein et al.| (2016)), unless specified otherwise. In
specific use cases, we also use the non-binarized, continuous version of
the dataset.

In addition to the datasets mentioned above, we used the miniMNIST
dataset for hyperparameter tuning. The miniMNIST is a downsized
binarized version of the MNIST dataset, from 28 x 28 to 14 x 14
(Figure [A 1)), similar to the one used by [Hinton et al.| (1995). Because
of its reduced size compared to MNIST, but increased complexity from
3by3, it is well suited as a middle-ground between the two datasets.
This makes it ideal for tuning the more complex hyperparameters such
as the damping factor «, the effects of which could not be clearly seen
on the 3by3. We usually used a model consisting of 100, 50, 20, 10, 10
layers to test with this dataset.

In addition to MNIST, we show the efficacy of the on the
FashionMNIST dataset (Xiao et al., [2017). It is also a very well-
known dataset for benchmarking with the same size images as MNIST
but with more difficulty, represented in Figure [A.1] We used it for

benchmarking and hyperparameter tuning. A similar network was used
for FashionMNIST as for MNIST.

A small version of [Toronto Face Dataset| (TFD)|) (Susskind et al.,
2010) was also used for final benchmarking. The dataset contains images
of black and white faces cropped to 48 x 48 size. Since has a
memory requirement that increases with the size of the images (see
Section , we needed to use the reduced 24 x 24 size version of the
dataset, shown in Figure [A.1] For benchmarking a similar network
was used for as for MNIST, only with larger bottleneck layers
with 300, 200, 100, 75, 50, 35, 30, 25, 20, 20 nodes. For other experiments,
where benchmarking is not the aim, we specify what network we use.

In order to test [NRWS|in Section [5.3.7 not only on binary datasets but

continuous ones as well, we resorted to a form of data augmentation, where
the gray values of the images were taken as probabilities for the bottom layer
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Figure A.1: Random samples from each dataset used in the thesis: (a) 3by3;
(b) MNIST; (c¢) miniMNIST; (d) FashionMNIST; (e) .

of the In Appendix [D] we go into more detail about how this works and
present some results on the miniMNIST dataset.
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A.2 Basic Settings for the Experiments

All experiments were run with CUDA-optimized Tensorflow 1.15 (Abadi
et al., [2015). Benchmarks were run on Nvidia GTX1080 Ti GPUs; for
other experiments, where clock-time was not as important a comparison,
and hyperparameter tuning we used also an Nvidia RTX2080 Ti GPU or an
Nvidia Titan X GPU. Whenever we compare algorithms based on time or
epochs, these were run always on the same GPUs without other tasks running
in parallel, to ensure a fair comparison.

In all of our experiments (unless explicitly specified otherwise) we used
the following basic settings:

e mini-batch size B = 32

o sample size S = 10

« K =1000

o a = 0.2 unless specified otherwise

 all datasets are normalized to —1,1 and all output functions of the
layers (i.e. the output of sampling from Bernoulli distributions) are
scaled to [—1, 1] as well

 Glorot-normal initialization (Glorot and Bengio, 2010b) for the weights
of the network, and a constant initialization of —1 for the biases, except
in the case of the weights of the [BiHM|and [NBiHM|'| where we used a
truncated normal initialization, with mean 0 and standard deviation
0.001.

To favor comparisons between models and features, in our plots we report
as a loss function the Negative Log-Likelihood (NLL) averaged over mini-
batches and samples for all algorithms. We chose the NLL since it plays a
fundamental role in the training of HMs, see Eq. (2.9)), even if some of the
algorithms have a different loss function, which we also present.

Our implementation is publicly available at:

https://github.com /szokejokepu/natural-rws| .

!The reason for the different initialization method is because that was used in the
original sourcecode associated to the paper (Bornschein et al., |2016), and we found that
these algorithms also performed better with the different initialization.


https://github.com/szokejokepu/natural-rws
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Chapter B

Efficient Matrix Multiplication for
the Inverse of the Fisher
Information Matrix

When calculating the product F~! - VL, between the inverse of regularized
(see Eq.) and the gradient of the loss, the order of the operations
is important from a computational complexity perspective. When using the
Woodbury formula our matrices that make up the have the following

sizes

PN v = LY g (4T (o) vt . (B
() o |B vLLLl T B

nxn nXxlit1

Knowing that multiplying two matrices of size a x b and b x ¢ have the
computational complexity O(abc) and results in a matrix of size a X ¢, we
can find the optimal order in which to calculate the matrix products in
, since matrix multiplication is an associative operation. The optimal
order is to multiply the matrices from right to left, as this minimizes the
computational complexity of the sequence of multiplications to O(l;;1n + n?).
In the following formulation, we can observe how this is calculated

Ui (Ai,j)_l . (Ui—l-l)T VL

n><li+1-li+1 X1—=nx1: O(li+1n)

nxnnxlonx1: O(l+1n+n?)

litixnnxl—=l11x1: O(li+1n+n2)

All other orders of multiplying the same matrices would lead to worse results,
than the optimal order. For example, multiplying from left to right would
lead to a computational complexity of O(l;41n* + [Z, n).
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Chapter C

Hyperparameter tuning

In this section, we will present more in detail some preliminary experiments to
determine the right configuration of hyperparameters for the NRWS| depend-
ing on datasets, performance, and time to converge. The hyperparameters
that we are interested in are the damping factor «, the learning rate 7, and
K.

C.1 Learning Rate and Damping Factor

Using a large damping factor leads to an optimization similar to the non-
natural gradient algorithms while using damping factors that are too small
leads to a large conditioning number in the estimated [FIM] The inversion of
which then carries serious numerical issues. This behavior can be seen clearly
in Figure [C.1] Ideally, we want to find the smallest damping factor that still
maintains the optimization stable.

8
—e— NWS DP0.0001

NWS DP0.001
—+— NWS DP0.01
—<+— NWS DPO.1
—— NWS DP1.0
—=— NWS DP10.0
6 ws

0 2500 5000 7500 10000 12500 15000 17500 20000
steps

Figure C.1: The loss for [WS| and NWS| with different damping values for the
3by3 dataset.

We searched empirically for the right combination of learning rate n and
damping factor « leading to the best convergence rate. For the 3by3 dataset,
we determined a range of 0.001 — 0.1 for damping values that outperform the
vanilla algorithm, which is suitable for different learning rates n of interest.
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As one can observe, very low damping leads the algorithm to converge almost
instantly but the loss remains noisy, as the inverse of the [FIM]is less regularized
which is applied to the gradient. Large values however lead to convergence
that is similar to the one of WS From this general range, the parameter
has to be fine-tuned for each dataset/model, to determine the appropriate
combination of learning rate versus damping factor.

In Figure and Figure we compare different learning rates and
damping factors on a smaller architecture to determine the appropriate values
for optimal convergence in the case of the miniMNIST and MNIST. We found
that the appropriate damping factor for this dataset for similar models is
around 0.005 — 0.1, with a learning rate in the neighborhood of 0.005 — 0.02.

Contour
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Figure C.2: The minimum loss of experiments comparing the learning rate
1 vs the damping factor o, on a model with 100, 50, 20, 10, 10 layers on
miniMNIST.

We can notice a linear relation between the learning rate and the damping
factor. When we grow the damping factor, we can also grow the learning rate
up to a given point. The explanation for this phenomenon is that the smaller
the damping, the closer the algorithm follows the geometry of the manifold
defined by the statistical model (as presented in Subsection . Thus,
smaller steps lead to better improvements, also a larger damping mitigates
instabilities due to few-samples statistical estimations.

We also observe a correlation between the size of the image and the
magnitude of the damping factor. The larger the image in the first layer,
the more samples are needed to estimate the of the network accurately.
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Figure C.3: The minimum loss of experiments comparing the learning rate n
vs the damping factor a, on a model with 200,100,10 layers on MNIST.

When the number of samples cannot be grown anymore for practical reasons
(the complexity of the algorithm grows quadratically with the number of
samples, see Subsection , a larger damping factor is needed for the
matrix to have a reasonable conditioning number.

C.2 K-step
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Figure C.4: Loss curves for MNIST for different values of
K={0,1,2,3,5,10,20,50,100,500,1000}; left: in epochs; right: in seconds

Once we found the best combination of hyperparameters for the NRWS]
we explored the possibility of computing the only every K-step and thus
speeding up the computational time of the algorithm. In Figure we see
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o K median. time (s)
— 100 286.17
- 200 234.74
500 207.63
1000 201.74
10000 191.1
o w0 o a0 w0 o 100000 184.28

Figure C.5: Loss for train and test on
FashionMNIST for different values of Table C.1: Average time per
K epoch for different values of K

the changes in the loss on the validation set for MNIST for a fixed learning
rate and damping factor. We observe that when using the K-steps technique,
the algorithm can speed up significantly but loses stability at very high values
of K, which is most noticeable in the case of K = 1,000 steps, and to a
lesser degree for K = 500. Consequently, we can use K-step in the range
of [1,100] without a noticeable impact on the behavior of the algorithm. In
these experiments, after 2,000 steps all curves for K < 500 seem to converge
to the same minimum, however, we consider this short time interval to not
be enough to conclude on the optimal value for K.

To thoroughly explore the effects of the K-step, we analyzed the conver-
gence of the NRWS| on the FashionMNIST dataset, we fixed the learning rate
n = 0.001 and damping factor @ = 0.1, while varying K. In Figure we
can see that K = 100, 000 is pushing the algorithm too far, as it breaks down
on both the train and test curves. All-in-all we notice that most of the curves
converge to the same minimum, contrary to what we might have expected
from the previous experiment. Furthermore, we can notice a slight advantage
in the test curve for K = 100, which hints that keeping the K value as low
as possible might still bring some advantages. However, there is a significant
difference in the time an epoch takes in Table to prefer larger values in
order to make the algorithm as fast as possible. We concluded that K values
in the range of 100 — 1000 are the most preferable, which are acceptable from
a speed and final convergence perspective. This result seems quite surprising
and might hint at the fact that for some problems the metric on the manifold
varies slowly from point to point.
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C.3 Warm-up coefficient

When testing the [Entropy Regularizer| (ER]), we noticed that at the beginning
of the training procedure, the loss of the algorithm gets a huge bump in the
loss compared to the non-regularized version, thanks to the regularization
term. Such a bump eventually levels out. This is not a huge problem, as
over time the loss of the regularized algorithm eventually outperforms the
non-regularized version. However, this behavior could still be of concern,
because it suggests that the regularization is too strong at the start of the
training, where the parameters of the model are at a state where they do
not need to be regularized yet. A common technique to circumvent this is to
use a so-called warm-up coefficient, which scales up the regularization rate
from 0 until its specified value during a given number of epochs.
We can formulate the warm-up of § in the following way

- tw%tﬁ if t <ty
B(t)_{ﬁ if t > t,

where 3 (t) is the adjusted (3 scaled at time t, which represents the current
time-step, and t,, the target warm-up time-step when 3 should reach its
specified maximum value.

To test the effects of the warm-up, we compared different periods for
t, when training with to test the impact it has on the algorithm. In
Figure we compare multiple values for the warm-up period t,, (defined in
epochs), for relatively weak (8 = 0.5) and strong (5 = 5) for the m
and on the for 500 epochs.

Our findings for low 3 (in |C.6a] and |[C.6b)) show that the warm-up barely
affects the training of the regardless of the period. The warm-up affects
similarly the but with a slightly better effect of the smaller periods t,,
on the loss.

When looking at larger 8 (in|C.6c/and |C.6d)) all the effects of the warm-up
get amplified. For the RWS| we see that for the short term analyzed in these
experiments, the warm-up does not help the [ER] overtake the non-regularized
version, and all losses seem to end up at roughly the same value at the end of
the 500 epochs. We will show in Section that for larger training periods
the warm-up does not affect negatively the training with [ER]

In the case of [NRWS| we see a similar delay of the [ER] but no improvement
overall on the value of the loss, as seemingly all the regularized versions of
the algorithms seem to coalesce to a similar curve, which is better than the
non-regularized version, usually before the first 100 epochs. However, for
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larger values of ¢, (ex. 250 — 500),

(d) Warm up coefficients for ER 5.0

on TFD for NRWS

we do not notice any benefit for the

training, only the delay of the regularized value.

We conclude that using the warm-up for the [ER] does not have any
immediate benefits on the training of the algorithms, other than the smoother
behavior of the curves, however, it is also not detrimental to the training so
we will continue using them when training with [ER] in the range ¢,, < 50.
For larger warm-up periods (> 100 epochs) the curves of the loss seem to be

delayed too much, without any benefits..
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Chapter D

Data augmentation

In the thesis, we use two techniques to learn binary datasets. The first
approach, which we call B, is to simply binarize all the samples from the
dataset once, by rounding to {0, 1}. This is used for standard benchmarking
usually and on average leads to smaller log-likelihoods.

The second technique, Binary Stochastic or Continuous C, consists of
taking the gray values of the images as the means of Bernoulli distributions,
for each sample from the dataset and each pixel in the image. C enables us
to learn continuous data with an and it is a technique that is widely
used in the literature, for example in the paper by |Bornschein et al.| (2016)).
At each training step, we sample from the distributions, thus we get a range
of samples, from a single image, which together approximates the original
continuous sample better than B. In Figure (a) and (b) we see samples
from models trained with the two differing techniques, while in (c¢) we see
samples from the Bernoulli distributions with the respective means.

In Figure we compare the loss curves for three different models: [WS]
[RWS and [NRWS| comparing the two strategies for the miniMNIST dataset. In
Table we report the importance-sampled estimation of the log-likelihood.
We can see that in all cases the eventually outperforms both models
in achieving the better minimum, as well as in the rate of convergence and
wall-clock time. Moreover, a clear advantage is visible early on in the training,

iy

EEel .

- D

- Lo
w—-pla—m QN

i VL IR
D el e -

2 -
L

—Mp ] =t Flan DO
<,

W Y
S

sl QYR e
cheBDLtwupro

G = Uy ) G o
Lt Dy o p—

M RO -
O el Sw-b oo

B kg o] — b 3

ot Oy ~%-a W~
m %

LR A VT P
T e B CEt

€ 0y -

g |
fv
o
e
7\
30
o2
oM
7 94

o
-
-y
b
Fa
[
o
I
5
I

s 't.' S G R

VRN
NI

(a) miniMNIST B probs (b) miniMNIST C probs (c) miniMNIST samples

Figure D.1: miniMNIST examples learned by our model.
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Figure D.2: The loss of training miniMNIST until convergence with B

and C, with the algorithms [WS], RWS| and [NRWS| with the layers of size
100,50,20,10,10. On the left the convergence in epochs and on the right
convergence in wall-clock time (s), both in log-scale.

102

DS| ALG | ¢ LL |T/E
WS | 0.04 | -29.337 | 19s
B | [RWY | 0.02 | -28.695 | 21s
NRWS| | 0.004 | -27.606 | 31s
WS | 0.02 | -38.232 | 23s
Cc | RWS | 0.01 | -37.811 | 25s
NRWS| | 0.004 | -36.578 | 32s

Table D.1: Importance Sampling estimation of the log-likelihood (LL) with
10,000 samples for different algorithms after 500 epochs of training with [SGD]
n is the learning rate, T/E is the average time per epoch. The damping
factor used for is 0.05. For all algorithms, the number of samples used

in training is 10.

1
time (s)
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in the case of B from the 12th epoch and in C from the very beginning.
Our preliminary analysis shows on miniMNIST a very small standard
deviation for multiple runs of the same experiment, with different seeds. We
tested the experiment with 24 different seeds and the best hyperparameters
(LR 0.002 DP 0.05 as in Table and Figure ). After 100 epochs we
obtain mean —28.3891 and std 0.0396 while after 200 epochs mean —28.2024
std 0.0299. This shows that the variance is relatively small for different seeds
and gets smaller over time. Based on this observation we only present one
run per experiment with the confidence that they behave as an average run.
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Chapter E

Introduction to Convolutional
Neural Networks

In this Appendix, we present [Convolutional Neural Networks| (CNNs) through
a step-by-step buildup, to understand the underlying operations, constants,
and indices. We start from the simplest possible case, and introduce compli-
cating elements, until we arrive at the final form, that we use in Chapter [7]

Simple 2D Convolutional Layer

The simplest 2-dimensional convolutional case involves an input z, an output
y, and a set of weights V' and bias d. In this simplest of cases these variables
x, y, and V are matrices. Let us define these quantities with sizes as:

x : H X W, where H is the height and W is the width of the input x;

o y:H X W, where H is the height, W is the width of the output y;

V K x L, where K is the height and L is the width of the weights V;

d : scalar, which is the bias;

In the case when H=4, W=4, K=2and L =2

11 12 13 14

Vll V12
V= [ V2l 22 ]

Convolution is an operation where we take the weights V' and we apply it
multiple times to the input z, as a sliding window, horizontally and vertically.
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piTh—Lj+l-1 yij
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Figure E.1: 2D Convolutional layer, the blue area shows which area of x is
involved with the weights V' to define 4%, in the case where i = 1 and j = 1.

Each application of the window results in a different output y*. With the x
and V' as above, we can define the convolutional operation for y:

yll — VHZEH + v12$12 + V21{L'21 + V22$22 + d
y12 — V11$12 + V12£C13 + V21513'22 + V225L'23 + d

by extension, the y will have shape H = 3, W = 3 as

yl 1 12 1?
y21 y22 y23
y31 y32 ,y33

<
Il

We can define the operation of convolution for indices ¢+ and j of y generally
as

K L
Yy = (Z Z Vklmi+k—l,j+l—1> +d Vi, je{1,2,3}, (E.1)
k=11=1

which we show in Figure [E.1

Suppose that the convolutional layer is part of a larger network, and we
know the derivative of the loss £ w.r.t. y, defined as:

y oL
v —=
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then we can compute the derivatives of V', d and x w.r.t. the loss £. It is
straightforward to see that the derivative w.r.t. d is

aﬁ H/ w/ Z
=YY dy (E2)

i=1j=1

The derivative w.r.t. an element m,n of V' is

H W K L k1l
B S) LD ) SEAMEEE Ty (E3)

i=1j=1 k=11=1

0

knowing that

ann -

0 otherwise

avkl_{1 ifm=%kandn=1

and since (n,m) = (k,1) is only true for one pair of indices, we can reduce

the Eq. (E.3)) to

aﬁ H/ w/

o ij itk—1,j+1—1
gy — 22 dye R
i=1j=1
Note, that the derivative w.r.t. V' can be done with a convolutional operation
as well. In Figure we present which areas are involved in the derivative
of V¥,
The gradients of the loss w.r.t. x are

oL v , .
a = — Z Zdyzjvk—z+1,l—]+1 ]
X

i=1j=1

2D Convolutional Layer with Stride

We can introduce the concept of stride to convolutional layers, by having a
variable s, which defines how much the window of V slides over the input
x, where for s = 1 we have the case defined in the previous section. Let us
reiterate these quantities with sizes as:

e x:H X W, where H is the height and W is the width of the input x;
o y:H X W, where H is the height, W is the width of the output y;
e V :K XL, where K is the height and L is the width of the weights V;

e d : scalar, which is the bias;
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piTh—Lj+l-1 yij
\\\ _____________ \\\
\\\ \\\
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g y

Figure E.2: 2D Convolutional layer, the blue area shows which area of x is
involved with the weights V' to define %, in the case where i = 1 and j = 1
and the pink area shows which elements of z influence the derivative w.r.t.
VE whenk =1 and 1 = 1.

e s : scalar, is the stride.

We can formalize the output function of a convolutional layer using stride as

K L
yij — (Z Z Vklxsi+k—1,sj+1—1> +d.
k=11=1

The derivative of the loss with respect to d is unaffected by this change and it
stays as defined in Eq. (E.2)), while the derivatives with respect to V' become

oL v .
S = 2o 2 e

i=1j=1

and derivatives w.r.t. z is

oL oW ‘ .
a = — ZZdyljvk—SZ—f—Ll—sj-‘rl ]
i

i=1j=1

The consequence of using a stride s > 1 to shift the sliding window is that
the application of V' to x can be non-overlapping, which can be advantageous
for two reasons. First, it means that elements of the input x contribute
equally to each element of the output ¥%, i.e., no element of x is involved
in the computation of two distinct elements of 3. Secondly, the size of the
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Figure E.3: 2D Convolutional layer with stride, where the blue area shows
which area of z is involved with the weights V' to define %%, in the case
t =1 and j = 1 and the pink area shows which elements of x influence the
derivative V¥ when k = 1 and 1 = 1, for a stride of s = 2.

output y is shrunk, which can be understood as compressing the information
from x through the mapping of the convolutional layer. The convolutional
operation with stride can be seen in Figure

2D Convolution with Multiple Output Layers
and Stride

To increase the capability of a convolutional layer, we can add multiple layers
to the weights V', which results in multiple layers for the output y. We
usually refer to the depth of the y as output channels. The quantities of a
convolutional layer with sizes then are:

e x:H X W, where H is the height and W is the width of the input x;

o y:H XW xF, where H is the height, W is the width and F are the depth
of the output y;

e V:K XL XF, where K is the height, L is the width and F is the depth
(output channels) of the weights V;
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e d:F , which is the bias;
e s : scalar, is the stride.

Notice, that V' and y are no longer matrices, but 3-dimensional tensors, where
each layer £ € F of V' can be understood as learning a different “feature” (as
commonly referred to in the literature) or property of the input z. We can
define the output function of a convolutional layer with multiple outputs and
stride as

K L
17 £ k1f i+k—1,s7+1—1
= (o y v

k=11=1

Now the derivative of the loss is

. oL
1yt
dy"" = (ayijf> )

which we treat as known. The derivatives of d and V' become dependent on
the output channels f

a£ H/ w/

a9 dyljf )
odF ~ 2 &
oL  E I :
— dyzjfx51+kfl,53+lfl :
9V kLt ;;

while the gradients for x are summed over the extra dimension F

aﬁ H w F o L L
_ 7 k—si+1,1—sj+1,f
81;1:1_222(13/]‘/ ’ )
i=1j=1£=1
In Figure we present how a single layer f of the weights V" interacts
with the input x and output y layersﬂ

2D case Multi-Channel Multi-Output with stride

We can further increase the capability of a convolutional layer, by processing
multiple layers C of the input z simultaneously, by expanding the weights
V by a 4-th dimension. However, the sliding window of the convolutional
operation is kept on the first two dimensions of V' which we refer to as the

"'We use the notation - for a variable, to represent a span over all indices in the given
position. Therefore, VT represents the f-th 2D matrix slice of the 3 dimensional tensor
that is V in this case.
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ajsiJrkfl,strlfl

Figure E.4: 2D Convolutional layer with one input channel and multiple
output channels with stride. The blue area shows which area of x is involved
with the f-th layer of the weights, V"%, to define %%, in the case where i = 1,
j =1and £f = 1. The pink area shows which elements of z influence the
derivative V¥ when k = 1 and 1 = 1, for a stride of s = 2.

width and height, while spanning through the whole depth C of the input x.
We usually refer to the depth of the x as input channels, and we can define
the elements with sizes as:

e x:HXWXxC, where H is the height, W is the width and C is the depth of
the input x;

o y:H XW XF, where H is the height, W is the width and F are the depth
of the output y;

e V :KxLxCXF, where K is the height and L is the width of the
weights V', while C and F correspond to the input and output channels
respectively;

e d:F , which is the bias;

s : scalar, is the stride.

Since the weights V' is now a 4-dimensional tensor, we can think of the
convolutional operation as sliding F distinct cuboids windows horizontally
and vertically over the input x. We can define the output function of a
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convolutional layer with multiple input and output layers as

K L ¢C
yijf — (Z Z Z Vklcf xsi—&—k—l,sj—‘,—l—Lc) 4 df (E4>
k=11=1c=1

Treating dy as known, the gradients then can be defined as

oL &I s
%:;Zldy] ; (E.5)
1=1 j=
oL oo )

o = D 3yt (£6)

i=1j=1

oL wowoF ‘ .

— Z Z Z dyzgkafserl,lfserl,c,f (E7)

Ozt o j=1f=1

Having multiple channels for both the input z and the output y results in
the possibility of stacking convolutional layers, as this is commonly done
in [CNNg Stacking multiple convolutional layers, each progressively adding
more channels and condensing the width and height of the layers is employed
usually to “compress” the size of the input, and split it into different features,
so that more specific layers can deal with a more condensed representation of
the input data of the network.

An example of multiple input/multiple output convolutional layer is

presented in Figure

Deconvolutional Layer

We can define the inverse operation of a convolutional layer which is the
deconvolutional layer, also known as the transposed convolution in the litera-
ture. In this case, the input is y, the elements of which we multiply by the
weights W which results in the output x. In the deconvolutional layer, the
weights W still slide over x with the stride s, the same as in the convolutional
case. Let us define these quantities with sizes:

e x:HXWxC, where H is the height, W is the width and C is the depth of
the output z;

o y:H XW xF, where H is the height, W is the width and F are the depth
of the input y;
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Figure E.5: 2D Convolutional layer with multiple input channels and multiple
output channels with stride. The blue area shows which area of x is involved
with the weights of the f layer, V"%, to define y*%, in the case where i = 1,
j = 1and £ = 1. The pink area shows which elements of z influence the
derivative V¥ when k = 1 and 1 = 1, for a stride of s = 2.
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Figure E.6: 2D Deconvolutional layer with multiple input channels and
multiple output channels with stride. The blue area shows which area of z is
the result of the deconvolution of y** with the weights of the f layer, W%, in
the case where : =1, j = 1 and £ = F. The pink area shows which elements
of x influence the derivative W*f when k = 1 and 1 = 1, for a stride of
s = 2.
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o W :KXLXCXF, where K is the height and L is the width of the weights
W

e b:C, which is the bias;

e s : scalar, is the stride.

The deconvolutional operation can be defined as follows

F K L
xzjc _ Z Z Z chlf k)/s+1,(j—1)/s+1,f + b where
f=1k=11=1

_ (E.8)
y(O/sHLU—D/sHLE — ) jf (i=%) 1, U= ¢ R\N .
S S
If we know the derivative of the loss with respect to x
- oL
dx"¢ = —
= (o)
we can define the gradients
oL i .
- Y
e = j=1
: )/s+1,(j-1)/
szxz]cyz k)/s+1,(j—1 s+1f7
aWklcf P et
K L C ) )
klcf si+k—1,s7+1—1,c
aym =313 S WA gt (£.9)

Notice that the derivative of w.r.t. y is a convolutional operation, as well as that
the derivative of x in the convolutional step in Eq. is a deconvolutional
operation.

The deconvolutional layer can be used opposite to the convolutional layer
to serve as a decoder pair, to the encoding role of the latter. Indeed in
Chapter [7] we use both types of layers to be able to process larger input data
for [HMg The deconvolutional operation is illustrated in Figure [E.6]
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