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Abstract

This thesis studies the problem of regularizing and optimizing generative models,
often using insights and techniques from kernel methods. The work proceeds in

three main themes.

Conditional score estimation

We propose a method for estimating conditional densities based on a rich class
of RKHS exponential family models. The algorithm works by solving a convex
quadratic problem for fitting the gradient of the log density, the score, thus avoiding
the need for estimating the normalizing constant. We show the resulting estimator to

be consistent and provide convergence rates when the model is well-specified.

Structuring and regularizing implicit generative models

In a first contribution, we introduce a method for learning Generative Adversarial
Networks, a class of Implicit Generative Models, using a parametric family of
Maximum Mean Discrepancies (MMD). We show that controlling the gradient of
the critic function defining the MMD is vital for having a sensible loss function.

Moreover, we devise a method to enforce exact, analytical gradient constraints.

As a second contribution, we introduce and study a new generative model
suited for data with low intrinsic dimension embedded in a high dimensional space.
This model combines two components: an implicit model, which can learn the low-
dimensional support of data, and an energy function, to refine the probability mass
by importance sampling on the support of the implicit model. We further introduce

algorithms for learning such a hybrid model and for efficient sampling.
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Optimizing implicit generative models
We first study the Wasserstein gradient flow of the Maximum Mean Discrepancy in a
non-parametric setting and provide smoothness conditions on the trajectory of the
flow to ensure global convergence. We identify cases when this condition does not
hold and propose a new algorithm based on noise injection to mitigate this problem.
In a second contribution, we consider the Wasserstein gradient flow of generic
loss functionals in a parametric setting. This flow is invariant to the model’s pa-
rameterization, just like the Fisher gradient flows in information geometry. It has
the additional benefit to be well defined even for models with varying supports,
which is particularly well suited for implicit generative models. We then introduce a
general framework for approximating the Wasserstein natural gradient by leveraging
a dual formulation of the Wasserstein pseudo-Riemannian metric that we restrict to a
Reproducing Kernel Hilbert Space. The resulting estimator is scalable and provably

consistent as it relies on Nystrom methods.



Impact Statement

Powerful generative models for high dimensional data have found application in a
wide variety of domains, notably in computer imaging, with GANs being a particular
success story. In the entertainment industry, GANs have been successful in image
painting and style transfer. In medicine, GANs have been used to augment datasets
to improve generalization performance in supervised learning for medical image
classification, which can improve ML-based medical diagnosis tools. In climate
science, GANs have been used to visualize the effects of climate change: seeing the
effect of rising sea levels on one’s own city can bring home the impact of global
warming in a more accessible way than abstract figures.

Given that, all else being equal, the quality of images generated by our General-
ized Energy Based Model (GEBM) improves over images generated by a GAN with
the same generator and critic networks, we anticipate that GEBMs will be broadly

applicable in improving generative modeling across a range of applications.
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Chapter 1

Introduction

This thesis addresses the problem of learning an unknown probability distribution
from data. More specifically, we are interested in modeling, regularizing, and
optimizing generative models, often using insights and techniques from kernel

methods.

Modeling unknown probability distributions from data is one of the most gen-
eral problems in machine learning. Once an estimator of a probability distribution is
learned, it can be used to solve various problems such as classification, regression,
matrix completion, and other prediction tasks. Framing those prediction tasks as
a distribution estimation problem can account for multiple effects, such as multi-
modality or heteroscedasticity of the data, which are increasingly common given the

diversity and complexity of modern machine learning problems.

At a high level, a generative model defines a probability distribution Qy from a
class of models Q. The goal is to select a distribution from the set Q that minimizes
some discrepancy measure between the data distribution and the model. In a high
dimensional setting, successful models need to incorporate additional knowledge
about the data to overcome the curse of dimensionality [Donoho, 2000]. Such
knowledge can be, for instance, in the form of independence assumptions between
variables (a graphical model) or a low intrinsic dimensionality of their support.

We first show how to incorporate independence structure in an expressive class
of non-parametric generative models based on Reproducing Kernel Hilbert Spaces

(RKHS). Those models fall in the category of explicit models since they directly
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specify a density model over the data, and can thus be estimated using methods such
as Maximum Likelihood or Score Matching [Hyvirinen, 2005]. We show how to
learn them using a score matching approach, which results in a convex quadratic
optimization problem. Unlike Maximum likelihood estimation, this method avoids

the need for estimating the normalizing constant.

In the second part of this thesis, we turn to another class of models, implicit gen-
erative models (IGMs), which enforce a low dimensional structure in the sampling
mechanism. Implicit models do not necessarily admit a density defined over the
whole data-space. Consequently, learning these models is challenging since likeli-
hood methods or score matching cannot be used. We introduce a method for learning
them, using a family of Maximum Mean Discrepancies (MMD) parametrized by a
reproducing kernel. We show that constraining the smoothness of the parametric
kernel results in a sensible loss for training IGMs. In a second contribution, we
introduce a new class of models that combines both implicit and explicit models.
The implicit model is in charge of learning the low-dimensional support of the data.
The explicit model then provides importance weights used to refine the mass on the
support defined by the implicit model, thus capturing effects such as multimodality.
We propose a method for learning this hybrid model, and derive sampling schemes

that exploit the model’s latent structure to increase efficiency.

Once a model is specified, and a loss is selected, there remains the question
of effectively optimizing such models. In many situations, the resulting loss is
non-convex, making the optimization more likely reach unsatisfactory local optima.
Moreover, usual optimization procedures might be sensitive to the parameterization
of the generative model. When such parametrization is less favorable, this can
result in a more challenging optimization problem. In the third part of this thesis,
we propose optimizers for implicit models to address such challenges using the

Wasserstein geometry.
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1 Conditional score estimation

In Chapter 3, we consider the problem of density estimation for high dimensional data.
A classical approach assumes the density belongs to a suitable hypothesis class and
then defines a learning rule for selecting a suitable estimator within such class.The
choice of the hypothesis class impacts both the generalization and optimization

properties of the learning algorithm.

When choosing a parametric model py with finite-dimensional parameter 6, the
density estimation task consists of estimating an optimal parameter 6 that best fits
the data, using, for instance, maximum likelihood estimation. The first challenge
with many such models comes from the normalizing constant’s intractability, making
learning with maximum likelihood particularly challenging. Thus, various methods
propose either to estimate the gradient of the log-likelihood such as contrastive diver-
gence [Hinton, 2002] or to bypass the need for estimating the normalizing constant
[Hyvirinen, 2005, Gutmann and Hyvirinen, 2012]. Despite those developments, the
non-convexity of the resulting losses can lead to sub-optimal local minima even in
simple cases such as Mixtures of Gaussians [Jin et al., 2016]. One notable exception
is the class of exponential families described by a finite-dimensional parameter
vector T called the natural parameter and a predetermined function ¢(x) called the
sufficient statistic. An exponential model’s density is proportional to exp((7T’, ¢(x)))
and generally yields a concave log-likelihood, thus suitable for maximum likelihood
estimation. Unfortunately, when the data distribution does not belong to such a

parametric class, there is no possibility to control the bias introduced by the model.

To increase the estimator’s expressivity, one could turn to non-parametric
estimation. One popular setting is to consider hypothesis classes as large as (-
Sobolev or S-Holder classes with some smoothness parameter 5. In this setting,
and provided the correct smoothness parameter [ is known, estimators as simple as
Kernel Density Estimation (KDE) achieve the minimax optimal rate of O(n_%)
over those classes [Tsybakov, 2009]. When the smoothness parameter 3 is unknown,
it is still possible to construct adaptive estimators, for instance, using the method of

aggregation [Rigollet and Tsybakov, 2007]. However, in either case, the estimator’s
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convergence rate exhibits an exponential dependence on the dimension of the data.
This dependence is a consequence of a large hypothesis class, making any systematic

’search’ intractable in large dimensions.

Luckily, the data often exhibits additional structure and, if encoded in the hy-
pothesis class, one can construct estimators that have improved rates of convergence
on these restricted classes. Kernel methods offer a general framework for encoding
a priori structure while still retaining flexibility and tractability of the estimation
[Shawe-Taylor and Cristianini, 2000, 2004, Steinwart and Christmann, 2008]. To
achieve this in the context of density estimation, several works proposed to extend
the exponential family models to the case where the natural parameter 7" is a function
in a Reproducing Kernel Hilbert Space H with a reproducing kernel k£ [Gu and Qiu,
1993, Barron and Sheu, 1991, Pistone and Sempi, 1995, Canu and Smola, 2006,
Fukumizu, 2009]. The sufficient statistic ¢(x) is then given by the feature map
k(z,.). Although the normalizing constant becomes intractable in general, Sripe-
rumbudur et al. [2017] proposed to use the score matching approach introduced in
Hyvirinen [2005] to circumvents the need for estimating the normalizing constant.
The natural parameter can then be estimated in closed-form using a generalized Rep-
resenter Theorem [Sriperumbudur et al., 2017, Theorem A.1] and solving a strongly
convex quadratic problem. The estimator’s convergence rate depends only on the
smoothness of the solution. However, there is still a hidden curse of dimensionality
since the smoothness requirement becomes more stringent as the dimension increases

[Sriperumbudur et al., 2017, Example 3].

Contribution We introduce a method for density estimation using non-parametric
exponential families. To reduce the complexity of the modeling task, we allow the
method to take advantage of a graphical model [Pearl, 2001, Jordan, 1999] where
each variable depends only on a subset of parent variables. This graphical model
imposes a factorization of the density into a product of conditional densities. To
estimate each factor independently, we extend the non-parametric family framework
of Sriperumbudur et al. [2017] to conditional distributions p(z|z) conditionally on

an observed variable z. The natural parameter 7, is still an element of an RKHS
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‘H. However, to include information from samples in the neighborhood of z, we
require the map 7' : z — T, to belong to a vector-valued RKHS [Micchelli and
Pontil, 2005]. This space contains functions of z that take values in the RKHS H
while still having some smooth dependence on z. The goal becomes to estimate
the map 7'. For this purpose, we extend the score matching framework proposed
in Hyvirinen [2005] to the vector-valued kernel setting. This approach results in a
strongly convex optimization problem in the vector-valued RKHS space that can be
solved in closed form by duality using the Representer theorem.

We then establish consistency of the estimator of 7" in the well-specified case
by generalizing the arguments of Sriperumbudur et al. [2017] to the vector-valued
setting. The distance between the estimator and the true unknown natural parameter

2y

min(1, =75 )) where ~ is a parameter controlling

provably converge at a rate of O(n_i
the smoothness of the true unknown natural parameter. While our proof allows for
general vector-valued RKHSs, we provide a practical algorithm for a specific case,
which takes the form of a linear system of size n x d, with d, being the dimension
of z. Hence, given a factorization of the joint density into a product of conditional
densities, the proposed method can estimate the joint density by first estimating each

conditional density independently and then combining the estimates.

2 Structuring and regularizing implicit generative

models

In Chapters 4 and 5, we consider the problem of modeling data supported on a
set with a low intrinsic dimension. This notion of dimension can be formalized
in the Minkowski sense without necessarily requiring a tangent structure for the
data support, such as a smooth manifold structure [Nakada and Imaizumi, 2020].
One significant implication for the data distribution is the absence of a well-defined
density w.r.t. the Lebesgue measure. In this setting, explicit models tend to spread
mass over the different dimensions of the data-space since, by construction, they
possess a density.

Unlike explicit models, Implicit Generative Models (IGMs), popularized by
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Goodfellow et al. [2014], do not directly specify a density function. Instead, they
assume each observation x to be generated by a possibly low-dimensional latent
variable z with a pre-defined distribution 7. Producing a sample from an IGM
requires mapping a latent sample z to the data space using a function Gy selected
from some parametric family: = = Gy(z). When the latent variable is lower-
dimensional, the support of the IGM is also lower-dimensional and thus does not
admit a density w.r.t. Lebesgue measure on the data-space [Arjovsky and Bottou,
2017]. Consequently, IGMs seem natural to use when the data support has a small

intrinsic dimension as they can concentrate the mass where the data is supported.

As a first contribution, we will consider the challenge of learning IGMs. The
absence of a density in IGMs makes likelihood methods ill-suited for learning them,
opening the way to other methods, such as Adversarial training [Goodfellow et al.,
2014]. Those methods often require approximately solving a challenging bilevel
optimization problem [Liang, 2017]. In a second contribution, we will consider the
problem of expressiveness of IGMs. Such models often rely on a pre-determined
simple latent distribution 7, such as a gaussian, that is transformed by the generator
G into a potentially multi-modal high-dimensional distribution. This restriction often
requires high modeling and learning complexity for the generator function [Cornish

et al., 2020].

2.1 Optimized MMD under gradient constraints

In Chapter 4, we consider the problem of learning IGMs. In the absence of a density,
adversarial training [Goodfellow et al., 2014] offers an alternative to maximum
likelihood methods for leaning IGMs. This method introduces an auxiliary model
called the critic function F that is selected from a model class £ to maximize a

discrepancy L between samples from the data distribution [P and samples from the

Qo:

E*(0) € argrgggcﬁ(E,P, Qo). (1.1)
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Goodfellow et al. [2014] considered a particular choice for the discrepancy £ which
results in the Jensen-Shanon divergence when the set £ consists in all measurable
functions, a computationally intractable case. For general choices of discrepan-
cies, their maximum value over a class &£ results in other divergences, such as
f-divergences [Nowozin et al., 2016]. Those divergences can be minimized with

respect to the parameters 6 of the IGM Qy:
0% € arg Ieniél L(E*(0),P, Q). (1.2)
€

A notable class of symmetric divergences called Integral Probability Metrics (IPMs)
are obtained when the discrepancy L(E,P,Qp) is the difference in moments
JEdP — [ EdQy [Miiller, 1997]. IPMs are thus only determined by the set &.
All those methods have the common property of approximately solving the bilevel
optimization defined by (1.1) and (1.2) and have yielded impressive empirical re-
sults, particularly for image generation, that are far beyond the quality of samples
seen from most earlier generative models [Karras et al., 2018, Radford et al., 2016,
Gulrajani et al., 2017, Huang et al., 2018a, Jin et al., 2017]. Despite this success, the
earliest attempts in training IGMs resulted in instabilities, and pathological behavior
[Liang, 2017].

These challenges inspired further research to stabilize training by adding various
regularizations to the optimization [Nagarajan and Kolter, 2017, Kodali et al., 2017].
Alternatively, Arjovsky et al. [2017] proposed to use the 1-Wasserstein distance as a
loss function for training IGMs. This distance is an IPM with the set £ consisting of
all 1-Lipschitz functions. It metrizes the weak topology [Villani, 2009, Theorem 6.9],
unlike the Kullback-Leibler or Jensen-Shanon divergence, which define a stronger
topology. This property implies the continuity of the loss in the parameters of the
IGMs despite its density being ill-defined [Arjovsky and Bottou, 2017]. Unfortu-
nately, estimating the Wasserstein distance suffers from the curse of dimensionality
[Weed et al., 2019]. In practice, Arjovsky et al. [2017] proposed to approximate it
by restricting the set £ to a parametric subset of neural networks under a Lipschitz

constraint. To approximately enforce this constraint, subsequent work developed
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regularization techniques such as the gradient penalty [Gulrajani et al., 2017] and

the spectral normalization [Miyato et al., 2018].

Another line of work proposes losses for which the inner optimization (1.1)
can be solved, at least partially, in closed form, thus simplifying the bilevel opti-
mization and allowing for easier control over its smoothness. The Maximum Mean
Discrepancy (MMD) is one particular instance that falls in the category of IPMs
with the critic class £ being a unit ball of Reproducing Kernel Hilbert Space with
kernel k [Gretton et al., 2012]. It is appealing since it admits tractable unbiased
estimators. However, using MMDs with simple kernels, such as a Gaussian ker-
nel, does not achieve state-of-the-art performance on high dimensional data such
as images [Li et al., 2017]. Binkowski* et al. [2018] proposed to overcome this
limitation by using features of the samples as inputs to the kernel £. Those features
are computed using a neural network ¢(z) and define a parametric family of kernels
ks(z,y) = k(p(x), ¢(y)). The network parameters are optimized so as to maximize
the MMD between the data distribution and the IGM, thus falling back to the original
bi-level optimization problem. Indeed, in this case, the model class £ consists of
a union of unit balls from different RKHS’s each corresponding to a kernel k.
The optimization problem in (1.1) can no longer be solved in closed form over £.
However, it can be solved on each RKHS ball, resulting in an MMD with a particular
choice for the kernel. This kernel’s parameters are then selected to maximize the
MMD between the data and the model Q. This approach yields good results when
using an additional gradient penalty as a training trick, even though such penalty was
originally introduced so as to approximate Wasserstein distances [Arjovsky et al.,

2017, Gulrajani et al., 2017].

Contribution We introduce a new loss for training IGMs using a family of MMDs
parametrized by reproducing kernels. This loss is obtained by choosing the model
class & to be a union of RKHS balls. However, unlike in Binkowski* et al. [2018],
we allow the radii of those balls to adjust to the kernel’s smoothness. This flexibility
favors critic functions that are flat in regions where the data distribution P has high

mass. The proposed method takes inspiration from an approach widely used in
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semi-supervised learning [Bousquet et al., 2004, Section 2]. In such approaches, a
classifier/critic £ is encouraged to be smooth on the data support by constraining
the sum of its variance and expected gradient norm under the data distribution. In
our case, this constraint is encoded in the radii of the RKHS balls. We show that the
resulting loss is continuous in the weak topology, thus providing a sensible loss for

learning IGMs.

2.2 Generalized energy based models

By defining low-dimensional support that can vary during training, implicit models
are well suited for modeling data with low-intrinsic dimensionality and often result in
impressivly sharp samples. However, IGMs still suffer from at least three limitations
related to their capacity and the efficiency of their training methods.

As discussed in Section 2 .1, the success of IGMs comes at the cost of intro-
ducing auxiliary models, in the form of critic functions F, that are solely used for
training and are not part of the final model. This wasfe in modeling motivated further
research to use the critic model during sampling in order to improve the sample
quality of the IGM [Azadi et al., 2019, Turner et al., 2019, Neklyudov et al., 2019].
These earlier approaches interpreted the critic function as defining a density ratio
between the IGM and the data distribution. This ratio is then used in sampling
algorithms such as rejection sampling or the Hasting-Metropolis algorithm, with
the IGM acting as a proposal distribution. However, the critic’s interpretation as
a density ratio becomes problematic when the IGM and the data distribution do
not share the same support, which is the usual scenario when the generator maps
low-dimensional noise into a high dimensional sample space.

A second limitation of IGMs is the use of pre-determined simple latent distribu-
tions 7, such as a Gaussian, that are transformed by the generator (7 into a potentially
multi-modal high-dimensional distribution. This choice often requires high model-
ing complexity for the generator function, especially when the data distribution is
multi-modal [Cornish et al., 2020]. On the other hand, explicit models can easily
capture multi-modality using mixture-models, for instance.

Finally, as discussed earlier in Section 2 .1, when it comes to learning IGMs,
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the losses need to be sensitive to the mismatch between the support of the model and
the data distribution. This requirement can be satisfied when the divergences used for
training are continuous in the topology of weak convergence of probability measures.
However, with this requirement, the benefits of using stronger topologies, such as the
topology induced by likelihood methods, are not guaranteed anymore. For instance,
statistical efficiency is a crucial property of estimators obtained using likelihood
methods [Daniels, 1961]. Consequently, explicit models trained by maximum likeli-
hood benefit from favorable statistical properties, unlike IGMs, which require weaker
training losses. A natural question is whether implicit and explicit models can be

combined in a way that exploits both of their complementary strengths.

Contribution In Chapter 5, we introduce a new class of models that combines both
implicit and explicit models. The implicit model is in charge of learning the low-
dimensional support of the data. The explicit model, called the energy by analogy to
statistical physics models, provides importance weights used to refine mass on the
implicit model’s support, therefore capturing multi-modality. Crucially, both parts of
the model are trained together without the need for additional modeling. The energy
is learned by maximizing a generalized relative likelihood to the support of the
implicit model. This energy allows computing a provably weak divergence between
the data and the implicit model. We further show that the resulting divergence is
smooth enough in the parameters of the IGM so that stochastic gradient methods are
guaranteed to converge to a local optimum. Hence, the explicit part of the model
benefits from the strong topology, while the implicit part relies on the weak topology
to capture the data support. Additionally, we show that sampling from such a model
can be achieved by leveraging the latent structure and performing MCMC in the
lower dimensional latent space. This model results in a framework that generalizes

and unifies two classes of models a priori orthogonal to each other.

3 Optimizing implicit generative models

Characterizing and finding optimal solutions for IGMs is of particular importance to

better understand their generalization properties and devise more efficient optimiza-
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tion algorithms.

Central to this question is the choice of the geometry used to study this problem.
Using the euclidean geometry defined by the parameters of the IGM does not account
for the probabilistic structure of the problem. As a result, optimization algorithms
such as usual gradient descent or even adaptive optimizers [Kingma and Ba, 2015]
are still sensitive to the model’s parameterization. Alternatively, Amari [1985]
introduced the Fisher natural gradient to account for the probabilistic structure of the
problem. This gradient relies on the geometry defined by the Fisher-Rao metric on
the space of probability distributions [Holbrook et al., 2017], and can thus result in
methods robust to parameterization. The geometry defined by the Fisher-Rao metric
requires the model to have a well-defined density and is thus well adapted to explicit
models. However, it does not apply to IGMs since they usually include mutually
singular distributions.

An alternative geometry in probability space, the Wasserstein geometry, relies
on optimal transport between probability distributions and was first introduced in
Jordan et al. [1998] and Otto and Villani [2000]. It remains well-defined even for mu-
tually singular distributions and is therefore well suited for implicit models [Mroueh
et al., 2019]. This geometry was formalized in Jordan et al. [1998], Otto and Villani
[2000], Ambrosio et al. [2004] using the idea of a minimizing movement scheme
of a loss functional p — L(p) defined over the set P, of probability distributions
with finite second order moments. This scheme constructs a sequence of probability

distributions py by iteratively solving the minimization problem:

1
€ in L — W2 1.3
P+1 € arg Min (p)+QT 5 (p, pr) (1.3)

with 7 being a step-size parameter controlling how close the next iterate pj,; must be
to py in terms of the Wasserstein-2 distance. Under mild assumption on the functional
L and formally taking the limit of infinitely small step-size (r — 0) results in
continuous time path in probability space p; known as the Wasserstein gradient flow
of L. This gradient flow describes the variations of probability distributions in terms

of displacement of the probability mass from a location in space to another, also
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called horizontal movement [Santambrogio, 2010]. This gradient flow shares some
similarities with the optimization trajectories of implicit models in probability space.
Indeed training IGMs requires producing samples from the model and transporting
them to a new location by varying the model’s parameters, hence mimicking a
horizontal movement.

In Chapter 6, we will study the convergence properties of the gradient flow of the
Maximum Mean Discrepancy functional in a non-parametric setting. In Chapter 7,
we will propose an efficient optimizer that approximates the Wasserstein gradient

flow when constrained to a family of parametric models.

3.1 Wasserstein gradient flow of the MMD

Despite the empirical success of IGMs, providing a complete description of their
generalization properties remains a challenge. Part of this challenge is related to
the highly non-convex nature of the optimization problem. Here, our goal is to
investigate further some properties of the optimization trajectories that result from
learning IGMs.

An interesting starting point is the non-parametric setting, where the model
consists of a (potentially infinite) set of particles free to move in space. Thus, the
goal becomes to minimize a loss functional over a non-parametric class of probability
distributions over those particles. The trajectory of those particles can be described by
a Wasserstein gradient flow of the functional in probability space [Chizat and Bach,
2018a, Mroueh et al., 2019]. The parametric setting used in practice is a constrained
version of the Wasserstein gradient flow where the set of probability distributions
is restricted to a parametric family. This constraint causes a departure from a pure
particle flow. Despite this fact, we anticipate that the theoretical study of particle flow
convergence will provide helpful insights into conditions for convergence of IGMs,
and ultimately, improvements to their training algorithms. The Wasserstein flow of
the MMD functional is of particular interest since it yields competitive empirical
results when used for training IGMs [Binkowski* et al., 2018]. Although those
works rely on optimized kernels, considering the MMD with a fixed kernel results in

a closed-form expression and makes a mathematical analysis more accessible.
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Several works studied the Wasserstein flows of functionals similar to the MMD.
Carrillo et al. [2006] studied such flows under convexity assumptions of the functional
and proved their convergence to a global minimum. However, these convexity
assumptions are unlikely to hold in the case of the MMD because of the opposing
terms resulting from the attractive and repulsive forces that will typically not be
simultaneously convex. More recently, Mei et al. [2018] proved that adding entropic
regularization to functionals similar to the MMD results in global convergence of
the particle flow. In this case, the optimal distribution is in general different from the
one obtained without adding entropic regularization. In the context of optimization
of neural networks, Rotskoff and Vanden-Eijnden [2018] viewed the parameters of a
one hidden layer network as particles that are drawn from a probability distribution
and considered the infinite width limit of such networks. They provided an informal
global convergence result of the gradient flow of a representative particle. The
work of Chizat and Bach [2018a] generalized and provided rigorous proofs of
global convergence using the Wasserstein geometry formalism. Their results rely
on a homogeneity structure of the loss function, which holds systematically in
the context of deep neural networks. In the case of the MMD, this structure can
hold for kernels that are linear in at least one of their variables. However, this
requirement is incompatible with the MMD being a strict distance since the kernel is

not characteristic anymore [Sriperumbudur et al., 2009].

Contribution In Chapter 6, we study the Wasserstein gradient flow of the MMD
functional in a setting that is agnostic to the specific form of the kernel. We provide
a smoothness condition on the trajectory path in probability space that guarantees
convergence to a global minimum. This condition states that the negative Sobolev
distance between the current particles’ distribution and the global minimizer remains
finite. While this condition is trajectory dependent, it indicates that a common reason
for failure to attain global optimality is when the particles’ support collapses. We
exhibit simple cases when this condition does not hold, thus resulting in patholog-
ical trajectories. We then propose a modified algorithm for the particle flow that

adds a Gaussian perturbation to the particles’ location when evaluating its gradient.
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This procedure maintains the global optimum as a stationary point, unlike entropic

regularization, and is shown empirically to mitigate the collapse problem.

3.2 Scalable Wasserstein natural gradient

Usually, when optimizing generative models, the probability distributions matter
more than the particular parameters used to describe them. This principle is central
to natural gradient methods which construct optimization algorithm based on a
proximity measure between probability distributions [Amari, 1985, 1998]. When the
Kullback-Leibler (KL) is used as a proximity measure, this results in the so-called
Fisher Natural Gradient (FNG) descent, which received particular attention in the
context of variational inference [Khan and Lin, 2017, Zhang et al., 2018]. This
approach has the particular advantage that the resulting optimization trajectory in
probability space is invariant to parametrization in the continuous-time limit [Ollivier
etal., 2011]. Because of its close connection to the KL, this method is only applicable
when the generative model has a well-defined probability density relative to some

reference measure. Unfortunately, this is rarely the case in the context of IGMs.

On the other hand, the Wasserstein distance remains well-defined for IGMs
and appears to be a viable alternative proximity measure to the KL. This amounts
to considering a parametric Wasserstein Gradient flow py,. Such a flow would be
obtained by taking the continuous-time limit of a proximal scheme similar to (1.3),

albeit constrained to the parametric set of IGMs:

, 1
Poy, € Arg min L(po) + ;Wi(pe, Poy.)- (1.4)

By doing so, Li and Montufar [2018a,b], L.i [2018] introduce the notion of Wasser-
stein natural gradient (WNG) which drives the dynamics of the parameter 6, describ-
ing the trajectory py,. Operating directly on the parametric *'manifold’ of probability
distributions defined by the IGMs, the Wasserstein Natural gradient flow yields
the same trajectory in probability space regardless of the model’s parameterization.
Similarly to the FNG, the WNG can also be computed by pre-conditioning the usual

euclidean gradient with the inverse a symmetric positive matrix: the Wasserstein
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Information matrix. Because of this inversion, direct estimation of either FNG or
WNG becomes quickly infeasible for current large models with typically millions of

parameters.

So far, prior works focused on finding efficient algorithms to estimate the Fisher
natural gradient thus achieving a good trade-off between computation and empirical
performance [Martens and Grosse, 2015, Grosse and Martens, 2016, George et al.,
2018, Heskes, 2000, Bernacchia et al., 2018]. However, these methods exploit
the particular structure of the FNG and do not apply to estimating the Wasserstein
Natural gradient, to the best of our knowledge. Recently, Li et al. [2019] proposed to
use a proximal scheme similar to (1.4) to compute approximate updates of the WNG
flow without directly estimating the WNG. They propose to replace the Wasserstein
penalty in (1.4) by its non-parametric linearization known as the Negative Sobolev
Distance ||pg — p9k||§{,1(p9k) [Peyre, 2018, Villani, 2003]. While such penalty is
still intractable to compute, Li et al. [2019] express it as the optimal value of some
convex functional optimization problem obtained by duality and approximated in
practice using a finite set of basis functions. However, the Negative Sobolev Distance
between two probability distributions can be infinite, in theory, when the supports
of those distributions do not overlap, limiting the applicability to IGMs. However,
this pathology disappears when directly considering the infinitesimal limit of (1.4)

as described by the Wasserstein Natural Gradient.

Contribution. In Chapter 7, we introduce a scalable and provably consistent esti-
mator of the Wasserstein Natural Gradient. To achieve this, we first provide a dual
formulation of the Wasserstein Information Matrix (WIM) as the optimal value of
some convex functional optimization problem. Unlike in Li et al. [2019], this formu-
lation is provably well-defined since the WIM represents only elements that are in the
tangent space of the current probability distribution pg. The gradient of the optimal
solution provides a vector field ¢, allowing to perform an infinitesimal transport of
mass from py in a parameter direction u. We then express the Wasserstein Natural
Gradient as the optimal solution of some convex-concave saddle problem using the

dual formulation used to express the WIM. This formulation allows us to derive an
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estimator of the WNG by restricting the functional space to a Reproducing Kernel
Hilbert Space. The WNG may then be approximated using a Nystrom method. We
provide a convergence rate for the estimator in two settings: a well-specified and a
misspecified setting. The well-specified setting considers the case when the optimal
vector field ¢,, is a gradient of a function in the RKHS space. The misspecified case
assumes that the vector field can be approximated to arbitrary precision in Ls(py)
by the gradient of a function in the RKHS. The RKHS norm of the approximating
function is allowed to grow polynomially with the precision. This growth is pre-
cisely what determines the estimator’s convergence rate. An experimental evaluation
confirms that our kernel approach can accurately estimate the WNG while being

scalable and robust to the model’s parametrization.

4 Structure of the Thesis

The five main thesis chapters are based on the following publications. Source code
for all proposed methods in this is publicly available.
1. Chapter 3: Conditional score estimation

Arbel, Michael and Arthur Gretton. Kernel Conditional Exponential Family.
In AISTATS, 2018

Code: https://github.com/MichaelArbel /KCEF

2. Chapter 4: Optimized MMD under gradient constraints

Arbel*, Michael, Sutherland*, Danica J., Mikotaj Binkowski, and Arthur
Gretton. On gradient regularizers for MMD GANSs. In NeurIPS, 2018

Code: https://github.com/MichaelArbel/Scaled-MMD—-GAN

3. Chapter 5: Generalized energy based models

Arbel, Michael, Liang Zhou, and Arthur Gretton. Generalized energy based
models. In /ICLR, 2021

Code: https://github.com/MichaelArbel/GeneralizedEBM


https://github.com/MichaelArbel/KCEF
https://github.com/MichaelArbel/Scaled-MMD-GAN
https://github.com/MichaelArbel/GeneralizedEBM
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4. Chapter 6: Wasserstein gradient flow of the Maximum Mean Discrepancy

Arbel, Michael, Anna Korba, Adil Salim, and Arthur Gretton. Maximum
Mean Discrepancy Gradient Flow. In NeurlPS, 2019a

Code: https://github.com/MichaelArbel /MMD-gradient—-flow

5. Chapter 7: Scalable Wasserstein natural gradient

Arbel, Michael, Arthur Gretton, Wuhen Li, and Guido Montufar. Kernelized
Wasserstein Natural Gradient. In ICLR, 2019b

Code: https://github.com/MichaelArbel/KWNG

Other Contributions Works published over the course of this thesis that are not

included are

* Moskovitz*, Ted, Arbel*, Michael, Ferenc Huszar, and Arthur Gretton. Ef-
ficient wasserstein natural gradients for reinforcement learning. In /CLR,

2021

» Mikotaj Binkowski*, Danica J. Sutherland*, Arbel, Michael, and Arthur
Gretton. Demystifying MMD GANS. In International Conference on Learning

Representations, 2018
Code: https://github.com/mbinkowski/MMD-GAN
e Danica Sutherland, Heiko Strathmann, Arbel, Michael, and Arthur Gretton.

Efficient and principled score estimation with Nystrom kernel exponential

families. In International Conference on Artificial Intelligence and Statistics,

pages 652—-660, March 2018

Code: https://github.com/karlnapf/nystrom-kexpfam

» Tolga Birdal, Arbel, Michael, Umut Simsekli, and Leonidas J Guibas. Syn-
chronizing probability measures on rotations via optimal transport. In In

CVPR, 2020

Code: https://synchinvision.github.io/probsync


https://github.com/MichaelArbel/MMD-gradient-flow
https://github.com/MichaelArbel/KWNG
https://github.com/mbinkowski/MMD-GAN
https://github.com/karlnapf/nystrom-kexpfam
https://synchinvision.github.io/probsync

4 . Structure of the Thesis 30

e Anna Korba, Adil Salim, Arbel, Michael, Giulia Luise, and Arthur Gretton.
A non-asymptotic analysis for stein variational gradient descent. In NeurIPS,

2020

* Louis Thiry, Arbel, Michael, Eugene Belilovsky, and Edouard Oyallon. The
unreasonable effectiveness of patches in deep convolutional kernels methods.

In ICLR, 2021

* Samuel Cohen, Arbel, Michael, and Marc Peter Deisenroth. Estimating

barycenters of measures in high dimensions. Under review, 2020



Chapter 2

Background

We introduce some concepts used throughout the rest of the thesis. We define
X C R? as the closure of a convex open set, and P»(X) as the set of probability
distributions on X with finite second moment, equipped with the 2-Wassertein metric
denoted W5. For any v € Py(X), Lo(v) is the set of square integrable functions w.r.t.

V.

1 Reproducing Kernel Hilbert Spaces

We recall here some fundamental definitions and properties of reproducing kernel
Hilbert spaces (RKHS) (see Smola and Scholkopf [1998]). Given a positive semi-
definite kernel (x,y) — k(x,y) € R defined for all z,y € X, we denote by H its
corresponding RKHS (see Smola and Scholkopf [1998]). The space H is a Hilbert
space with inner product (., .)3 and corresponding norm ||.||3. A key property of
H is the reproducing property: for all f € H, f(x) = (f, k(z,.))n. Moreover,
if k is m-times differentiable w.r.t. each of its coordinates, then any f € H is
m-times differentiable and 0% f(z) = (f, 0%k(x, .))» where « is any multi-index
with o« < m [Steinwart and Christmann, 2008, Lemma 4.34]. When £ has at most
quadratic growth, then for all ;1 € Py(X), [k(z,x)dpu(z) < oco. In that case,
for any p € Po(X), ¢, := [ k(.,x)dpu(x) is a well defined element in H called
the mean embedding of p. The kernel £ is said to be characteristic when such
mean embedding is injective, that is any mean embedding is associated to a unique

probability distribution.
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Maximum Mean Discrepancy When £ is characteristic, it is possible to define a

distance between distributions in Py (X’) called the Maximum Mean Discrepancy:

MMD(p,v) = b — dullw ¥ p,v € Pao(X).

The difference between the mean embeddings of 1 and v is an element in H called
the unnormalised witness function between p and v: f,,, = ¢, — ¢,,. The MMD can

also be seen as an Integral Probability Metric:

MMD(u,v —sup{/gdu /gdy}
geB

where B = {g € H : ||g||3 < 1} is the unit ball in the RKHS.

2 2-Wasserstein geometry

For two given probability distributions v and x in Py(X'), we denote by II(v, )
the set of possible couplings between v and p. In other words I1(v, 1) contains all
possible distributions 77 on X' x X" such that if (X,Y) ~ 7 then X ~vandY ~ p.
The 2-Wasserstein distance on Py (X) is defined by means of an optimal coupling
between v and p in the following way:

W2 (v, 1) mf /H:c —y|)? dn(z, ) Vv, i € Po(X)

TrGH

It is a well established fact that such optimal coupling 7* exists Villani [2009],
Santambrogio [2015] . Moreover, it can be used to define a path (Pt)te[o,l] between v
and p in Po(X). For a given time ¢ in [0, 1] and given a sample (z, y) from 7*, it is
possible to construct a sample z; from p; by taking the convex combination of x and

y: z = sy(x,y) where s, is given by:

sf(zyy) =1 —t)x+ty  Va,ye X, Vtel0,1].
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The function s; is well defined since X is a convex set. More formally, p; can be

written as the projection or push-forward of the optimal coupling 7* by s;:

pr = (81)3m" (2.1)

We recall that for any 7' : X x X — X’ a measurable map, and any p € P(X x X)),

the push-forward measure 7% p is characterized by:

| ot = [ o))

for every measurable and bounded function ¢. It is easy to see that (2.1) satisfies the

following boundary conditions at ¢ = 0, 1:

po =V p1 = [ 2.2)

Paths of the form of (2.1) are called displacement geodesics. They can be seen as the

shortest paths from v to x4 in terms of mass transport (Santambrogio [2015] Theorem

5.27).

2.1 Dynamical formulation

It can be shown that there exists a velocity vector field (t, ) — ¢;(x) with values in

R? such that p; satisfies the continuity equation:
Oypi + div(pyy) =0 vt € [0, 1]. (2.3)

While there could be multiple vector fields ¢, satisfying (2.3), it is possible to
consider only those that are in the closure in Ls(p;) of gradient of smooth compactly

supported functions:

o€ IVF. TECETL 0 (2.4)

This additional condition ensures uniqueness of the vector field ¢; [Ambrosio et al.,

2004, Section 3.2].
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Equation (2.3) expresses two facts, the first one is that —div(p;¢;) reflects
the infinitesimal changes in p; as dictated by the vector field (also referred to as
velocity field) ¢;, the second one is that the total mass of p; does not vary in time
as a consequence of the divergence theorem. Equation (2.3) is well defined in the
distribution sense even when p; does not have a density. At each time ¢, ¢, can be
interpreted as a tangent vector to the curve (p;);c[0,1] so that the length I((p¢)ico,1])

of the curve (p;)¢c[o,1) would be given by:

(p0)eeo)’ / (62, dt where  [o4ll2, ) = / lée(@) ]2 dpyl(x)

This perspective allows to provide a dynamical interpretation of the W as the length
of the shortest path from v to p and is summarized by the celebrated Benamou-

Brenier formula (Benamou and Brenier [2000]):

1
Wi p) = inf / / léu(@)[? don(z) i @.5)
t, Pt 0

where the infimum is taken over all couples p and ¢ satisfying (2.3) with boundary
conditions given by (2.2). If (p;, ¢t)te[o,1} satisfies (2.3) and (2.2) and realizes the
infimum in (2.5), it is then simply called a geodesic between v and (; moreover it
is called a constant-speed geodesic if, in addition, the norm of ¢; is constant for all

t € [0, 1]. As a consequence, (2.1) is a constant-speed displacement geodesic.

2.2 Pseudo-Riemannian structure

The formulation in (2.5) suggests that W5 (v, 1) corresponds in fact to the shortest
path from v to u. Indeed, given a path p; from u to v, the infinitesimal displacement
direction is given by the distribution 9,p;. The length |0,p;| of this direction is mea-
sured by: [9,p1* == [ ||¢u(2)]|* dpi(z). It is therefore possible to express W3 (v, p1)

as:

1
W3(v, 1) = if}zf/ |0 dl.
0

In fact, 0;p; can be seen as an element in the tangent space 7}, P, to P, at point p;.

To ensure that (2.3) is well defined, 7),P, can be taken as the set of distributions o
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satisfying (1) = 0.
(DI < ClIV e, Ve (€ (2.6)

for some positive constant C'. Indeed, the condition in (2.6) guarantees the existence
of a vector field ¢, in (2.4) that is a solution to the PDE: 0 = —div(p;¢, ).
2

Moreover, |0;p;|* can be seen as an inner product of 0;p; with itself in T}, P;.

This inner product defines in turn a metric tensor ¢g" on P, called the Wasserstein

metric tensor (see Otto and Villani [2000], Ambrosio et al. [2004]):

Definition 1. The Wasserstein metric gV is defined for all p € P, as the inner

product over T, P, of the form:
gy (0,0") = /gbg(x)Tqﬁgx (x)dp(z), Vo,0' € T,P,
where ¢, and ¢, are solutions to the partial differential equations:
o= —div(pp,), o' = —div(ppyr).

Moreover, ¢, and ¢, are required to be in the closure of gradient of smooth and

compactly supported functions w.r.t. Ly(p)?.

Definition 1 allows to endow P, with a pseudo—Riemannian‘ structure with Wy

being its geodesic distance:

1
W3(p,f) = inf /0 9o (Oupr, Bupy) .

where the infimum is taken over absolutely continuous paths p; : [0, 1] — P» with

boundary conditions py = p and p; = p'.

"We used the term pseudo since the geometric structure is not exactly Riemannian, as discussed
extensively in [Ambrosio et al., 2004, Section 3.2]
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2.3 Gradient flows on the space of probability measures

Consider a real valued functional F defined over Py (X). We call 1f it exists,
the unique (up to additive constants) function such that 4 F (v + e(u —V))|e=0 =
[ 2 (v)(dV' — dv) for any v/ € Py(X). The function % is called the first variation

of F evaluated at ». We consider here functionals F of the form:

F(v) :/U(V(x))y(x)dx—|—/V(:E)V(x)dx+/W(x,y)i/(x)y(y)dxdy

where U is the internal potential, V' an external potential and 117 an interaction
potential. The formal gradient flow equation associated to such functional can be

written (see Carrillo et al. [2006], Lemma 8 to 10):

ov

T = div(vV— 0F

5 ) =div(wV({U'(v)+V + W xv)) 2.7

where div is the divergence operator and V‘E is the strong subdifferential of F
associated to the W5 metric (see Ambrosio et al. [2008], Lemma 10.4.1). Indeed,
for some generalized notion of gradient Vyy,, and for sufficiently regular v and F,
the r.h.s. of (2.7) can be formally written as —Vyy, F (v). The dissipation of energy

along the flow is then given by:

df(Vt)
dt

= —D(y,) with D(v /Hv HQ W(2)dr  (2.8)

Such expression can be obtained by the following formal calculations:

d./—:(Vt> . 8]:(%)% . af(Vt) / Vt
dt _/ v, at_/ aud(tv HV [Favs.

2 .4 Displacement convexity

Just as for Euclidian spaces, an important criterion to characterize the convergence of
the Wasserstein gradient flow of a functional F is given by displacement convexity

(see [Villani, 2004, Definition 16.5 (1st bullet point)])):

Definition 2. [Displacement convexity] We say that a functional v — F(v) is
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displacement convex if for any v and V' and a constant speed geodesic (p;)ico]
between v and V' with velocity vector field (¢, )icjo,1] as defined by (2.3), the following
holds:

Flpr) < (1 —=1t)F(vo) + tF (1) Vite[o,1].

Definition 2 can be relaxed to a more general notion of convexity called A-
displacement convexity (see [Villani, 2009, Definition 16.5 (3rd bullet point)]). We

first define an admissible functional A:

Definition 3. [Admissible A functional] Consider a functional (p,v) — A(p,v) € R
defined for any probability distribution p € Po(X) and any square integrable vector
field v w.r.t p. We say that A\ is admissible, if it satisfies:

e Forany p € Po(X), v — A(p,v) is a quadratic form.

* Forany geodesic (p;)o<i<1 between two distributions v and v' with correspond-

ing vector fields (¢1)icpo,1] it holds that info<;<1 A(py, gzﬁt)/ngﬁtHLQ () > —0
We can now define the notion of A-convexity:

Definition 4. [A convexity] We say that a functional v — F(v) is A-convex if for
any v,V € Po(X)? and a constant speed geodesic (p;)icp,1] between v and V' with

velocity vector field (¢1)icpo,1] as defined by (2.3), the following holds:

F(pt)g(l—t)F(uo)thf(ul)—/o A(ps, ¢5)G(s,t)ds Yt e[0,1]. (2.9)

where (p,v) — A(p,v) satisfies Definition 3, and G(s t) = 5(1 — )]I{s <t} +
t(1 — s)I{s > t}. A particular case is when A(p,v) = X [ |lv(x (x) for some

A € R. In that case, (2.9) becomes:
A
Flp) < (L= )F(n) +tF () = 560~ )WE(wo,0n) Y1 €[0,1]. 210)

Definition 2 is a particular case of Definition 4, where in (2.10) one has A = 0.
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3 Fisher-Rao Statistical Manifold

In this section we briefly introduce the non-parametric Fisher-Rao metric defined
over the set P of probability distributions with positive density. More details can be
found in Holbrook et al. [2017]. By abuse of notation, an element p € P will be
identified with its density which will also be denoted by p. Consider 7, the set of

real valued functions f defined over €2 and satisfying

/! <1’>)2 dr<oe [ f@ple)de =0

pz

We have the following definition for the Fisher-Rao metric:

Definition 5 (Fisher-Rao metric). The Fisher-Rao metric g is defined for all p € P

as an inner product over T, of the form:

g (f.9) = / ﬁ (g@)de,  VigeT,

Note that the choice of the set 7, is different from the one considered in
Holbrook et al. [2017] which replaces the integrability condition by a smoothness
one. In fact, it can be shown that these choices result in the same metric by a density

argument.
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Chapter 3

Conditional score estimation

A nonparametric family of conditional distributions is introduced, which generalizes
conditional exponential families using functional parameters in a suitable RKHS. An
algorithm is provided for learning the generalized natural parameter, and consistency
of the estimator is established in the well specified case. In experiments, the new
method generally outperforms a competing approach with consistency guarantees,
and is competitive with a deep conditional density model on datasets that exhibit

abrupt transitions and heteroscedasticity.

1 Introduction

Distribution estimation is one of the most general problems in machine learning.
Once an estimator for a distribution is learned, in principle, it allows to solve a
variety of problems such as classification, regression, matrix completion and other
prediction tasks. With the increasing diversity and complexity of machine learning
problems, regressing the conditional mean of y knowing x may not be sufficiently
informative when the conditional density p(y|x) is multimodal. In such cases, one
would like to estimate the conditional distribution itself to get a richer characterization
of the dependence between the two variables y and z. In this work, we address
the problem of estimating conditional densities when x and y are continuous and
multi-dimensional.

Our conditional density model builds on a generalisation of the exponential

family to infinite dimensions [Gu and Qiu, 1993, Barron and Sheu, 1991, Pistone and
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Sempi, 1995, Canu and Smola, 2006, Fukumizu, 2009], where the natural parameter
is a function in a reproducing kernel Hilbert space (RKHS): in this sense, like the
Gaussian and Dirichlet processes, the kernel exponential family (KEF) is an infinite
dimensional analogue of the finite dimensional case, allowing to fit a much richer
class of densities. While the maximum likelihood solution is ill-posed in infinite
dimensions, [Sriperumbudur et al., 2017] have demonstrated that it is possible to fit
the KEF via score matching [Hyvirinen, 2005], which entails solving a linear system
of size n x d, where n is the number of samples and d is the problem dimension.
It is trivial to draw samples from such models using Hamiltonian Monte Carlo
[Neal, 2010], since they directly return the required potential energy [Rasmussen,
2003, Strathmann et al., 2015]. In high dimensions, fitting a KEF model to samples
becomes challenging, however: the computational cost rises as d°, and complex

interactions between dimensions can be difficult to model.

The complexity of the modelling task can be significantly reduced if a directed
graphical model can be constructed over the variables, [Pearl, 2001, Jordan, 1999],
where each variable depends on a subset of parent variables (ideally much smaller
than the total, as in e.g. a Markov chain). In the present study, we extend the non-
parametric family of Sriperumbudur et al. [2017] to fit conditional distributions. The
natural parameter of the conditional infinite exponential family is now an operator
mapping the conditioning variable to a function space of features of the conditioned
variable: for this reason, the score matching framework must be generalised to
the vector-valued kernel regression setting of Micchelli and Pontil [2005]. We
establish consistency in the well specified case by generalising the arguments of
Sriperumbudur et al. [2017] to the vector-valued RKHS. While our proof allows for
general vector-valued RKHSs, we provide a practical implementation for a specific

case, which takes the form of a linear system of size n x d.

A number of alternative approaches have been proposed to the problem of
conditional density estimation. Sugiyama et al. [2010] introduced the Least-Square
Conditional Density Estimation (LS-CDE) method, which provides an estimate of

a conditional density function p(y|x) as a non-negative linear combination of basis
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functions. The method is proven to be consistent, and works well on reasonably
complicated learning problems, although the optimal choice of basis functions for
the method is an open question (in their paper, the authors use Gaussians centered
on the samples). Earlier non-parametric methods such as variants of Kernel Density
Estimation (KDE) may also be used in conditional density estimation [Fan et al.,
1996, Hall et al., 1999]. These approaches also have consistency guarantees, however
their performance degrades in high-dimensional settings [Nagler and Czado, 2016].
Sugiyama et al. [2010] found that kernel density approaches performed less well in

practice than LS-CDE.

It is possible to represent and learn conditional probabilities without speci-
fying probability densities, via conditional mean embeddings [Song et al., 2010,
Grunewalder et al., 2012]. These are conditional expectations of (potentially in-
finitely many) features in an RKHS, which can be used in obtaining conditional
expectations of functions in this RKHS. Such expected features are complementary
to the infinite dimensional exponential family, as they can be thought of as condi-
tional expectations of an infinite dimensional sufficient statistic. This statistic can
completely characterise the conditional distribution if the feature space is sufficiently
rich [Sriperumbudur et al., 2010], and has consistency guarantees under appropriate
smoothness assumptions. Drawing samples given a conditional mean embedding
can be challenging: this is possible via the Herding procedure [Chen et al., 2010,
Bach et al., 2012], as shown in [Kanagawa et al., 2016], but requires a non-convex

optimisation procedure to be solved for each sample.

A powerful and recent deep learning approach to modelling conditional densities
is the Neural Autoregressive Network (Uria et al. [2013], Raiko et al. [2014] and
Uria et al. [2016]). These networks can be thought of as a generalization of the
Mixture Density Network introduced by Bishop [2006]. In brief, each variable is
represented by a mixture of Gaussians, with means and variances depending on the
parent variables through a deep neural network. The network is trained on observed
data using stochastic gradient descent. Neural autoregressive networks have shown

their effectiveness for a variety of practical cases and learning problems. Unlike the
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earlier methods cited, however, consistency is not guaranteed, and these methods
require non-convex optimization, meaning that locally optimal solutions are found
in practice.

We begin our presentation in Section 2 , where we briefly present the Kernel
Exponential Family. We generalise this model to the conditional case, in our first
major contribution: this requires the introduction of vector-valued RKHSs and
associated concepts. We then show that a generalisation of score matching may be
used to fit the conditional density models for general vector valued RKHS, subject to

appropriate conditions. We call this model the kernel conditional exponential family

(KCEF).

Our second contribution, in Section 3 , is an empirical estimator for the natural
parameter of the KCEF (Theorem 1), with convergence guarantees in the well-
specified case (Theorem 2). In our experiments (Section 4 ), we empirically validate
the consistency of the estimator and compare it to other methods of conditional
density estimation. Our method generally outperforms the leading alternative with
consistency guarantees (LS-CDE). Compared with the deep approach (RNADE)
which lacks consistency guarantees, our method has a clear advantage at small

training sample sizes while being competitive at larger training sizes.

2 Kernel Exponential Families

In this section we first present the kernel exponential family, which we then extend
to a class of conditional exponential families. Finally, we provide a methodology for

unnormalized density estimation within this class.

2.1 Kernel Conditional Exponential Family

We consider the task of estimating the density p(y) of a random variable Y with
support Y C R? from i.i.d samples (Y;)?™_,. We propose to use a family of densities
parametrized by functions belonging to a Reproducing Kernel Hilbert Space (RKHS)
‘Hy with positive semi-definite kernel £ [Canu and Smola, 2006, Fukumizu, 2009,

Sriperumbudur et al., 2017]. This exponential family of density functions takes the
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form

exp <f7 k(:gv )>Hy
Z(f)

{p(y) = qo(y)

fef}, (3.1

where ¢ is a base density function on ) and F is the set of functions in the RKHS
space Hy such that Z(f) := [}, exp (f, k(y,.))#,q(y)dz < co. In what follows,
we call this family the kernel exponential family (KEF) by analogy to classical
exponential family. f plays the role of the natural parameter while k(y, .) is the
sufficient statistic. Note that with an appropriate choice of the base distribution ¢, and
a finite dimensional RKHS Hy, one can recover any finite dimensional exponential
family. When #y is infinite-dimensional, however, the family can approximate
a much broader class of densities on R%: under mild conditions, it is shown in
Sriperumbudur et al. [2017] that the KEF approximates all densities of the form
{qw(y)exp (f(y) — A)|f € Co(Y)}, A being the normalizing constant and Cy())

the set of continuous functions with vanishing tails.

Given two subsets ) and X of R? and R respectively, we now propose to
extend the KEF to a family of conditional densities p(y|x). We modify equation (3.1)
by making the function f depend on the conditioning variable x. The parameter f is
a function of two variables z and y, f : X x ) — R such that y — f(x,y) belongs

to the RKHS Hy for all x in X. In all that follows, we will denote by 7' the mapping
T:X—Hy x =T,

such that T.(y) = f(z,y) forall y in

We next consider how to enforce a smoothness requirement on 7' to make
the conditional density estimation problem well-posed. To achieve this, we will
require that the mapping 7" belongs to a vector valued RKHS #H: we now briefly
review the associated theory, following [Micchelli and Pontil, 2005]. A Hilbert space
(H,(.,.)n) of functions 7" : X — H, taking values in a vector space Hy is said
to be a vector valued RKHS if for all x € X and h € Hy, the linear functional

T +— (h,Ty)%, is continuous. The reproducing property for vector-valued RKHSs



2. Kernel Exponential Families 45

follows from this definition. By the Riesz representation theorem, for each x € X

and h € Hy, there exists a linear operator I',, from Hy to H such that for all 7' € H,
Considering the dual operator I'}, from H to Hy, we also get

T ="1r,.

xT

We can define a vector-valued reproducing kernel by composing the operator I',
with its dual,

[(z,2") =13,
where for all z and «', I'(z, ') is a bounded linear operator from 5 to Hy, i.e.,

[(z,2") € L(Hy). The space H is said to be generated by an operator valued

reproducing kernel I'. One practical choice for I is to define it as:

/

D(z,z) = k;X(:L’,a:l)IHy Vo, € X, (3.3)

where I3, the identity operator on Hy and ky is now a real-valued kernel which
generates a real valued RKHS H » on & [as in the conditional mean embedding; see
Grunewalder et al., 2012]. A simplified form of the estimator of 7" will be presented
in Section 3 for this particular choice for I' and will be used in the experimental

setup in Section 4 .

We will now express T (y) in a convenient form that will allow to extend
the KEF. For a given z, recalling that T, belongs to Hy, one can write T,(y) =
(T, k(y, ), for all y in V. Using the reproducing property in (3.2), one further
gets To.(y) = (T, T'.k(y, .))%- By considering the subset 7 of elements 7" in H such
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that for all x in X the integral

2(Ty) = /y 4o(y) exp((T, Tak(y, ))re)dy < oo

is finite, we define the kernel conditional exponential family (KCEF) as the set of

conditional densities

Lortoin) = aoo) 2T T

T e T} : (3.4)

Here T plays the role of the natural parameter while ',k (y,.) is the sufficient
statistic. When T’ is restricted to be constant with respect to x, we recover the
kernel exponential family (KEF). The KCEF is therefore an extension of the KEF
introduced in Sriperumbudur et al. [2017]. It is also a special case of the family
introduced in Canu and Smola [2006]. In the latter, the inner product is given by
(T, ¢(x,y))n where ¢ is a general feature of x and y. In the present work, ¢ has
the particular form ¢(z,y) = ', k(y, .). This allows to further express pr(y|z) for a
given x as an element in a KEF with sufficient statistic k(y, .), by using the identity
(I, T3k(y,.))n = (Tw, k(y,.))n,. This is desirable since pr(y|z) remains in the

same KEF family as z varies and only the natural parameter 7} changes.

2.2 Unnormalized density estimation

Given i.i.d samples (X, Y;)™, in X x ) following a joint distribution 7 (x)po(y|x),
where 7 defines a marginal distribution over X and p(y|z) is a conditional density
function, we are interested in estimating p, from the samples (X, Y;) . Our goal
is to find the optimal conditional density pr in the KCEF that best approximates p.
The intractability of the normalizing constant Z (7, ) makes maximum likelihood
estimation difficult. Sriperumbudur et al. [2017] used a score-matching approach
(see Hyvirinen [2005]) to avoid this normalizing constant; in the case of the KCEF,
however, the score function between 7 (z)po(y|z) and 7 (z)pr(y|x) contains addi-
tional terms that involve the derivatives of the log-partition function log Z(7},) with
respect to x. Instead, we now propose a different approach with a modified version

of the score-matching objective.
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We define the expected conditional score between two conditional densities

po(y|z) and ¢(y|z) under a marginal density 7 on z to be:

J(pola) = /X 7(2)7 (po(.|2)]a(.|)) dz

where:

po(ylz) H2d

Tl = 5 [ mivie) |7, 10520

‘Vy log

For a fixed value = in X', J(po(.|z)||q(.|z)) is the score-matching function
between po(.|x) and ¢(.|x) as defined by Hyvirinen [2005]. We further take the
expectation over x to define a divergence over conditional densities. The normalizing
constant of ¢(y|z), which is a function of z, is never involved in this formulation, as
we take the gradient of the log-densities over y only. For a conditional density po(y|z)
that is supported on the whole domain )Y for all x in X, the expected conditional
score is well behaved in the sense that J(pg|q) is always non-negative, and reaches
0 if and only if the two conditional distributions py(y|z) and ¢(y|z) are equal for
m-almost all z. The goal is then to find a conditional distribution p; in the KCEF for

a given " € T that minimizes this score over the whole family.

Under mild regularity conditions on the densities [see Hyvirinen, 2005, Sripe-

rumbudur et al., 2017, and below], the score can be rewritten

J(wollpr) = [282 SO
[Zé‘T )0:log ao(y) | + J (pollao)

where J(po||qo) is a constant term for the optimization problem and the expectation
is taken over w(z)po(y|x). All derivatives are with respect to y, and we used the
notation 0; f (y) = 8%_ (y). In the case of KCEF, conditions to obtain this expression

are satisfied under assumptions in Section A .4, as proved in Theorem 3 of Section B
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.1 . The expression is further simplified using the reproducing property for the

derivatives of functions in an RKHS (Lemma 11 of Section C ),

which leads to:

J(T) :E[Z %<T, T.0:k(y, )y, + (T Zilx, y>>H]
with:

Ei(z,y) =T.(07k(y,.) + 9;log qo(y)9ik(y, .)). (3.5)

We introduced the notation J(T') := J(po||pr) — J(po||qo) for convenience. This
formulation depends on py(y|x) only through an expectation, therefore a Monte

Carlo estimator of the score can be derived as a quadratic functional of 7" in the

RKHS H,

A 1 1 2 -
J(T) = %:] 5<T, U, 0ik (Ys, ), + (T, Bi( X3, Y3)),,-
1€[d]
Note that the objective functions .J(T') and .J(T') can be defined over the whole space

H, whereas J (po|pr) is meaningful only if 7" belongs to 7.

3 Empirical KCEF and consistency

In this section, we will first estimate the optimal 7% = argming.,, J(1') over the
whole space H by minimizing a regularized version of the quadratic form in equation
J (T"), then we will state conditions under which all of the obtained solutions belong
to 7 defining therefore conditional densities in the KCEF.

Following Sriperumbudur et al. [2017], we define the kernel ridge estimator to

be Tp,» = argmingcy, J(T) + 2||T||3, where || T||3 is the RKHS norm of 7. T,
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is then obtained by solving a linear system of nd variables as shown in the next

theorem:

Theorem 1. Under assumptions listed in Section A .4, and in particular if
|\L(x, )| op is uniformly bounded on X for the operator norm, then the minimizer

T, exists, is unique, and is given by

Toy=— =+ Z B(b,i)FXbaik(YEn')a

be[n]ield]

1
A
where

1

(1

> E(X ),

n
be[n];ield]

and =; are given by (3.5). ;) denotes the (b — 1)d + i entry of a vector 3 in R™,

obtained by solving the linear system
h
where G is an nd by nd Gram matrix, and h is a vector in R™,

(G)(arz)v(bﬂ) :<FXa8'Lk(Ya7 .)7 FXbajk(Yb’ )>H
(B) by =(Z: T, ik (Y, )

The result is proved in Theorem 4 of Section B .2.

For the particular choice of I' in (3.3), the estimator takes a simplified form

é([lf, y) + Z ﬁ(b,i)kX(Xba x)azk(yi)a y)?

ben]
1€[d]

Tn,)\($a y) =

> =
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with
1
(2, y) == > kx(X,2)07k(Y;, v)

(1

n
be[n];ield]

1
+= Y k(X 2)0:log o(Yh) 0k (Y, y)
be(n];ield]

The coefficients [ are obtained by solving the same system (G + n\[)5 = ’XL,

where GG and h reduce to
(G) ), b.5) =Fx(Xa, Xp)0;0j1ak(Ya, Ya),

(h) iy =0 (X, Y3),

and all derivatives are taken with respect to y.
The above estimator generalizes the estimator in Sriperumbudur et al. [2017]

to conditional densities. In fact, if one choses the kernel & to be a constant kernel,
then one exactly recovers the setting of the KEF.
This linear system has a complexity of O(n3d?) in time and O(n*d?) in memory,
which can be problematic for higher dimensions d as n grows. However, in practice,

if the goal is to estimate a density of the form p(x, ..., z4), one can use the general

chain rule for distributions, p(x1)p(z2|z1)....p(xa|x1, ..., z4—1), and estimate each
conditional density p(x;|z1, ..., z;_1) using the KCEF in (3.4). While this strategy

requires the stonger assumption that each conditional density to be in a KCEF,

this reduces the complexity of the algorithm to O(n3d). A reduction to the cubic
complexity in the number of data points n could be managed via a Nystrom-like

approximation [Sutherland et al., 2018].
In the well-specified case where the true conditional density po(y|z) is assumed
to be in (3.4) (i.e. po(y|x) = pr,(y|x)), we analyze the parameter convergence of
the estimator 7, , to 7j, and the convergence of the corresponding density pr, , (y|x)
to the true density po(y|x). First, we consider the covariance operator C' of the joint
feature I, k(y, -) under the joint distribution of x and vy, as introduced in Theorem 3
of Section B .1, and we denote by R(C") the range space of the operator C"7. We
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then have the following consistency result:

_1 1
2(7+1)’ 4

(1, 1), Under the conditions in Section A 4, for A\ = n=2, and if Ty € R(C"), then

402

Theorem 2. Let vy > 0 be a positive parameter and define o = max( ) €

lig
[T = Toll = Ope(n™277).
Furthermore, if sup,cy, k(y,y) < oo, then

KL(poHan,,\) = Opo (n_H—Qa)'

These asymptotic rates match those obtained for the unconditional density
estimator in Sriperumbudur et al. [2017]. The smoother the parameter 7y, the closer
« gets to i, which in turns leads to a convergence rate in KL divergence of the order
of \/%7 The worst case scenario happens when the range-space parameter ~y gets
closer to 0, in which case convergence in KL divergence happens at a rate close to
n%. A more technical formulation of this theorem along with a proof is presented in
Section B .3 (see Theorems 5 and 6).

The regularity of the conditional density p(y|x) with respect to x is captured by
the boundedness assumption on the operator valued kernel I'; i.e., ||['(x, x)||,p < &
for all x € X in Assumption (E). This assumption allows to control the vari-
ations of the conditional distribution p(y|z) as x changes. Roughly speaking,
we may estimate the conditional density p(y|x) at a given point z, from sam-
ples (Y;, X;) whenever there are X; sufficiently close to xy. The uniformly
bounded kernel I" allows to express the objective function J(7') as a quadratic
form J(T) = $(T,CT)3 + (T, E)3 + co for constant ¢y, where C is the covariance
operator introduced in Theorem 3. Furthermore, this boundedness assumption en-
sures that C'is a "well-behaved" operator, namely a positive semi-definite trace-class
operator. The population solution of the regularized score objective is then given
by T\ = (C + A)~'CT, while the estimator is given by: T}, = —(C' + \[)~'2
where C and = are empirical estimators for C' and =.

The proof of consistency makes use of ideas from Sriperumbudur et al. [2017],
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Caponnetto and De Vito [2007], exploiting the properties of trace-class operators.
The main idea is to first control the error || Ty — T’ || by introducing the population

solution T},
ITo — Tanllze < IITo — Tallz + [ Ts = Tanllae

The first term ||75 — T || represents the regularization error which is introduced by
adding a regularization term A/ to the operator C'. This term doesn’t depend on n,
and can be shown to decrease as the amount of regularization goes to 0 with a rate
A7) The second term represents the estimation error due to the finite number of
samples n. This term decreases as n — 0 but also increases when A — 0, therefore a
trade-off needs to be made between decreasing the first term || 7 — T3 ||» by setting
A — 0 and keeping the term || T — T |l small enough. Using decompositions
similar to those of Sriperumbudur et al. [2017], Caponnetto and De Vito [2007], we
apply concentration inequalities on the general Hilbert space H to get a probabilistic
bound on the estimation error of order O(5=).

Concerning the convergence in KL divergence, the requirement that the real-
valued kernel k is bounded implies that 7 is in fact equal to . Therefore, minimizing
the expected score J(pg, ||pr) is equivalent to minimizing the quadratic form J(7T')
over the whole RKHS . Finally, the rates in K L divergence are obtained from the

error rate of 7T} ,,.

4 Experiments

We perform a diverse set of experiments, on both synthetic and real data, in order
to validate our model empirically. In all experiments, the data are centered and
rescaled such that the standard deviation for every dimension is equal to 1. Given
(X™, .., XI)N_ iid. samples of dimension d we are interested in approximating
the joint distribution py(X7, ..., X4) of data using different methods:

e The KEF model from Sriperumbudur et al. [2017] approximates p by a
distribution py that belongs to the KEF (3.1) by minimizing the score loss between p

and py to find the optimal parameter f.
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e The KCEF model of Theorem 1 approximates p by a distribution p that is
assumed to factorize according to some Directed Acyclic Graphical model (DAG):
P(X1, ..., Xq) = I p(2i|zx(;)) where (i) are the parent nodes of i. Note that
we do not necessarily make independence assumptions, as the graph can be fully
connected. We will consider in particular two graphs, the Full graph (F) of the
form p( Xy, ..., Xyq) = p(X1)I%,p(X;| X1, ..., X;_1) and the Markov graph (M) of
the form p( Xy, ..., X4) = p(X1)1IL,p(X;|X;_1). Each of the factors is assumed
to belong to the KCEF in (3.4), and is estimated independently from the others
by minimizing the empirical loss J (T') to find the optimal operator T; such that
P(Xil X)) = pr(Xi X))

e The Orderless RNADE model in Uria et al. [2016], where we train a 2

Layer Neural Autoregressive model with 100 units per layer. The model consists

of a product of conditional densities of the form I1¢_, p(X,,

1=

Xo_,,0,0), where o is a
permutation of the dimensions [1, ..., d| and @ is a set of parameters that are shared
across the factors regardless of the chosen permutation o. RNADE is trained by
minimizing the empirical expected negative log-likelihood, where the expectation is

taken over all possible permutations and data,

L(0) = EoepExera| — log p(X,,

Xo_,, 0, 0)] )

e The LSCDE model in Sugiyama et al. [2010] where we also used the 2 fac-
torizations of the joint distribution (F, M) and solve a least-squares problem to
estimate each of the conditional densities. The approximate densities are of the form
al (X5, X)) where ¢ is a vector of m known non-negative functions and « is
obtained by minimizing the squared error between p(X;, X, (;)) and a” ¢(X;, Xx()).-
Only the non-negative component of the solution « is used.

For all variants of our model, we take the base density ¢, to be a centered
gaussian with a standard deviation of 2. The kernel function used for both predicted
variable y and conditioning variable z is the anisotropic radial basis function (RBF)
with per-dimension bandwidths. The bandwidths and the regularization parameter A

are tuned by gradient descent on the cross validated score.
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4.1 Synthetic data

We consider the "grid’ dataset, which is a d-dimensional distribution with a tractable

density that factorizes in the form
p(xi|zii1) = Ci(1 + sin(2mwia;) sin(2rwlz;_1))

for all i € [d]. C; is a tractable normalizing constant. Samples are generated using
rejection sampling for each dimension. To study the effect of sample size on the
estimator, we generate n training points with n varying from 200 to 2000 and d = 3,
and estimate the log-likelihood on 2000 newly generated points. To compare the
effect of dimension, we generate 2000 datapoints of dimension d varying from 2 to
20, and estimate the log-likelihood on 2000 test points. Unlike in [Sriperumbudur
et al., 2017, Sutherland et al., 2018], the score function J (T') cannot be used as
a metric to compare different factorizations of the estimated distribution, as it is
dependent on the specific factorization of the joint distribution. Instead, we estimated
the log-likelihood for our proposed model KCEF, where the normalizing constants
are computed using importance sampling. We discarded the KEF in this experiment,
since estimating the normalizing constant in high dimensions becomes impractical.

In Figure 3.1(left), we plot the log-likelihood as the number of samples increases.
Both variants of KCEF (F, M) performed slightly better than the other methods in
terms of speed of convergence as sample size increases. The variants that exploit
the Markov structure of data M lead to the best performance for both KCEF and
LSCDE as expected. The NADE method has comparable performance for large
sample sizes, but the performance drops significantly for small sample sizes. This
behaviour will also be observed in subsequent experiments on real data. The figure
on the right shows the evolution of the log-likelihood per dimension as the dimension
increases. In the F case, our approach is comparable to LSCDE with an advantage in
small dimensions. The F approaches both use an anisotropic RBF kernel with tuned
per-dimension bandwidth which end up performing a kind of automatic relevance
determination. This helps getting comparable performance to the M methods. A

drastic drop in performance can happen when an isotropic kernel is used instead
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Figure 3.1: Experimental comparison of proposed method KCEF and other methods (
LSCDE and NADE ) on synthetic grid dataset. LEFT: log-likelihood vs training
samples size, (d = 3). RIGHT: log-likelihood per dimension vs dimension,
N = 2000. The log-likelihood is evaluated on a separate test set of size 2000.

log-likelihood vs data dimension

~1.20 A
SC-TRORPNET St SR SR Ty
-1.25 .
\.
~1.30 AT —A—
—e— KCEF-F
~1.35 1 —o— KCEF-M
Z1.40 1 “\\ —#- LSCDE-F
LT —#- LSCDE-M
—1.451 *\‘_‘. RNADE
- S
~1.50 A o —
—1.55 -

50 7.5 10.0 125 15.0 17.5 20.0
d

Figure 3.2: Experimental comparison of proposed method KCEF using an isotropic kernel
and other methods ( LSCDE and NADE ) on synthetic grid dataset. Log-
likelihood per dimension vs dimension, N = 2000. The log-likelihood is
evaluated on a separate test set of size 2000.

as confirmed by Figure 3.2. Finally, NADE, which is also agnostic to the Markov
structure of data, seems to achieve comparable performance to the F methods with a

slight disadvantage in higher dimensions.

4.2 Real data

We applied the proposed and existing methods to the R package benchmark datasets
[Team, 2008] (see Table 3.1) as well as three UCI datasets previously used to study
the performance of other density estimators (see Uria et al. [2013], Sil [2011], Tang

et al. [2012]). In all cases data are centered and normalized.
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First, the R benchmark datasets are low dimensional with few samples, but with
a relatively complex conditional dependence between the variables. This setting
allows to compare the methods in terms of data efficiency and overfitting. Each
dataset was randomly split into a training and a test set of equal size. The models are
trained to estimate the conditional density of a one dimensional variable y knowing
x using samples (x;, y;)"_; form the training set. The accuracy is measured by the
negative log-likelihood for the test samples (z;, ;) ; averaged over 20 random
splits of data. We compared the proposed method with NADE and LSCDE on 14
datasets. For NADE we used CV over the number of units per layer {2, 10, 100} and
number of mixture components {1,2,5,10} for a 2 layer network. We also used CV
to chose the hyper-parameters for LSCDE and the proposed method on a 20 x 20
grid (for A and o).

The experimental results are summmarized in Table 3.1. LSCDE worked well in
general as claimed in the original paper, however the proposed method substantially
improves the results. On the other hand, NADE performed rather poorly due to the
small sample size of the training set, despite our attempts to improve its performance

by reducing the number of parameters to train and by introducing early stopping.

The UCI datasets (Red Wine, White Wine and Parkinsons) represent challenging
datasets with non-linear dependencies and abrupt transitions between high and low
density regions. This makes the densities difficult to model using standard tools such
as mixtures of Gaussians or factor analysis. They also contain enough training sample
points to allow a stronger performance by NADE. All discrete-valued variables were
eliminated as well as one variable from every pair of variables that are highly
correlated (Pearson correlation greater than 0.98). Following Uria et al. [2013], 90%
of the data were used for training while 10% were held-out for testing. Two different

graph factorizations (F, M ) were used for the proposed method and for LSCDE.

In Table 3.2, we report the performance of the different models. Our method
was among the statistically significant group of best models on Parkinsons dataset
according to the two-sided paired ¢ — test at significance level of 5%. On the

remaining datasets, it achieved the second best performance after NADE.
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KCEF NADE LSCDE
caution 0.99+0.01 4.12+£0.02 1.1940.02
ftcollinssnow 146 £0.0 3.09£0.02 1.564%0.01
highway 1.17+£0.01 11.02+£1.05 1.98+£0.04
heights 1.27+00 2.71+£0.0 1.3+0.0
sniffer 0.33+£0.01 1.514+0.04 0.48+0.01
snowgeese 0.72+£0.02 2940.15 1.39 £0.05
GAGurine 046+0.0 1.66+0.02 0.7£0.01
geyser 1.21+0.04 143+0.07 0.7£0.01
topo 0.67£0.01 4.264+0.02 0.83+0.0
BostonHousing 0.3 + 0.0 3.46 £0.1 1.13 4+ 0.01
CobarOre 3.42£0.03 4.7+0.02 1.61 £0.02
engel 0.184+0.0 146=+0.02 0.76+0.01
mcycle 0.56 £0.01 2.244+0.01 0.93+0.01
BigMac2003 0.59+0.01 138+0.13 1.63+0.03

Table 3.1: Mean and std. deviation of the negative log-likelihood on benchmark data over 20

runs, with different random splits. In all cases d, = 1. Best method in boldface
(two-sided paired t-test at 5%).

white -wine  parkinsons red wine
KCEF-F 13.054+0.36 2.86+0.77 11.8+0.93
KCEF-M  14.36 £0.37 5.53+0.79 13.31 £0.88
LSCDE-F 13.594+0.6 15.89+1.48 14.434+1.5
LSCDE-M 14.424+0.66 10.22+1.45 14.06+1.36
NADE 10.55+0.0 3.63+0.0 9.98 £0.0

Table 3.2: UCI results: average and standard deviation of the negative log-likelihood over
5 runs with different random splits. Best method in boldface (two-sided paired
t-test at 5%).

4.3 Sampling

We compare samples generated from the approximate distribution obtained using
different methods (KEF, KCEF, NADE). To get samples (Xj, ..., X;) from the
joint distribution of KCEF we performed ancestral sampling, where a sample from
the parents 7 (i) of node i is first generated, and then X; is sampled according
to p(X;| Xr;)). We used the methodology and code in Strathmann et al. [2015] to
sample from each conditional distribution p(X;| X)) using an HMC proposal, since
we have access to the gradient of the conditional densities and their un-normalized

values. We trained the 3 models on Red Wine and Parkinsons datasets as described
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Red Wine Parkinsons

Figure 3.3: Scatter plot of 2-d slices of red wine and parkinsons data sets. Black points are
real data, red are samples from the KCEF.

HKEF<KCEF HNADE<KCEF

parkinsons 0.523506 0.011467
red-wine 0.000791 0.326109

Table 3.3: p-values for the relative similarity test. Columns represents the p-values for
testing whether samples from KEF ( resp. KCEF) model are closer to the data
than samples from the KCEF (resp. NADE).

previously, and generated joint samples from two-dimensional slices of data (see
Figure 3.3). Since each conditional distribution is low-dimensional, we assumed an
idealized scenario where the burn-in is completed after 100 iterations of the HMC
sampler. We then run 20 samplers for 1000 and thin by a factor 10, which results
in 2000 samples. As shown in Figure 3.3, KCEF is able to capture challenging
properties of the target distribution, such as heteroscedasticity and sharp thresholds.

We also performed a test of relative similarity between the generated samples
and the ground truth data following the methodology and code of Bounliphone et al.
[2016]. Given samples from data X,,, and generated samples Y,, and Z, from two
different methods, we test the hypothesis that P, is closer to P, than P, according to
the MMD metric. The null hypothesis

H,..: MMD(P,,P,) < MMD(P,, P,)
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is tested against the alternative at a significance level o = 5% (see Bounliphone
et al. [2016] for details). Table 3.3 shows the p-value for testing KCEF vs KEF
and NADE vs KCEF. We see that KCEF significantly outperforms NADE with
high confidence for the parkinsons dataset, consistent with Table 3.2. Performance
of the two methods is not statistically distinguishable for the red-wine data. See
the scatter plots in Figure 3.4 which visually confirm the result for the Red Wine
and Parkinsons datasets. KCEF gives significantly better samples than KEF on
red-wine: indeed, KCEF generally outperforms KEF on distributions where the

densities exhibit abrupt transitions, as is clear by inspection of the plots in Figure 3.4
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Figure 3.4: Scatter plot of 2-d slices of red wine and parkinsons data sets, the dimensions are
(zg,x7) for red wine and (x15, x16) for parkinsons. The black points represent
1000 data points from the data sets. In red, 1000 samples from each of the three
models KEF, KCEF and NADE.



Supplementary

In this section we prove Theorem 1 and Theorem 2.

A Preliminaries

A .1 Notation

We first introduce some relevant concepts from functional analysis. If £ is Hilbert
space we denote by (.,.)g and |.||g its corresponding inner product and norm,
respectively. If F and F' are two Hilbert spaces, we use ||.|| to denote the operator
norm || Al = supy, <1 [[Af]l, where A is an operator from E to F'. We denote by
A* the adjoint of A.

If F is separable with an orthonormal basis {ey }, then ||.||; and ||.||2 are the

trace norm and Hilbert-Schmidt norm on E and are given by:

1AL =) (A% A) ey, er)

k
[A[l2 = [|A"Al]1.

where A is an operator from E to E. A\, (A) is used to denote the algebraically
largest eigenvalue of A. For f in E and g in I’ we denote by g ® f the tensor product
viewed as an application from F to F with (¢ ® f)h = g(f, h)g for all h in E.
C1(£2) denotes the space of continuously differentiable functions on 2 and L"(2)
the space of r-power Lebesgues-integrable function. Finally for any vector 3 in R™?,

we use the notation 5, ;) = B(a—1)a+: for a € [n] and i € [d].
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A .2 Operator valued kernels and feature map derivatives

Let X' and ) be two open subsets of R? and R? . Hy, is a reproducing kernel Hilbert
space of functions f : } — R with kernel ky. We denote by H a vector-valued
reproducing kernel Hilbert space of functions 7' : x — 7T} from X to H and we
introduce the feature operator I' : x — T', from X" to £L(Hy,H) where L(Hy,H)
is the set of bounded operators from Hy to ‘H. For every z € X, I, is an operator

defined from Hy to H.

The following reproducing properties will be used extensively:

* Reproducing property of the derivatives of a function in Hy ( Steinwart and
Christmann [2008], Lemma 4.34): provided that the kernel ky is differentiable
m-times with respect to each coordinate, then all f € Hy are differentiable

for every multi-index o € N¢ such that o < m, and

O f(y) = (f. 0%k(y, )y Yy €,
where 0%k, (y,y') = %yy’y/). In particular we will use the notation
W Ok(y,y \ Ok(y,y
Oik(y,y) = g, Oirak(y,y ) = ¥
Dy dy;

* Reproducing property in the vector-valued space H: For any f € H, and any

T € H we have the following:

<T967 f>7-ly = <T7 F:Bf>7'l

In particular for every y € ) we get:

(Lo k(s )y = (T, Tak(y, ) m

Using now the reproducing property in Hy we get:
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A .3 The conditional infinite dimensional exponential family

Let gy be a base density function of a probability distribution over ) and 7 a
probability distribution over X'. 7 and ¢ are fixed and are assumed to be supported

in the whole spaces X" and )/, respectively.

We introduce the following functions Z : Hy — R, such that for every

f € Hy we have

2(f) = /y exp ((f, Ky, )y )0(dy).

We consider now the following family of operators
T={TeH:Z(1T,) <oo,Vre X}

This allows to introduce the Kernel Conditional Exponential Family as the

family of conditional distributions satisfying

6(<T7sz(yv')>7{)

P = {p:r(m\y) = W”W

TGT}.

Given samples (X, Y;)", € X x ) following a joint distribution p, the goal is
to approximate the conditional density function py(y|z) in the case where py(y|z) €
P (i.e. Ty € T such that py(y|x) = pr,(y|z) ). To this end, we introduce the
expected conditional score function between two conditional distributions p(.|x) and

q(.|x) under m,

J(pllg) = //Z [0;1og p(ylz) — 0;log q(ylx)] p(dy|z)m(dx).

This function has the nice property that J(p||¢) > 0 and that J(p||q) = 0 <
q = p, which makes it a good candidate as a loss function.
The marginal distribtion py(x) doesn’t have to match 7(x) in general as long

as they have the same support. For purpose of simplicity we will assume that

po(z) = 7(x).
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A .4 Assumptions
We make the following assumptions:

(A) (well specified) The true conditional density py(y|z) = pr,(y|z) € P for some
TO in T

(B) ) is a non-empty open subset of of the form R? with a piecewise smooth

boundary 0) := y \ V, where Y denotes the closure of V.

(C) k is twice continuously differentiable on ) x ) and 0*®k is continuously

extensible to ) x Y for all |a| < 2.

(D) Forall x € X and all i € [d], as y approaches 0Y : ||0;k(y, -)||ypo(y|z) =

o(llylI'=)

(E) The operator I' is continuous in x and is uniformly bounded for the operator

norm |||y, < kforallz € X.

(F) (Integrability) for some € > 1 and all i € [d]:

10k (y, )|y € L*(Y, po),
107k(y. )|y € L(V. po),
10:k(y, -)||»0i log qo(y) € L(Y,po).

Remark 1. The continuity of the kernel k on the separable set Y ensures that Hy
is also separable by [Steinwart and Christmann, 2008, Lemma 4.33]. Moreover,
since x — 'y is continuous it follows that the vector valued RKHS H consists
of continuous functions with values in Hy. Again, the separability of X and Hy

ensures that H is also separable by [Carmeli et al., 2006, Corollary 5.2.].

B Proofs

In this section, we prove the main theorems of the document, by extending the
proofs of Sriperumbudur et al. [2017] to the case of the vector-valued RKHS. We

provide complete steps for all the proofs, including those that carry over from the
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earlier work, to make the presentation self-contained; the reader may compare with
[Sriperumbudur et al., 2017, Section 8] to see the changes needed in the conditional

setting.

B .1 Score Matching
Theorem 3 (Score Matching). Under Assumptions (A) to (F), the following holds:

1. J(pr,||lpr) < oo forallT € T

2. Forall T € H define
1
J(T) = §<T = To, C(T" = To) )u, (3.6)
where

d
= / S [0k (y, ) @ Tadik(y, )] polde, dy) = By [Cxy]. (B7)
AXY =

1

N J/
-~

Cay

then C a trace-class positive operator on H and for all T € T J(T) =
J(pro | Pr)-

3. Alternatively,

J(T) = (T, CTy + (T, Zhou + (o).

d
H>Z:= / > T, [0:log qo(y)dik(y, ) + 02k(y, )] po(da, dy)
XY =1

J/

-~

z,y

=E, [Exy]

Moreover, Ty satisfies C'Ty = —=

4. For any A > 0, a unique minimizer T of J\(T) := J(T) + 3| T3, over H
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exists and is given by:

T\ = —(C+ \)'E = (C + \)"'CT,.

Proof. We prove the results in the same order as stated in the theorem:

Proof of (1). By the reproducing property of the real valued space Hy we have:
T(x,y) = (T, k(y, -))n,- Using the reproducing property for the derivatives of real

valued functions in an RKHS in Lemma 11, we get
T (v,y) = 0T, k(y, )y = (Tr, Oik(y, ) ny, Vi € [d].
Finally, using the reproducing property in the vector-valued space H,
0T (x,y) = (T, T.0:k(y,))n, Vi € [d].

it is easy to see that

J(pr|lpr) = / — T, T.0:k(y, .))3po(dz, dy). (3.8)
X><)J

By Assumptions (E) and (F),

IT20:k(y, )la < ITellopll0ik(y, )i, < £V 0i0irak(y, y) € L*(po),

and therefore by Cauchy-Schwarz inequality,

J(T) = J(pToHpT)

IN

d
1
ST~ Tl [ 3 00k, i, dy) < oo,
XY =1

which means that J(7') < oo forall T € T.
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Proof of (2). Starting from (3.8), it is easy to see that:

d

HT) =5 [ S~ Tk ) © Tk ) (T~ Tl dy)
1

_! / (Ty = T, Cay (T — T))spol(dz, dy)
XxY

In the first line, we used the fact that (a, b)3, = (a, b)y(a, b)3 = {(a,b® ba)y for any
a and b in a Hilbert space H. By further observing that C, , and (7y — 1) ® (1o — 1)
are Hilbert-Schmidt operators as ||C., , || s < +? Zle |0:k(y, -)|| < oo by Lemma 7
and ||(To — T) @ (To — T)||lus = ||(To — T) |3, < oo we get that:

JT) = /X (T =) & (T = T), Coy syl )

Using Assumption (F) we have by Lemma 10 that C, , is po-integrable in the Bochner
sense [Retherford, 1978, Definition 1]) and that the inner product and integration

may be interchanged:

J(T) =

(=10 @1, [ [ comianan)

(To —T,C(Ty — T))n

S

N~ N

Proof of (3). From (3.6) we have J(T') = $(T,CT)y — (T, CTo)y + 5(To, CTo)n.

Recalling that: 0,7 (x,y) = (T, T.0ik(y, -))» for all i € [d], and using 0;Ty(z,y) =
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i log po(y|x) — 9;log qo(y|x) one gets:

d

(T, CTo)y = / [Zaﬁ(m,waﬁo(x,y)} poldz, dy)

XY "o
d
= / [Z@T(x, e logpo(ylx)]po(dx)dy
AXY "=

d

_ /Xxy [Z&»T(:p,y)@i log qO(ny)}po(dl% dy)

@/Xpt)(d@ /(wpo(ym)VyT(x,y).de’
_/X v [ZGET(x,y) + 0T (, y)0; 10gQO(y\$)}po(dx,dy).

(a) is obtained using the first Green’s identity, where 0} is the boundary of ) and ds
is the oriented surface element. The first term [, 7(dz) [, po(y|2)V, T (z, y).dS
vanishes by Lemma 8, which relies on Assumption (D). The second term can be
written as: [y (T, Zqy)upo(dz, dy).

By Assumptions (E) and (F) =, , is Bochner py-integrable, therefore:

ot

[1]

/ <T’ E;p,y>Hp0(d.T, dy) = <T7/ Ex,ypO(dx> dy)> = <T,
XxY XY H

Hence (T',CTy)y = —(T', )% and = = —CTj. Moreover, one can clearly see that:
d
(To, CTo)n = / Z(az‘To(%y))QPo(d%dy) = J(pnyla0)-

XY =1

And the result follows.

Proof of (4). For A > 0, (C + AI) is invertible as C' is a symmetric trace-class

1

operator. Moreover, (C' + AI)z is well defined and one can easily see that:
1 1 _1_2 1 —_ 1
INT) = 5H(C + AT + (C+ M) 2Z|3 — 5(:, (C+X)T'E)y +co

with co = J(p1, ||qo)- Jx(T) is minimized if and only if (C+A)2T = (C+\ )22

]

and therefore T = (C'+ A\ )~'Z is the unique minimizer of J,(T').
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69

Given samples (X,, Y,)?_, drawn i.i.d. from py and A > 0, we define the empirical

score function as

~

1, - -
J(T) = §<T, CT)H + <T, .:)H + J(pTquO).

where:

_—ZZanak )@y, 8;k(Y,, )

a=1 i=1

. 1 n d
2= - ZZFXG [9:1og go(Ya) Dik(

a=1 i=1

YZI? ')a +ai2k(Ya7 )} :
are the empirical estimators of C' and = respectively

Theorem 4 (Estimator of 7). For and any A > 0, we have the following

1. The unique minimizer Ty, of J\(T) := J(T) + 2||T13, over H exists and is
given by

T/\,n

2. Moreover, T ,, is of the form

n d
T)\,n

[1]>

+
b=1 i=1

>/IH

5 b—1 d—}—zFXb8 k(ifbv )7

where ((,) are obtained by solving the following linear system

(G+n\)p = X

with:

(G>(a—1)d+i7(b—1)d+j = <FXaaik(Ya= ')7 FXbajk(lfba ) >7—L
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and:

(1) a—1yas = (2, Tx, 0k (Ya, ))ne-

Proof. Proof of (1). The same proof as in Theorem 3 holds with C' and = replaced
by C and =.

Proof of (2). We will use the general representer theorem stated in Lemma 13.
We have that:

1 N N A
Ty = arginf —(TCT )y + (T, Z)x + = || T3,
Ten 2 2

n d
! - A
= arginf 5 E E (T,Tx,0ik(Ya, )3, + (T, Z) 5 + §||T||g{

Ter < 2=

) A
= arglnf V(<T7 ¢1>7‘l7 ey <T7 ¢nd+1>7{) + §HTH?-L
TeH

Where V (04, ..., 0pqs1) == % Yoy Z?Zl G(Za—l)d+i+0nd+1 is a convex differen-
tiable function and ¢(,—1ya4i := ['x,0;k(Y,,.) where a € [n],i € [d] and ¢pg = =

Therefore, it follows from Lemma 13 that:

n d
Thn = 0= + Z Z Bla—1)d+iP(a—1)d+i-

a=1 i=1

where § and (3 satisfy:
A(B,0) + VV(EK(3,0)) =0

G h

nt I,

with K =

The gradient VV of V' is given by VV (z,¢) = (£z,1). The above equation
reduces then to Ad + 1 = 0 and A\J + %Gﬁ + %h = 0 which yields § = —% and
(LG + \)B = Lh. O
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B .3 Consistency and convergence

Theorem 5 (Consistency and convergence rates for 7}, ,,). Let v > 0 be a positive

number and define o = max(m, i) S (4, 2) under Assumptions (A) to (F):
1. if Ty € R(C) then ||T,, » — To|| — 0 when A\\/n — 0o, A — 0 and n — <.
2. if Ty € R(C") for some v > 0 then ||T,,, — Tyl = Opo(n_%“‘)for A=n"¢

Proof. Recalling that 7} ,, = —(C’ + A )*1§ We consider the following decomposi-

tion:

Ton —Ty=— (C+ M) "HE+ (C+ A)T))

—

*

2 (CHN) N E4CT+C(Ty—T)))

)"
)"
—(CH+N)H(C =T\ —Ty) — (C+ M) HE+
i
)"

[I]>

+CTy)
=(C+X)HC =C)Ty—Ty) — (C+ M) (E2-75)

+(C+AD)7HC - O)T.

[I]>

We used the fact that AT, = C(Ty — T)) in (x). Define now

S1:=|[(C + A1) H(C = O) Ty = To) |l
= [(C+AD)THE-E)|
Sy == |(C'+ AI)"H(C = O) Tyl
Ao(A) = |Ton — Tol[-

it comes then:

1T — Toll2 < | Ton — Tl + 1T — Tolln

< S1+ S2 4+ Ss 4+ Ag(N),

Using Lemma 16 we can bound 5, S and S3. Note that C,, , as defined in
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(3.7) is a positive, self-adjoint trace-class operator by Lemma 7 , we therefore have:

d

d
1Coy s = D (Tadik(y. ), Tadyk(y. N5 < Y (L0 (y, )30k (y. )15,

i,j=1 i,j=1

d d d
< (Y ITe0k(y. )5)* < d Y ITadik(y. )5 < dw* Y 10k (y. )15,

i=1 =1 i=1

The last inequality is obtained using Assumption (E). Using now Assumption (F)

for € = 2 one can get:

| e lrsme,ay) <dn42 [ 1okl ), po(da, ) < +oc.
XxY

XxY

Lemma 16 can then be applied to get the following inequalities:

S0 <+ M) = O) T = Tulle = O (5 )
Sy <l + AD)H(C — E)T|| = om(ﬁ)\m

[(C+A)7H| <

> =

To bound S, we need to show that ||= — Z||3, = O,, (n"2). The same argument as

in Sriperumbudur et al. [2017] holds:

- 1 - -
Epl|Z - SIB, = ( | VBl dy) - ||:||2)
X

1 -
<1 / 1 20 (dz, dy)
XxY

n

By Assumption (F) for ¢ = 2 we have that [, ., [|=. 4 ||3po(dz, dy) < oc. One

can therefore apply Chebychev inequality to get the results. It comes that:

Sz < IC +ADTIZ — Elle = Op (=
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Using the bounds on S, S5 and S3 we get:

1 Ao(N)
W

ITxn = Tolls = Opy )+ Ao(N) (3.9)

1. By Lemma 15 we have Ay(A\) — 0as A — 0if Ty € R(C). Therefore it

follows from (3.9) that || Ty, — To|| — 0 as A — 0, A\\/n — oo and n — oo.

2. We have by Lemma 15 that if 7, € R(C”) for v > 0 then:
Ao(N) < max{1, ||C|""H|C Ty A,

The result follows by choosing A = n~ maxiamm ) — e

]

We denote by K L(pr,||pr) the expected K L divergence between pr, and pr

under the marginal py(z).

Theorem 6 (Consistency and convergence rates for pr, , ). Assuming Assump-
tions (A) to (F), and ||k||oc := sup,cy k(y,y) < oo and that pr,(y|v) is supported
on ) forall x € X then the following holds:

1. KL(pg|lpry.,.) = 0as Ay/n — 0o, X = 0 and n — oc.

2. If Ty € R(C7) for some v > 0 then by defining o = max(ﬁ, 1) e, 3)

and choosing \ = n~* we have that I L(po|pr, ,) = Op(n~ %)

Proof. By Lemma 9, we have that 7 = H and we can assume without loss of

generality that 7, € R(C'). Using Lemma 14 (also see [van der Vaart and van

Zanten, 2008, Lemma 3.1] ), one can see that for a given z :

K L(pr (Y[2)|p, . (Y2))

<|ITo(z) = Tau(@)ll5 exp [ To(2) = Tan(2)loo(1 + [ To(2) — Tan(z) ) (3.10)

Moreover, using Assumption (E) and the fact that ||k||,, < oo one can see that
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’T0<x7 y) - T)\,n(x> y)'?-ly = <T0 - T)\,n7 sz<ya )>H

S ||T() - T)\,n”H”sz(ya )HH

which gives after taking the supremum:
[To(x) = Tan(2)lloo < Al[Ellocl[To — Thnll2 (3.11)

forall z € X. Using (3.11) in (3.10) and taking the expectation with respect to

x, one can conclude using Theorem 5.

Lemma 7. Under Assumptions (C), (E) and (F) we have that:
1. C,, is a trace-class positive and symmetric operator for all (z,y) € X x Y
2. Cy, is Bochner-integrable for all (z,y) € X x Y
3. C'is a trace-class positive and symmetric operator

Proof. Recall that C' = [, C, ypo(dz,dy) where Cy,, = S TL0k(y, ) ®
[',0;k(y,-) is a positive self-adjoint operator. Recalling that 7 is a separable Hilbert

space, the trace norm of C, , satisfies:

d
ICaylls < ITa0ik(y, ) @ Tu0ik(y, )l

i=1

d d
SO ITaduk (N, < 3 ITali3, 0k Gy, )2,
=1 =1

—
S)
=

INE

d
K 31000y, e, < oo
i=1
(a) follows from the definition of the trace-norm of the outer product of a vector
in # with itself. (b) comes from Assumption (E). This implies that C,, , is trace-class.

Moreover, by Assumption (F) for e = 1 : [|0;k(y, -)||u,, € L*(V, po) which leads
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to:

/ |Cayll1po(dz, dy) < oo.
Xx)y

This means that C ,, is po-integrable in the Bochner sense [Retherford, 1978, Defini-

tion 1 and Theorem 2] and its integral C' is trace-class with:

cli=] | Comtnan)]|, < [ ICuslimlde.dy) < o
XXY 1 XXy

Lemma 8. Under Assumptions (B) to (D) we have the following:
/ m(dx) / po(ylz)V, Tz, y).dS = 0 VI'eT
X oy

where 0) is the boundary of Y and dS is an oriented surface element of 0.

Proof. Firstlet’s prove that |V, T'(z,y)|lpo(y]z) = o(||y[|*~%) for all x € X. Where
the norm used is the euclidian norm in R?. Using the reproducing property and

Cauchy-Schwarz inequality one can see that:

d d

IV, T )P =Y 0T (z,9))* = (Te, Ok(y, ))?

=1 i=1

< HTxHQ(iH@-k(y, )

By Assumption (D), one can see that \/Zle\]@k(y, MI2po(ylx) = of||z|*~9),

therefore it comes that |V, T (z,y)|po(y|z) = o(||ly||'~¢). Using Lemma 12 one
gets that fay po(ylz)V, T (z, y).dS = 0 for all z € X which leads to the resul.

O

Lemma 9 (Similar to Lemma 14 in Sriperumbudur et al. [2017]). Suppose

sup,cy k(y,y) < oo and supp(q) = Y. Then T = H and for any Ty there
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exists TO € W such that pz, = po.

Proof. The proof follows the same approach as in [Sriperumbudur et al., 2017,
Lemma 14]. Since ||k]lc < o0 then Z(T,) < exp||T,||||k]lcc < oo for all
T € H, therefore T = H. Moreover, since supp(pr,)(y|z) = Y for all x
in X, this implies that the null space of C' N'(C') can either be the set of func-
tions T'(z,y) = m(z) or {0}. Indeed, for T € N(C) we have (T,CT) = 0
which leads to [, .||V, T3po(dz,dy) = 0 which means that py-almost surely,
T.(y) = m(z) a constant function of y if the set of constant functions belong
to Hy, or T,.(y) = 0 otherwise. Let Ty be the orthogonal projection of 7 onto
R(C) = N(C)* then T} can be written in the form Ty(z, y) = m(z) + Ty(x, y). It
comes that [}, exp To(z, y)qo(dy) = expm(x) [, exp To(z, y)qo(dy) almost surely

in z. And we finally get py-almost surely:

exp Tp(z,
Z(To(z)

= P1y (y|x)

pr, (ylx) = 7)4) _expTo(z,y) + m(x)

~ epm@)Z(T))

C Known results

Lemma 10. Let X be a topological space endowed with a probability distribution
P. Let B be a separable Banach space. Define R to be an B-valued measurable
function on X in the Bochner sense ( Retherford [1978] Definition 1 ), satisfying
J3 |R(x)||pdP(x) < oo, then R is P-integrable in the Bochner sense (Retherford
[1978] Definition 1, Theorem 6) and for any continuous linear operator I’ from B to

another Banach space A, then TR is also P-integrable in the Bochner sense and:

/X TR(z)dP(z) = T / R(z)dP(x)

X

For a proof of this result see Retherford [1978], Definition 1, Therorem 6 and 7.

Lemma 11 (RKHS of differentiable kernels (Steinwart and Christmann [2008]
Chap 4.4, Corollary 4.36)). Let X < R? be an open subset, m > 0, and k be an
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m-times continuously differentiable kernel on X with RKHS H. Then every function
f € H is m-times continuously differentiable, and for o € N¢ with |a| < m we

have:

[0} [6Ne3 1
0°f ()] < [I£13,(0% (=, z))>
0°f(x) = (f, 0%k(x, )
A proof of this result can be found in Steinwart and Christmann [2008] (Chap
4.4, Corollary 4.36)

Lemma 12. Let §) be an open set in R? with piece-wise smooth boundary OS). Let u
be a real valued function defined over ) and v : R* — R? a vector valued function.
We assume that u and v are measurable and that ||v(z)|||u(x)| = o(||z|*~¢). Then

the following surface integral is null:
/ w(z)v(z).dS =0
19)

where 435 is an element of the surface OS).

Lemma 13 (Generalized representer theorem). Let ‘H be a vector-valued Hilbert
space and let (¢;), € H™. Suppose J : H — R is such that J(T) =
VT, $1)11, -, (T, Om)3) for T € H, where V : R™ — R is a convex and gdteaux-

differentiable function. Define:
| Ao
Ty = arginf J(T') + = |73,
TeH 2

where \ > 0. Then there exists (o;)", € R™ such that T\ = ;" a;¢; where

a = (aq, ..., ) satisfies the following equation:
M+ (VV)o K)a =0,

with (K); ; = (¢i, ¢;)n,1 € [m], j € [m]

Proof. Define A: H — R™, T — ((T, ¢;)3)i",. Then T\ = arginf ., V(AT) +
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2|IT|3,. Taking the gateaux-differential at 7', the optimality condition yields:

1
0= A*VV(AT)) + AT A*( - XVV(ATA)) — T
1
& (Ja e RMT\ = A"a,a = —XVV(AT,\)

1
& (Ja e RMTy = A%a,a = —XVV(AA*a)

where A* : R™ — H is the adjoint of A which can be obtained as follows. Note that:
(VT € H) (Ya € R™)  (AT,a) = > ai(T, 0)n = (T, cuier )

thus A*a = 37" ;. Therefore AA*a = Y77 ajAd; = D770 ({9, di)n)
and hence AA* = K. O

Lemma 14 (Bound on KL divergence between p; and p, ( van der Vaart and van
Zanten [2008] Lemma 3.1 )). Assume that ||k||s < oo and let f and g in Hy such
that Z(f) and Z(g) are finite, then: KL(p¢llq,) < ||f — gl exp ||f — glloo(1 +
1 = gll)

Lemma 15 (Proposition A.3 in Sriperumbudur et al. [2017]). Let C' be a bounded,
positive self-adjoint compact operator on a separable Hilbert space H. For A > (
and T € H, define Ty := (C' + XI)"'CT and Ag(\) := ||C?(Ty — T)||# for 0 > 0.
Then the following hold.

1. Forany 0 >0, Ag(A\) = 0as A\ — 0and if T € R(C), then Ay(\) — 0 as
A — 0.

2. If T € R(CP) for 3> 0and B+ 6 > 0, then

Ap(A) < max{L, ||C||* 0= AL OBy,

Lemma 16 (Proposition A.4 in Sriperumbudur et al. [2017]). Let X be a topo-
logical space, H be a separable Hilbert space and L3 (H) be the space of posi-
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tive, self-adjoint Hilbert-Schmidt operators on 1. Define R := [, r(x)dP(z) and
R = LS 1(X,) where P € ML(X) is a positive measure with finite mean,
(X)™, ~ Pandris an L] (H)-valued measurable function on X satisfying
Sy Ir(z)|FgdP(x) < oo. Define gy := (R+ X ) 'Rg for g € H, A > 0 and
Ao(N) :=||gr — gl|»- Let a« > 0 and @ > 0. Then the following hold:

1. (R = R)(gxr — 9)ll = Op(252%)

2. |[R*(R+ NI)~%|| < M.
3. ||R(R+ M) < A
4. (R+M)"(R = R)|| = Op(o25).
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Chapter 4

Optimized MMD under gradient

constraints

We propose a principled method for gradient-based regularization of the critic of
GAN-like models trained by adversarially optimizing the kernel of a Maximum Mean
Discrepancy (MMD). We show that controlling the gradient of the critic is vital to
having a sensible loss function, and devise a method to enforce exact, analytical gra-
dient constraints at no additional cost compared to existing approximate techniques
based on additive regularizers. The new loss function is provably continuous, and
experiments show that it stabilizes and accelerates training, giving image generation
models that outperform state-of-the art methods on 160 x 160 CelebA and 64 x 64

unconditional ImageNet.

1 Introduction

There has been an explosion of interest in implicit generative models (IGMs) over
the last few years, especially after the introduction of generative adversarial networks
(GANSs) Goodfellow et al. [2014]. These models allow approximate samples from
a complex high-dimensional target distribution [P, using a model distribution Qy,
where estimation of likelihoods, exact inference, and so on are not tractable. GAN-
type IGMs have yielded very impressive empirical results, particularly for image
generation, far beyond the quality of samples seen from most earlier generative

models [e.g. Karras et al., 2018, Radford et al., 2016, Gulrajani et al., 2017, Huang
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et al., 2018a, Jin et al., 2017].

These excellent results, however, have depended on adding a variety of methods
of regularization and other tricks to stabilize the notoriously difficult optimization
problem of GANs [Salimans et al., 2016, Radford et al., 2016]. Some of this
difficulty is perhaps because when a GAN is viewed as minimizing a discrepancy
Daan(P, Qy), its gradient Vg Dean(P, Qg) does not provide useful signal to the
generator if the target and model distributions are not absolutely continuous, as is

nearly always the case Arjovsky and Bottou [2017].

An alternative set of losses are the integral probability metrics (IPMs) [Miiller,
1997], which can give credit to models (Qy “near” to the target distribution P [Ar-
jovsky et al., 2017, Gneiting and Raftery, 2007] and [Bottou et al., 2018, Section 4].
IPMs are defined in terms of a critic function: a “well behaved” function with large
amplitude where P and Qg differ most. The IPM is the difference in the expected
critic under P and (Qy, and is zero when the distributions agree. The Wasserstein
IPMs, whose critics are made smooth via a Lipschitz constraint, have been partic-
ularly successful in IGMs [Arjovsky et al., 2017, Gulrajani et al., 2017, Genevay
et al., 2018]. But the Lipschitz constraint must hold uniformly, which can be hard to
enforce. A popular approximation has been to apply a gradient constraint only in
expectation [Gulrajani et al., 2017]: the critic’s gradient norm is constrained to be

small on points chosen uniformly between P and Q.

Another class of [IPMs used as IGM losses are the Maximum Mean Discrep-
ancies (MMDs) [Gretton et al., 2012], as in [Li et al., 2015, Dziugaite et al., 2015].
Here the critic function is a member of a reproducing kernel Hilbert space (except
in Unterthiner et al. [2018], who learn a deep approximation to an RKHS critic).
Better performance can be obtained, however, when the MMD kernel is not based
directly on image pixels, but on learned features of images. Wasserstein-inspired
gradient regularization approaches can be used on the MMD critic when learning
these features: [Li et al., 2017] uses weight clipping [Arjovsky et al., 2017], and
[Binkowski* et al., 2018, Bellemare et al., 2017] use a gradient penalty [Gulrajani
et al., 2017].
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The recent Sobolev GAN [Mroueh et al., 2018] uses a similar constraint on
the expected gradient norm, but phrases it as estimating a Sobolev IPM rather than
loosely approximating Wasserstein. This expectation can be taken over the same
distribution as [Gulrajani et al., 2017], but other measures are also proposed, such
as (P + Qp) /2. A second recent approach, the spectrally normalized GAN [Miyato
et al., 2018], controls the Lipschitz constant of the critic by enforcing the spectral
norms of the weight matrices to be 1. Gradient penalties also benefit GANs based
on f-divergences [Nowozin et al., 2016]: for instance, the spectral normalization
technique of [Miyato et al., 2018] can be applied to the critic network of an f-
GAN. Alternatively, a gradient penalty can be defined to approximate the effect of
blurring P and @y with noise [Roth et al., 2017], which addresses the problem of non-
overlapping support Arjovsky and Bottou [2017]. This approach has recently been
shown to yield locally convergent optimization in some cases with non-continuous

distributions, where the original GAN does not Mescheder et al. [2018].

In this work, we introduce a novel regularization for the MMD GAN critic of
[Bellemare et al., 2017, L1 et al., 2017, Binkowski* et al., 2018], which directly
targets generator performance, rather than adopting regularization methods intended
to approximate Wasserstein distances Arjovsky et al. [2017], Gulrajani et al. [2017].
The new MMD regularizer derives from an approach widely used in semi-supervised
learning [Bousquet et al., 2004, Section 2], where the aim is to define a classification
function f which is positive on PP (the positive class) and negative on @y (negative
class), in the absence of labels on many of the samples. The decision boundary
between the classes is assumed to be in a region of low density for both P and Qy:
f should therefore be flat where [P and Qy have support (areas with constant label),
and have a larger slope in regions of low density. Bousquet et al. [2004] propose as

their regularizer on f a sum of the variance and a density-weighted gradient norm.

We adopt a related penalty on the MMD critic, with the difference that we only
apply the penalty on IP: thus, the critic is flatter where P has high mass, but does
not vanish on the generator samples from Qg (which we optimize). In excluding

Qg from the critic function constraint, we also avoid the concern raised by [Miyato
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et al., 2018] that a critic depending on (Qy will change with the current minibatch —
potentially leading to less stable learning. The resulting discrepancy is no longer an
integral probability metric: it is asymmetric, and the critic function class depends on

the target [P being approximated.

We first discuss in Section 2 how MMD-based losses can be used to learn
implicit generative models, and how a naive approach could fail. This motivates
our new discrepancies, introduced in Section 3 . Section 4 demonstrates that these

losses outperform state-of-the-art models for image generation.

2 Learning implicit generative models with MMD-
based losses

An IGM is a model Qg which aims to approximate a target distribution P over a space
X C RY. We will define Qy by a generator function Gy : Z — X, implemented
as a deep network with parameters 6, where Z is a space of latent codes, say R'?5.
We assume a fixed distribution on Z, say Z ~ Uniform ([—1, 1]**®), and call Qj the
distribution of Gy(Z). We will consider learning by minimizing a discrepancy D
between distributions, with D(P, Qy) > 0 and D(IP, P) = 0, which we call our /oss.

We aim to minimize D(IP, Q) with stochastic gradient descent on an estimator of D.

In the present work, we will build losses D based on the Maximum Mean

Discrepancy,

MMDy(P,Q) =  sup  Exp[f(X)] — Evolf(Y)], 4.1

£l <1

an integral probability metric where the critic class is the unit ball within H, the
reproducing kernel Hilbert space with a kernel k. The optimization in (4.1) admits a
simple closed-form optimal critic, f*(t) o< Exp[k(X,t)] — Ey.g[k(Y,t)]. There
is also an unbiased, closed-form estimator of MMD? with appealing statistical
properties Gretton et al. [2012] — in particular, its sample complexity is independent

of the dimension of X', compared to the exponential dependence Weed et al. [2019]
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of the Wasserstein distance

WP,Q) = sup Exp[f(X)] —Eyglf(Y)]. (4.2)
Follfllip<1

The MMD is continuous in the weak topology for any bounded kernel with
Lipschitz embeddings [Sriperumbudur, 2016, Theorem 3.2(b)], meaning that if PP,
converges in distribution to P, P, 2, P, then MMD(P,,,P) — 0. (W is continuous
in the slightly stronger Wasserstein topology [ Villani, 2009, Definition 6.9]; P, Xop
implies P, 2, [P, and the two notions coincide if X" is bounded.) Continuity means
the loss can provide better signal to the generator as Qg approaches IP, as opposed to
e.g. Jensen-Shannon where the loss could be constant until suddenly jumping to O
[e.g. Arjovsky et al., 2017, Example 1]. The MMD is also strict, meaning it is zero
iff P = Qy, for characteristic kernels Sriperumbudur et al. [2011]. The Gaussian
kernel yields an MMD both continuous in the weak topology and strict. Thus in
principle, one need not conduct any alternating optimization in an IGM at all, but

merely choose generator parameters ¢ to minimize MMD,,.

Despite these appealing properties, using simple pixel-level kernels leads to
poor generator samples Dziugaite et al. [2015], Li et al. [2015], Sutherland et al.
[2017], Bottou et al. [2018]. More recent MMD GANSs Li et al. [2017], Bellemare
et al. [2017], Binkowski* et al. [2018] achieve better results by using a parameterized
family of kernels, {ky}ycw, in the Optimized MMD loss previously studied by
Sriperumbudur et al. [2009], Sriperumbudur [2016]:

Dy (P, Q) := sup MMDy, (P, Q). (4.3)

Yew
We primarily consider kernels defined by some fixed kernel K on top
of a learned low-dimensional representation ¢, : X — R®, ie. ky(z,y) =
K(¢y(x), ¢y(y)), denoted ky = K o ¢y. In practice, K is a simple character-
istic kernel, e.g. Gaussian, and ¢, is usually a deep network with output dimension
say s = 16 [Binkowski* et al., 2018] or even s = 1 (in our experiments). If ¢, is

powerful enough, this choice is sufficient as soon as ¢, is optimized and we need
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not try to ensure each £, is characteristic, as did Li et al. [2017].

Proposition 17. Suppose k = K o ¢, with K characteristic and {¢,,} rich enough
that for any P # Q, there is a ¢ € VU for which ¢py#P # ¢, #Q." Then if P # Q,
Dynan (P, Q@) > 0.

Proof. Letv) € W be such that ¢5(P) # ¢,;,(Q). Then, since K is characteristic,

Diap (P, Q) = 5up MMDi (944, 64#Q) 2 MMD(94#F, 6#0) > 0.

To estimate Dy, ,, one can conduct alternating optimization to estimate a 1)
and then update the generator according to MMD%, similar to the scheme used in
GANs and WGANSs. (This form of estimator is justified by an envelope theorem
[Milgrom and Segal, 2002], although it is invariably biased Binkowski* et al. [2018].)
Unlike Dgan or W, fixing a Q/AJ and optimizing the generator still yields a sensible
distance MMD;%.

Early attempts at minimizing Dyjyp in an IGM, though, were unsuccessful
[Sutherland et al., 2017, footnote 7]. This could be because for some kernel classes,

Dy 1 stronger than Wasserstein or MMD.

Example 1 (DiracGAN [Mescheder et al., 2018]). We wish to model a point mass
at the origin of R, P = 4y, with any possible point mass, Qg = 0y for 6 € R. We
use a Gaussian kernel of any bandwidth, which can be written as ky, = K o ¢,, with

¢y(z) = forp € U =R and K (a,b) = exp (—1(a — b)?). Then

V2 040
0 6=0

MMD; (8, d9) = 2 (1 — exp (—39°6%)) , Dyivp (60, 09) =

Considering DYy (6o, Oi/n) = V2 4 0, even though O1/n w, 0o, shows
that the Optimized MMD distance is not continuous in the weak or Wasserstein

topologies.

I f4P denotes the pushforward of a distribution: if X ~ P, then f(X) ~ f#P.
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(a) : Vector Field of MMD-GAN (b) : Vector Field of SMMD-GAN
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(c) : Optimal Critic (d) : Optimized Distances
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Figure 4.1: The setting of Example 1. (a, b): parameter-space gradient fields for the MMD
and the SMMD (Section 3 .3); the horizontal axis is 6, and the vertical 1 /1. (c):
optimal MMD critics for § = 20 with different kernels. (d): the MMD and the
distances of Section 3 optimized over .

This also causes optimization issues. Figure 4.1 (a) shows gradient vector fields
in parameter space, v(6,¢) x (— Vj MMD% (00,00), Vy MMDzw (80,6)). Some
sequences following v (e.g. A) converge to an optimal solution (0, ¢/), but some (B)
move in the wrong direction, and others (C) are stuck because there is essentially no
gradient. Figure 4.1 (c, red) shows that the optimal Dy}, critic is very sharp near P

and Q; this is less true for cases where the algorithm converged.

We can avoid these issues if we ensure a bounded Lipschitz critic:”

Proposition 18. Define the critic function f,(x) as:
fo(@) = (Ex~pky (X, 2) — Ey gky (Y, z))/ MMDy, (P, Q).

Assume the critics fy(x) are uniformly bounded and have a common Lipschitz

2[Li et al., 2017, Theorem 4] makes a similar claim to Proposition 18, but its proof was incorrect:
it tries to uniformly bound MMDy,, < W?2, but the bound used is for a Wasserstein in terms of
[k (2, ) = Ky (y, ), -
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constant: SUp,cy yeyl|fy(T)] < 00 and sup,cy || follLp < oo. In particular, this

holds when k,, = K o ¢, and

sup K(a,a) <oo,  [K(a,) = K(b,-)|ls, < Lilla—b

a€RS

RS,

sup||oy |lLip < Ly < 0.
Pew

Then Dy is continuous in the weak topology: if P,, 2y P, then Dyvp (P, P) — 0.

Proof. The main result is [Dudley, 2002, Corollary 11.3.4]. To show the claim for
ky = K o ¢y, note that | fy, () — fu(y)| < Syl Nkp (2, ) = Ky (y, )|, » which

since £, ., = 1is

1K (u(), ) = K(Dy(y), lna < Liclldy() = du(y)lles < LLollz = yllza,

Indeed, if we put a box constraint on ¢ Li et al. [2017] or regularize the gradient
of the critic function Binkowski* et al. [2018], the resulting MMD GAN generally
matches or outperforms WGAN-based models. Unfortunately, though, an additive
gradient penalty doesn’t substantially change the vector field of Figure 4.1 (a), as
shown in Figure 4.10 (Section D .1). We will propose distances with much better

convergence behavior.

3 New discrepancies for learning implicit generative

models

Our aim here is to introduce a discrepancy that can provide useful gradient infor-
mation when used as an IGM loss. Proofs of results in this section are deferred to

Section A .

3.1 Lipschitz Maximum Mean Discrepancy

Proposition 18 shows that an MMD-like discrepancy can be continuous under the

weak topology even when optimizing over kernels, if we directly restrict the critic
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functions to be Lipschitz. We can easily define such a distance, which we call the

Lipschitz MMD: for some A > 0,

LipMMD; (P, Q) = sup Ex-r [f(X)] ~ Eyog [f(V)]. (4)
FeMkIFIIZsp HANFIIF,, <1

For a universal kernel k, we conjecture that limy_,,LipMMD, ,(P,Q) —
W(P,Q). But for any k£ and A, LipMMD is upper-bounded by W, as (4.4)
optimizes over a smaller set of functions than (4.2). Thus DﬁﬁMMD(]P’, Q) =
supyey LIpMMD,, (PP, Q) is also upper-bounded by WV, and hence is continuous
in the Wasserstein topology. It also shows excellent empirical behavior on Example 1
(Figure 4.1 (d), and Figure 4.10 in Section D .1). But estimating LipMMD, ,, let
alone DE’;;}MMD, is in general extremely difficult (Section B ), as finding || f||Lip
requires optimization in the input space. Constraining the mean gradient rather than

the maximum, as we will do next, is far more tractable.

3.2 Gradient-Constrained Maximum Mean Discrepancy

We define the Gradient-Constrained MMD for A > 0 and using some measure /& as

GCMMDu,k,A(Pa Q) = sup IEf’Xw]P’ [f(X)] - EYNQ [f(Y)} ) (45)
FeEME N flls(u),ea<1
where || f[[5 (060 = 11720 + IV FIl720 + A FIZ, (4.6)

I-122(,y = JII[I” #(dz) denotes the squared L* norm. Rather than directly constrain-
ing the Lipschitz constant, the second term ||V f H%Q(#) encourages the function f to
be flat where p has mass. In experiments we use . = P, flattening the critic near
the target sample. We add the first term following Bousquet et al. [2004]: in one
dimension and with £ uniform, ||-||s(.),.0 is then an RKHS norm with the kernel
k(z,y) = exp(—||x — yl|), which is also a Sobolev space. The correspondence to a
Sobolev norm is lost in higher dimensions [Wendland, 2005, Ch. 10], but we also
found the first term to be beneficial in practice.

We can exploit some properties of H;. to compute (4.5) analytically. Call the
difference in kernel mean embeddings 7 := Exp[k(X, )] — Ey.o[k(Y,")] € Hi;
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recall MMD(P, Q) = ||7||3,

Proposition 19. Let ji = Z%Zl 0x,, be an empirical measure of M points. Let
n(X) € RM™ have mth entry n(X,,), and Vn(X) € RM? have (m,i)th entry
3 0m(Xy). Then under Assumptions (A) to (D) in Section A .1, the Gradient-
Constrained MMD is

GCMMD} , ,(P,Q) = % (MMD*(P, Q) — P(n))

m
T . ~1
_ n(X) K G n(X)
P(n) = + MM pipa
Vn(X) G H Vn(X)
where K is the kernel matrix K, .., = k(X,,, X,v), G is the matrix of left deriva-
tives Guniym = O0ik(Xm, Xpv), and H that of derivatives of both arguments

H(m,i),(m’,j) — 8i8j+dk(Xm, Xm/>

As long as P and Q have integrable first moments, and i has second moments,
Assumptions (A) to (D) are satisfied e.g. by a Gaussian or linear kernel on top of a
differentiable ¢,,. We can thus estimate the GCMMD based on samples from PP, Q,
and p by using the empirical mean 7 for 7.

This discrepancy indeed works well in practice: Section 4 .1.2 shows that opti-
mizing our estimate of D& i = sup,ey GCMMD,, 1, » yields a good generative
model on MNIST. But the linear system of size M + Md is impractical: even on
28 x 28 images and using a low-rank approximation, the model took days to converge.
We therefore design a less expensive discrepancy in the next section.

The GCMMD is related to some discrepancies previously used in IGM train-
ing. The Fisher GAN [Mroueh and Sercu, 2017] uses only the variance constraint
HfH%Q(M) < 1. The Sobolev GAN [Mroueh et al., 2018] constrains HVfH%Q(N) <1,
along with a vanishing boundary condition on f to ensure a well-defined solution

(although this was not used in the implementation, and can cause very unintuitive

critic behavior; see Section D .2). The authors considered several choices of p,

3We use (m, i) to denote (m — 1)d + 4; thus V(X)) stacks Vn(X1), ..., Vn(Xys) into one
vector.
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including the WGAN-GP measure [Gulrajani et al., 2017] and mixtures (P 4+ Qy) /2.
Rather than enforcing the constraints in closed form as we do, though, these models

used additive regularization. We will compare to the Sobolev GAN in experiments.

3.3 Scaled Maximum Mean Discrepancy

We will now derive a lower bound on the Gradient-Constrained MMD which retains

many of its attractive qualities but can be estimated in time linear in the dimension d.

Proposition 20. Make Assumptions (A) to (D). For any f € Hy, ||fllswrr <
0 i Al flla,, where
?k(y, z
o ::1/ /\+/k:xx (do) + / ; ).
ok, A Z (‘3%821 (v.2)=(2.2) N( )

Depending on the choice of the kernel, 0, ;, » can have a simple expression. For

instance, if k;, = K o ¢, and K(a,b) = g(—|la — b||?), then

Topn = A+ 9(0) + 2| (0)[E,, [[Voy (X)|7] -

Estimating these terms based on samples from p is straightforward, giving a natural
estimator for o, . We then define the Scaled Maximum Mean Discrepancy based

on Proposition 20:

SMMD,, xa(P,Q) : = sup  Exp [f(X)] = Evg [f(Y)]

—1
Frod st

= Op,k\ MMDk(P, Q) (47)

While the GCMMD is obtained by constraining the witness function to be within
an ellipsoid of the RKHS to control its smoothness, The SMMD is obtained by
imposing a stronger constrain on the witness function compared to the GCMMD.
Indeed, the latter controls the smoothness of the witness function by constraining in
an ellipsoid of the RKHS. However, such constraint requires solving a linear system

(Proposition 19) which can be computationally demanding. Instead, the SMMD
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further constrains the witness function to be in a ball inside the ellipsoid defined by
GCMMD, thus controlling the smoothness of the witness function while having a
simpler expression.

Because the constraint in the optimization of (4.7) is more restrictive than in
that of (4.5), we have that SMMD,, (P, Q) < GCMMD,, ;. »(P, Q). The Sobolev
norm || f||s(u),», and a fortiori the gradient norm under , is thus also controlled for
the SMMD critic. Of course, if 1+ and k are fixed, the SMMD is simply a constant
times the MMD, and so behaves in essentially the same way as the MMD. But
optimizing the SMMD over a kernel family W gives a distance Dgﬁ%ﬁ/i\D (P, Q) that is

very different from Dy, defined in (4.3).

Dl (B, Q) = sup SMMD,, 1, A(P, Q).
(S

Figure 4.1 (b) shows the vector field for the Optimized SMMD loss in Ex-
ample 1, using the WGAN-GP measure ¢ = Uniform(0, ). The optimization
surface is far more amenable: in particular the location C', which formerly had an ex-
tremely small gradient that made learning effectively impossible, now converges very
quickly by first reducing the critic gradient until some signal is available. Figure 4.1
(d) demonstrates that D i, like D¥gin p and DE’;SMMD but in sharp contrast to
Dy, 18 continuous with respect to the location 6 and provides a strong gradient

towards 0.

Comparison of Gradient-Constrained MMD to Scaled MMD. Figure 4.2 shows
the behavior of the MMD, the Gradient-Constrained SMMD, and the Scaled MMD
when comparing Gaussian distributions. We can see that MMD oc SMMD and the
Gradient-Constrained MMD behave similarly in this case, and that optimizing the
SMMD and the Gradient-Constrained MMD is also similar. Optimizing the MMD

would yield an essentially constant distance.

Continuity of D11, in the Wasserstein topology. We can establish that D41,

is continuous in the Wasserstein topology under some conditions:

Theorem 21. Let ky = K o ¢y, with ¢y, : X — R® a fully-connected L-layer
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Figure 4.2: Plots of various distances between one dimensional Gaussians, where P =
N(0,0.12), and the colors show log D(P, N'(u, 02)). All distances use A = 1.
Top left: MMD with a Gaussian kernel of bandwidth ¢y = 0.1. Top right:
MMD with bandwidth ¢ = 10. Middle left: Gradient-Constrained MMD with
bandwidth i) = 0.1. Middle right: Gradient-Constrained MMD with bandwidth
1 = 10. Bottom left: Optimized SMMD, allowing any ) € R. Bottom right:
Optimized Gradient-Constrained MMD.
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network with Leaky-ReLU, activations whose layers do not increase in width, and
K satisfying mild smoothness conditions Qi < oo (Assumptions (II) to (V) in
Section A .2). Let V" be the set of parameters where each layer’s weight matrices
have condition number cond(W') = ||W!||/ omin(W') < k < o0o. If u has a density
(Assumption (I)), then

L/2

W(P, Q).

Thus if P,, 25 P, then DD (P, P) — 0, even when 11 depends on P and Q.

The assumptions are discussed in more detail in Section A .2; in particular,
they require that the network layers never increase in width, as well as requiring
1 to have a density on X'. The proof gives some insight about the choice of critic
family, highlighting the importance of controlling the condition number of the weight
matrices per layer for the critic, and requiring that the layers be decreasing in width:
d; < d;_,. It also requires Leaky-RelLU activations rather than just ReLU in the
critic, as previously suggested empirically [Radford et al., 2016]. Section A .2.1
shows counterexamples when the condition number is unbounded or with networks

that get wider.

Uniform bounds vs bounds in expectation Controlling the squared L?(1) norm of
Vp(X), ier [[Vfllizy = EullVfs(X)||* does not necessarily imply a bound
on || fllLip > sup,ex||Vfy(X)|, and so does not in general give continuity via
Proposition 18. However, Theorem 21 implies that when the network’s weights are
well-conditioned, it is sufficient to only control ||V fy |7, (s> Which is far easier in
practice than controlling || ]| Lip-

If we instead tried to directly controlled || f||ri, With e.g. spectral normalization
(SN) [Miyato et al., 2018], we could significantly reduce the expressiveness of
the parametric family. In Example 1, constraining ||¢y||ri;, = 1 limits us to only
U = {1}. Thus Di});, is simply the MMD with an RBF kernel of bandwidth 1,
which has poor gradients when @ is far from 0 (Figure 4.1 (c), blue). The Cauchy-

Schwartz bound of Proposition 20 allows jointly adjusting the smoothness of &, and
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the critic f, while SN must control the two independently. Relatedly, limiting ||¢||Lip
by limiting the Lipschitz norm of each layer could substantially reduce capacity,
while ||V fy| £2(,) need not be decomposed by layer. Another advantage is that p
provides a data-dependent measure of complexity as in Bousquet et al. [2004]: we
do not needlessly prevent ourselves from using critics that behave poorly only far

from the data.

Spectral parametrization When the generator is near a local optimum, the critic
might identify only one direction on which Qg and PP differ. If the generator pa-
rameterization is such that there is no local way for the generator to correct it, the
critic may begin to single-mindedly focus on this difference, choosing redundant
convolutional filters and causing the condition number of the weights to diverge. If
this occurs, the generator will be motivated to fix this single direction while ignoring
all other aspects of the distributions, after which it may become stuck. We can help
avoid this collapse by using a critic parameterization that encourages diverse filters
with higher-rank weight matrices. Miyato et al. [2018] propose to parameterize
the weight matrices as W = yW /||W||op, Where ||[W||op is the spectral norm of .
This parametrization works particularly well with Dgl’\%(fD; Figure 4.3 (b) shows
the singular values of the second layer of a critic’s network (and Figure 4.5, in
Section 4 .1.1, shows more layers), while Figure 4.3 (d) shows the evolution of the
condition number during training. The conditioning of the weight matrix remains
stable throughout training with spectral parametrization, while it worsens through

training in the default case.

4 Experiments

4.1 Image generation

We evaluated unsupervised image generation on three datasets: CIFAR-10
Krizhevsky [2009] (60 000 images, 32 x 32), CelebA Liu et al. [2015a] (202 599
face images, resized and cropped to 160 x 160 as in Binkowski* et al. [2018]), and
the more challenging ILSVRC2012 (ImageNet) dataset Russakovsky et al. [2014]
(1281167 images, resized to 64 x 64).
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Losses All models are based on a scalar-output critic network ¢, : X — R,
except MMDGAN-GP where ¢, : X — R as in Bifkowski* et al. [2018]. We
didn’t notice major differences by choosing different output dimensions for ¢,,. The
WGAN and Sobolev GAN use a critic f = ¢,,, while the GAN uses a discriminator
Dy(z) = 1/(1 4+ exp(—¢y(x))). The MMD-based methods use a kernel ky(z,y) =
exp(—(¢y(z) — ¢y (y))?/2), except for MMDGAN-GP which uses a mixture of
RQ kernels as in Binkowski* et al. [2018]. Increasing the output dimension of
the critic or using a different kernel didn’t substantially change the performance
of our proposed method. We also consider SMMD with a linear top-level kernel,
k(xz,y) = ¢y(x)dy(y); because this becomes essentially identical to a WGAN
(Section C ), we refer to this method as SWGAN. SMMD and SWGAN use i = P;
Sobolev GAN uses i = (P + Q) /2 as in Mroueh et al. [2018]. We choose A and an

overall scaling to obtain the losses:

MMD,, (P, Qo)
I+ 10E; (Vo (X)[E]
| Ep [64(X)] — Eq, [94(X)]
VI 10 (B (90O + B3 (Vo))

SMMD:

SWGAN

Architecture For CIFAR-10, we used the CNN architecture proposed by Miy-
ato et al. [2018] with a 7-layer critic and a 4-layer generator. For CelebA, we used a
5-layer DCGAN discriminator and a 10-layer ResNet generator as in Binkowski*
et al. [2018]. For ImageNet, we used a 10-layer ResNet for both the generator
and discriminator. In all experiments we used 64 filters for the smallest convolu-
tional layer, and double it at each layer (CelebA/ImageNet) or every other layer
(CIFAR-10). The input codes for the generator are drawn from Uniform ([—1, 1]'?%)
as commonly used in the prior works. Note that the dimension of the latent is
typically orders of magnitude smaller than the dimension of the image 32 * 32 and
thus the model is assuming a small intrinsic dimension of the data. We consider
two parameterizations for each critic: a standard one where the parameters can
take any real value, and a spectral parametrization (denoted SN-) as above Miyato

et al. [2018]. Models without explicit gradient control (SN-GAN, SN-MMDGAN,
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SN-MMGAN-L2, SN-WGAN) fix v = 1, for spectral normalization; others learn ~,

using a spectral parameterization.

Training All models were trained for 150 000 generator updates on a single
GPU, except for ImageNet where the model was trained on 3 GPUs simultaneously.
To limit communication overhead we averaged the MMD estimate on each GPU,
giving the block MMD estimator Zaremba et al. [2013]. We always used 64 samples
per GPU from each of P and Q, and 5 critic updates per generator step. We used
initial learning rates of 0.0001 for CIFAR-10 and CelebA, 0.0002 for ImageNet, and
decayed these rates using the KID adaptive scheme of Binkowski* et al. [2018]:
every 2 000 steps, generator samples are compared to those from 20 000 steps ago,
and if the relative KID test Bounliphone et al. [2016] fails to show an improvement
three consecutive times, the learning rate is decayed by 0.8. We used the Adam

optimizer Kingma and Ba [2015] with 8, = 0.5, 82 = 0.9.

Evaluation To compare the sample quality of different models, we considered
three different scores based on the Inception network Szegedy et al. [2016] trained
for ImageNet classification, all using default parameters in the implementation of
Binkowski* et al. [2018]. The Inception Score (IS) Salimans et al. [2016] is based on
the entropy of predicted labels; higher values are better. Though standard, this metric
has many issues, particularly on datasets other than ImageNet [Barratt and Sharma,
2018, Heusel et al., 2017, Binkowski* et al., 2018]. The FID Heusel et al. [2017]
instead measures the similarity of samples from the generator and the target as the
Wasserstein-2 distance between Gaussians fit to their intermediate representations.
It is more sensible than the IS and becoming standard, but its estimator is strongly
biased Binkowski* et al. [2018]. The KID Binkowski* et al. [2018] is similar to
FID, but by using a polynomial-kernel MMD its estimates enjoy better statistical
properties and are easier to compare. (A similar score was recommended by Huang

et al. [2018b].)

Results Table 4.1a presents the scores for models trained on both CIFAR-10
and CelebA datasets. On CIFAR-10, SN-SWGAN and SN-SMMDGAN performed
comparably to SN-GAN. But on CelebA, SN-SWGAN and SN-SMMDGAN dramat-
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Figure 4.3: The training process on CelebA. (a) KID scores. We report a final score for SN-
GAN slightly before its sudden failure mode; MMDGAN and SN-MMDGAN
were unstable and had scores around 100. (b) Singular values of the second layer,
both early (dashed) and late (solid) in training. (c) a;,i, \, for several MMD-
based methods. (d) The condition number in the first layer through training. SN
alone does not control o, ;. », and SMMD alone does not control the condition
number.

ically outperformed the other methods with the same architecture in all three metrics.
It also trained faster, and consistently outperformed other methods over multiple
initializations (Figure 4.3 (a)). It is worth noting that SN-SWGAN far outperformed
WGAN-GP on both datasets. Table 4.1b presents the scores for SMMDGAN and
SN-SMMDGAN trained on ImageNet, and the scores of pre-trained models using
BGAN [Berthelot et al., 2017] and SN-GAN [Miyato et al., 2018].* The proposed
methods substantially outperformed both methods in FID and KID scores. Fig-
ure 4.4 shows samples on ImageNet and CelebA. Spectrally normalized WGANSs /

MMDGANSs To control for the contribution of the spectral parametrization to the

“These models are courtesy of the respective authors and also trained at 64 x 64 resolution. SN-
GAN used the same architecture as our model, but trained for 250 000 generator iterations; BS-GAN
used a similar 5-layer ResNet architecture and trained for 74 epochs, comparable to SN-GAN.
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Table 4.1: Mean (standard deviation) of score estimates, based on 50 000 samples from each

model.
(a) CIFAR-10 and CelebA.
CIFAR-10 CelebA
Method IS FID KIDx10% IS FID KIDx 103
WGAN-GP 6.9+0.2 31.1+0.2 22.2+1.1 2.7+0.0 29.2+0.2 22.0+1.0
MMDGAN-GP-L2 6.9+0.1 31.4+0.3 23.3+1.1 2.6£0.0 20.5+0.2 13.0+1.0
Sobolev-GAN 7.0+0.1 30.3+0.3 223+1.2 2.9:0.0 16.4+0.1 10.6+0.5
SMMDGAN 7.0+£0.1 31.5£04 222+1.1 2.7+0.0 18.4+0.2 11.5+0.8
SN-GAN 7.2:0.1 26.7+£0.2 16.1:0.9 2.7:0.0 22.6+0.1 14.6x1.1
SN-SWGAN 7.2:0.1 28.5+:0.2 17.6:1.1 2.8:0.0 14.1+0.2 7.7+0.5
SN-SMMDGAN 7.3+0.1 25.0+0.3 16.6:2.0 2.8:0.0 12.4+0.2 6.1:0.4
(b) ImageNet.

Method IS FID KIDx 103

BGAN 107204 43.9:0.3 47.0+1.1

SN-GAN 11.2:0.1 47.5+0.1 44.4+2.2

SMMDGAN 10.7£0.2 38.4+0.3 39.3+2.5
SN-SMMDGAN 10.9+0.1 36.6+0.2 34.6+1.6

performance, we evaluated variants of MMDGANs, WGANSs and Sobolev-GAN
using spectral normalization (in Table 4.2, Section 4 .1.1). WGAN and Sobolev-
GAN led to unstable training and didn’t converge at all (Figure 4.7) despite many
attempts. MMDGAN converged on CIFAR-10 (Figure 4.7) but was unstable on
CelebA (Figure 4.6). The gradient control due to SN is thus probably too loose for
these methods. This is reinforced by Figure 4.3 (c), which shows that the expected
gradient of the critic network is much better-controlled by SMMD, even when SN is
used. We also considered variants of these models with a learned v while also adding
a gradient penalty and an L, penalty on critic activations [Binkowski* et al., 2018,
footnote 19]. These generally behaved similarly to MMDGAN, and didn’t lead to
substantial improvements. We ran the same experiments on CelebA, but aborted the

runs early when it became clear that training was not successful.

Rank collapse We occasionally observed the failure mode for SMMD where
the critic becomes low-rank, discussed in Section 3 .3, especially on CelebA; this
failure was obvious even in the training objective. Figure 4.3 (b) is one of these

examples. Spectral parametrization seemed to prevent this behavior. We also found
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Figure 4.4: Samples from various models. Top: 64 x 64 ImageNet; bottom: 160 x 160
CelebA.

one could avoid collapse by reverting to an earlier checkpoint and increasing the
RKHS regularization parameter A, but did not do this for any of the experiments

here.

4 .1.1 Spectral normalization and Scaled MMD

Figure 4.5 shows the distribution of critic weight singular values, like Figure 4.3, at
more layers. Figure 4.7 and Table 4.2 show results for the spectral normalization
variants considered in the experiments. MMDGAN, with neither spectral normaliza-
tion nor a gradient penalty, did surprisingly well in this case, though it fails badly in

other situations.

Figure 4.5 compares the decay of singular values for layer of the critic’s network
at both early and later stages of training in two cases: with or without the spectral
parametrization. The model was trained on CelebA using SMMD. Figure 4.7 shows

the evolution per iteration of Inception score, FID and KID for Sobolev-GAN,
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Figure 4.5: Singular values at different layers, for the same setup as Figure 4.3.

Table 4.2: Mean (standard deviation) of score evaluations on CIFAR-10 for different meth-
ods using Spectral Normalization.

IS FID KIDx10?
Method
MMDGAN 5.5+0.0 73.9+0.1 394+1.5
SN-WGAN 2.2+0.0 208.5+0.2 178.9+1.5
SN-WGAN-GP 2.5+0.0 154.3+0.2 125.3+0.9
SN-Sobolev-GAN 2.9+0.0 140.2+0.2 130.0+1.9

SN-MMDGAN-GP 4.6£0.1 96.8+0.4 59.5+1.4
SN-MMDGAN-L?2 7.1£0.1 31.9+0.2 21.7+0.9

SN-MMDGAN 6.9+0.1 31.5+0.2 21.7+1.0
SN-MMDGAN-GP-L2 6.9+0.2 32.3+0.3 20.9+1.1
SN-SMMDGAN 7.3:0.1 25.0:0.3 16.6+2.0

MMDGAN and variants of MMDGAN and WGAN using spectral normalization. It

is often the case that this parametrization alone is not enough to achieve good results.

4.1.2 1IGMs with Optimized Gradient-Constrained MMD loss
We implemented the estimator of Proposition 19 using the empirical mean estimator
of 7, and sharing samples for ;+ = P. To handle the large but approximately low-rank

matrix system, we used an incomplete Cholesky decomposition [Shawe-Taylor and
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(a) Loss (b) Critic Complexity: 0,% »
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Figure 4.6: Evolution of various quantities per generator iteration on CelebA during train-
ing. 4 models are considered: (SMMDGAN, SN-SMMDGAN, MMDGAN,
SN-MMDGAN). (a) Loss: SMMD? = T2 MMD? for SMMDGAN and

SN-SMMDGAN, and MMD? for MMDGAN and SN-MMDGAN. The loss sat-
urates for MMDGAN (green); spectral normalization allows some improvement
in loss, but training is still unstable (orange). SMMDGAN and SN-SMMDGAN
both lead to stable, fast training (blue and red). (b) SMMD controls the critic
complexity well, as expected (blue and red); SN has little effect on the complex-
ity (orange). (c) Ratio of the highest singular value to the smallest for the first
layer of the critic network: opax/0min- SMMD tends to increase the condition
number of the weights during training (blue), while SN helps controlling it (red).
(d) KID score during training: Only variants using SMMD lead to stable training
in this case.

Inception KIDx103
NP PPN 250

—— SN-SMMDGAN

—— SN-MMDGAN

—— SN-WGAN

| A —— SN-WGAN-GP

\ —— SN-Sobolev-GAN
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Figure 4.7: Evolution per iteration of different scores for variants of methods, mostly using
spectral normalization, on CIFAR-10.
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K T
Cristianini, 2004, Algorithm 5.12] to obtain R € R*M(1+4) gych that ~
G H

RTR. Then the Woodbury matrix identity allows an efficient evaluation:

(RTR+ M)~ I— R(RR" + MAI)™'R).

:m(

Even though only a small ¢ is required for a good approximation, and the full matrices
K, G, and H need never be constructed, backpropagation through this procedure is
slow and not especially GPU-friendly; training on CPU was faster. Thus we were
only able to run the estimator on MNIST, and even that took days to conduct the
optimization on powerful workstations.

The learned models, however, were reasonable. Using a DCGAN architecture,
batches of size 64, and a procedure that otherwise agreed with the setup of Section 4 ,
samples with and without spectral normalization are shown in Figures 4.8a and 4.8b.
After the points in training shown, however, the same rank collapse as discussed in
Section 4 occurred. Here it seems that spectral normalization may have delayed the
collapse, but not prevented it. Figure 4.8c shows generator loss estimates through
training, including the obvious peak at collapse; Figure 4.8d shows KID scores based
on the MNIST-trained convnet representation [Binkowski* et al., 2018], including
comparable SMMD models for context. The fact that SMMD models converged
somewhat faster than Gradient-Constrained MMD models here may be more related
to properties of the estimator of Proposition 19 rather than the distances; more work

would be needed to fully compare the behavior of the two distances.
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Figure 4.8: The MNIST models with Optimized Gradient-Constrained MMD loss.



Supplementary

A Proofs

We first review some basic properties of Reproducing Kernel Hilbert Spaces. We
consider here a separable RKHS # with basis (e;);cs, where I is either finite if  is
finite-dimensional, or / = N otherwise. We also assume that the reproducing kernel

k is continuously twice differentiable.

We use a slightly nonstandard notation for derivatives: 0; f(x) denotes the ith

partial derivative of f evaluated at x, and 0,0, qk(x,y) denotes 8;5};;5) | (a,6)=(z.1)-

Then the following reproducing properties hold for any given function f in H

[Steinwart and Christmann, 2008, Lemma 4.34]:

Oif (x) =(f, 0ik(x, )3 (4.9)

We say that an operator A : H +— H is Hilbert-Schmidt if ||A]|%¢ =
> icr Il Aes||3, is finite. [|A|ns is called the Hilbert-Schmidt norm of A. The
space of Hilbert-Schmidt operators itself a Hilbert space with the inner product
(A,B)ns = > _;c;(Ae;, Be;)y. Moreover, we say that an operator A is trace-class if
its trace norm is finite, i.e. ||A|, = >, (e, (A*A)ze;)3 < co. The outer product
f®gfor f g € H gives an H — H operator such that (f ® g)v = (g, v)s f for all
vin H.

Given two vectors f and g in H and a Hilbert-Schmidt operator A we have the

following properties:
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(i) The outer product f ® g is a Hilbert-Schmidt operator with Hilbert-Schmidt

norm given by: || f © gllus = |[fll2/lgll2-

(ii) The inner product between two rank-one operators f ® g and u ® v is (f ®

g, u® U)HS - <f7 u>7‘l<ga U)H-
(iii) The following identity holds: (f, Ag)x = (f ® g, A)us.

Define the following covariance-type operators:

D, =k(z,") ®k(x,-)+ Z@k‘(% ) ® Oik(x, )

DN = EXN;LDX DM,)\ == D# + /\I7 (410)

these are useful in that, using (4.8) and (4.9) it follows:
d
(f, Dag) = f(2)g(x) + Y 0if(x) ig(w).
i=1

A .1 Definitions and estimators of the new distances

We will need the following assumptions about the distributions [P and @, the measure

1, and the kernel k:

(A) P and Q have integrable first moments.

(B) /k(z, ) grows at most linearly in z: for all z in X, \/k(z,x) < C(||z] + 1)

for some constant C'.
(C) The kernel £ is twice continuously differentiable.

(D) The functions x — k(x,z) and x +— 0;0;1qk(x,z) for 1 < i < d are u-

integrable.

When k = K o ¢, Assumption (B) is automatically satisfied by a K such as the
Gaussian; when K is linear, it is true for a quite general class of networks ¢,

[Binkowski* et al., 2018, Lemma 1].
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We will first give a form for the Gradient-Constrained MMD (4.5) in terms of

the operator (4.10):

Proposition 22. Under Assumptions (A) to (D), the Gradient-Constrained MMD is

given by

GCMMD,, 41 (P, Q) = /{1, D, \n)n.

Proof of Proposition 22. Let f be a function in . We will first express the squared
A-regularized Sobolev norm of f (4.6) as a quadratic form in /. Recalling the

reproducing properties of (4.8) and (4.9), we have:

i = [ (o nlda) + 3 [ (1, 0k (o) + Al

Using Property (ii) and the operator (4.10), one further gets

IU%m&xj/U®ﬁDamuM@+MV%-

Under Assumption (D), and using Lemma 24, one can take the integral inside the
inner product, which leads to || f[|%,y x» = (f ® f, D)us + Al f[13,. Finally, using

Property (iii) it follows that

Hf”%(y),k,/\ = <f> Du,Af)?—l-

Under Assumptions (A) and (B), Lemma 24 applies, and it follows that k(z, -)

is also Bochner integrable under P and QQ. Thus

Ee [(f k2, ))ul = B [{f, bz, ))al = (f Be [k(x, )] = Ee [k(z, ))w = (f;n)n,

where 7 is defined as this difference in mean embeddings.
1
Since D, is symmetric positive definite, its square-root D7 | is well-defined
1
and is also invertible. For any f € H,letg = D7, f, so that (f, D, xf)n = |lgll3-

_1
Note that for any g € H, there is a corresponding f = D ,.29- Thus we can re-express
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the maximization problem in (4.5) in terms of g:

_1
GCMMD, ;2 (P,Q) == sup  (f,mn = sup (D,39,m)n
feH geH
(£.DurfIu<1 lgllze<1

_1 _1
= sup (g, D, Snp = 1D, Snlln = (n, D, mn. O
g
lgllze<t

Proposition 22, though, involves inverting the infinite-dimensional operator
D, » and thus doesn’t directly give us a computable estimator. Proposition 19 solves

this problem in the case where p is a discrete measure:

Before proving Proposition 19, we note the following interesting alternate form.
Let ¢; be the ith standard basis vector for RM*+M? and define T : H — RM+Md 4

the linear operator

d

M M
T=> en®@k(Xm, )+ DD Coni(mi) ® Ok( X, ).
= m=1

m=1 i=1

n(X) K GT .
Then =Tn, and = T'T*. Thus we can write

Vn(X) G H

1 pm—— -
GCMMD? , | = 3 (n, (I =T*(TT*+ MX)™'T)n),, .

Proof of Proposition 19. Let g € H be the solution to the regression problem

Du,Ag =1
1 d
1 m=1 : y i=1 ]
9=""11 > [g(Xm)k(Xma VH D 0ig(Xom) Ok (X, )] - (41D
m=1 =1

Taking the inner product of both sides of (4.11) with k(X,,, ) foreach1 < m' < M
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yields the following M aligns:

M d
90) = J%) 337 3 [g<Xm>Km,mf +300060) G<m,z->,m'] -
! i (4.12)
Doing the same with 0;k(X,,, -) gives Md aligns:
1 1 :
0;9(Xm) = $0m(Xow) = 177 > lg(Xm)G(m',j»m +> aig(Xm)H(m,i),(m’,j)] :
m—1 i=1
(4.13)

From (4.11), it is clear that g is a linear combination of the form:

g(x) = %77(35) — )\LM [&mk(Xm,x) + Zﬁm,i@k(){m, x)] ;

where the coefficients o := (ay,, = 9(Xin))1<pens a0 B = (B = 0;9(Xin) ) 1<m<nr
- = 1<i<d

satisfy the system of aligns (4.12) and (4.13). We can rewrite this system as

K 4+ My GT al _ o, n(X)
G H + M)\IMd ﬁ VT](X)

)

where 1,;, I;4 are the identity matrices of dimension M, Md. Since K and H must

be positive semidefinite, an inverse exists. We conclude by noticing that

1 M

d
1
GOMMD; 0 (. Q) = (1,9} = 5 Il =37 D [nn(Xm) + 3 Busdin(X,)
i=1

m=1
The following result was key to our definition of the SMMD in Section 3 .3.

Proposition 23. Under Assumptions (A) to (D), we have for all f € H that

1 lstaen < oppall Fllas

where 0y, 5 1= 1/\/)\ + [ Ek(z,z)p(dz) + Zle [ 0;0;ak(x, x)pu(d).
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Proof of Proposition 23. The key idea here is to use the Cauchy-Schwarz inequality
for the Hilbert-Schmidt inner product. Letting f € H, || f[1%,) . i

[ ta@rutan + [1Vs@)P o) + N1
g / (f k() @ k2, ) ) ()

+2/ £, 0ik(x, ) @ Oike(, ) fae plder) + || I3
i/(f@f k(z,-) @ k(z,))us p(dr)

¥ Zl /(f ® f,0:k(z, ") ® Oik(x,))ms p(dzx) + A|| f1I3,

d
2fIE, [ / k(e 2) () + Y / Oidisak(, ) () + A

(a) follows from the reproducing properties (4.8) and (4.9) and Property (ii). (b) is
obtained using Property (iii), while (c) follows from the Cauchy-Schwarz inequality

and Property (i). ]

Lemma 24. Under Assumption (D), D, is Bochner integrable and its integral D,
is a trace-class symmetric positive semi-definite operator with D,y = D + A
invertible for any positive \. Moreover, for any Hilbert-Schmidt operator A we have:
(4, Du>HS = f(A: D.) s p(dx).

Under Assumptions (A) and (B), k(x,-) is Bochner integrable with respect to
any probability distribution P with finite first moment and the following relation
holds: (f,Ep [k(z, )] )% = Ep [(f, k(x,))s] for all f in H.

Proof. The operator D, is positive self-adjoint. It is also trace-class, as by the

triangle inequality
[Delly < |5z, H1+Z|I0k ) @ Oik(z, )y

= [|k(z IIH+ZIIM M3 < oo
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By Assumption (D), we have that [ ||D,]||; p(dz) < oo which implies that D, is p-
integrable in the Bochner sense [Retherford, 1978, Definition 1 and Theorem 2]. Its
integral D, is trace-class and satisfies || D, ||; < [ ||D,||1 p(dx). This allows to have
(A,D,Yus = [(A, D,)us p(dx) for all Hilbert-Schmidt operators A. Moreover,
the integral preserves the symmetry and positivity. It follows that D,, , is invertible.

The Bochner integrability of k(x,-) under a distribution P with finite mo-
ment follows directly from Assumptions (A) and (B), since [ ||k(z,)||P(dz) <
C [(Jlz]] + 1)P(dz) < oo. This allows us to write (f,Eplk(z, )]}y =

Ep[(f, k(z,-))a]. N

A .2 Continuity of the Optimized Scaled MMD in the Wasser-

stein topology

To prove Theorem 25, we we will first need some new notation. We assume the
kernel is k = K o ¢y, i.e. ky(z,y) = K(dy(2), dy(y)), where the representation

function ¢y, is a network ¢, (X ) : R — R? consisting of L fully-connected layers:

X

Ry (X)
hy(X) = Wlo_y (bl 1(X)) + for1 <1< L

The intermediate representations hib(X ) are of dimension d;, the weights W' are
matrices in R%*%-1 and biases b’ are vectors in R%. The elementwise activation
function o is given by oo(x) = z, and for [ > 0 the activation oy is a leaky ReLU

with leak coefficient 0 < o < 1:

r x>0
o(x) =o0(x) = for [ > 0. (4.14)

ar <0

The parameter ¢ is the concatenation of all the layer parameters:

= ((WEoh), W oh), o, (Whoh)).
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We denote by W the set of all such possible parameters, i.e. ¥ = R *d-1 x RIL x

oo x R4>d 5 R% . Define the following restrictions of U:

U ={y €U |V1<I<L, condW') <k}
Ui ={p e V" |VI<I<L, [W=1}. (4.15)

U* is the set of those parameters such that ¥/ have a small condition number,
cond(W) = 0pax (W) /omin(W). WY is the set of per-layer normalized parameters
with a condition number bounded by x.

Recall the definition of Scaled MMD, (4.7), where A > 0 and  is a probability

measurc:

Sthﬂ)%kA(Pﬂ@)ZZZU%hAhdkﬂ)kﬂa(E

d
Conn = 1/ A + / b, ) pu(da) + 3 / D05y ak(, 7) pldlz).
i=1
The Optimized SMMD over the restricted set U* is given by:

Diinin (P, Q) == sup SMMD, ;. » .
Ppewr

The constraint to v € " is critical to the proof. In practice, using a spectral
parametrization helps enforce this assumption, as shown in Figures 4.3 and 4.5.
Other regularization methods, like orthogonal normalization Brock et al. [2017], are
also possible.

We will use the following assumptions:

(I) p is a probability distribution absolutely continuous with respect to the

Lebesgue measure.

(IT) The dimensions of the weights are decreasing per layer: d;1 < d; for all

0<I<L—-1.

(III) The non-linearity used is Leaky-ReLU, (4.14), with leak coefficient « € (0, 1).
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(IV) The top-level kernel K is globally Lipschitz in the RKHS norm: there exists a
positive constant Ly > 0 such that || K(a,.) — K(b,.)|| < Lk|la — b|| for all

a and b in Rz,

(V) There is some vy > 0 for which K satisfies

vacK(b7 C) | (b’c):(a,(l)

= 2T for all a € R,

Assumption (I) ensures that the points where ¢,,(X) is not differentiable are
reached with probability 0 under x. This assumption can be easily satisfied e.g. if
we define 1 by adding Gaussian noise to P.

Assumption (II) helps ensure that the span of W is never contained in the null
space of W1, Using Leaky-ReLU as a non-linearity, Assumption (III), further
ensures that the network ¢,; is locally full-rank almost everywhere; this might not be
true with ReLLU activations, where it could be always 0. Assumptions (II) and (IIT)
can be easily satisfied by design of the network.

Assumptions (IV) and (V) only depend on the top-level kernel K and are easy to
satisfy in practice. In particular, they always hold for a smooth translation-invariant
kernel, such as the Gaussian, as well as the linear kernel.

We are now ready to prove Theorem 25.

Theorem 25. Under Assumptions (I) to (V),

LK IiL/Q

Dhinp (P, Q) < ————
SMMD( Q) = VMOCL/Q

W(P,Q),

which implies that if P, 2 P, then D52 (P, P) — 0.

Proof. Define the pseudo-distance corresponding to the kernel &,

Ay, 9) = (2, ) = koly Moy = Mool 2) + ko) — 2k, ).

Denote by W, (P, Q) the optimal transport metric between [P and Q using the cost
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dy, given by

de (Pv @) - ﬂeli_ll(llg,(@) IE(X,Y)fwr [de(X? Y)] :

where II is the set of couplings with marginals P and Q. By Lemma 26,
MMD, (P, Q) < W, (P, Q).

Recall that ¢y, is Lipschitz, ||¢y||Lip < 0o, so along with Assumption (IV) we have

that
dy(z,y) < Li||dpp(z) — dp@)]l < LilléyllLillz — yl.

Thus

W, (B.Q) S __inf - Eoxayes [Licl6ullin| X = Y1) = Lol WP, Q)

where WV is the standard Wasserstein distance (4.2), and so

MMDy(P, Q) < Lil[¢yllLip W(P, Q).

We have that:

aiai+dk<x’ y) = [81¢'¢J(x)]—r [vava(a7 b) ‘ (a7b):(¢’d)(z)1¢’(f}(y))j| [829251/, (y)] 5

where the middle term is a d;, X dj matrix and the outer terms are vectors of length

dr. Thus Assumption (V) implies that 9;0; 4k (x, x) > 7% ||0;04(x) ||, and hence

0 = VKElVou(X)|IE]

so that

Licllpy I

2 — 52 2
SMMD)(P, Q) = 7,00 MMD(P, Q) < —y g & A

W2 (P, Q).

Using Lemma 27, we can write ¢y (X) = a(¢)¢5(X) with i) € %, Then we
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have

41, WPloslty 1

B, [IV6.COl]  a@yE, [IIVos0)[12] ~ B [I90s0)[3]

where we used || ¢y ||Lip < [T, W] = 1. But by Lemma 28, for Lebesgue-almost
all X, [[Vog(X)||% > d(a/k)*. Using Assumption (I), this implies that

||¢¢||%1p < 1 < KJL
E, [IIVos (X)) ~ B [IVO(XIIF] ~ deat

Thus for any ¢ € U*,

LK RL/Q

SMMD,, (P < —
o Q) = Vi Vd al/?

W(P, Q).

The desired bound on Dgﬁ&g follows immediately. O]

Lemma 26. Let (z,y) — k(x,y) be the continuous kernel of an RKHS H defined
on a Polish space X, and define the corresponding pseudo-distance dy(z,y) =
\|k(x,-) — k(y, -)||n. Then the following inequality holds for any distributions P and

Q on X, including when the quantities are infinite:

Proof. Let P and QQ be two probability distributions, and let II(P, Q) be the set
of couplings between them. Let 7* € argmin y yy..[cr(X,Y)] be an optimal
coupling, which is guaranteed to exist [Villani, 2009, Theorem 4.1]; by definition
Wa, (P, Q) = E(x y)ur[de(X,Y)]. When Wy, (P, Q) = oo the inequality trivially
holds, so assume that W, (P, Q) < oc.

Take a sample (X,Y) ~ 7* and a function f € H with ||f]| < 1. By the

Cauchy-Schwarz inequality,

1F(X) = SOOI < ALf el [BCX ) = BCY )l < TR ) = RY )l
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Taking the expectation with respect to 7, we obtain
B[ f(X) = FV)]] < B [[[B(X, ) = B(Y, ) [124]-

The right-hand side is just the definition of W,, (P, Q). By Jensen’s inequality, the

left-hand side is lower-bounded by

B [f(X) = V)] = [Ex~p[f(X)] = Eyq[f(Y)]]

since 7* has marginals P and (. We have shown so far that for any f € H with

[flle < 1,
[Ee[f(X)] = Eo[f(Y)]| < We, (P, Q);

the result follows by taking the supremum over f. O]

Lemma 27. Let v = (WL bl), (WEL bE=1) oo (W b)) € U . There exists a
corresponding scalar o/()) and ) = (WL, bL), (WEL pL=1) ... (W1 bY)) € ¥,
defined by (4.15), such that for all X,

Proof. Set wt = LWt b =

L
= T mbl, and a(¢y) = [, IW']|. Note that

the condition number is unchanged, cond(W') = cond(W') < k, and |W!|| = 1,

SO @E € ®f. It is also easy to see from (4.14) that

l 1 l

Me(X) = — (X
S VN T AR
so that
L T WY,
a()h(x) = L=l n ey = xy.)
IR0 = L TR0 = 6u(X)

Lemma 28. Make Assumptions (II) and (I1I), and let \) € V§. Then the set of inputs
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for which any intermediate activation is exactly zero,
L 4
Ny =JU{x er!| (%)), =0}
I=1 k=1

has zero Lebesgue measure. Moreover, for any X ¢ Ny, V x¢,(X) exists and

drat
IVxou(X) I >

Proof. First, note that the network representation at layer [ is piecewise affine.

Specifically, define MY € R% by, using Assumption (IIT),

1 R(X)>0
(M) = a7 (hi (X)) = ;

a hi(X)<0

it is undefined when any hL(X) = 0, i.e. when X € N,. Let V{ =
W'diag (M%"). Then

hy(X) = Woy (71 (X)) + 0 = Vi X + 1,
and thus
L (X) = WA X + by,

where b% = 0, b}y = VL™t + ¢!, and Wi = VEVE! ..V solong as X ¢ Ny,
Because 1) € ¥, we have [|W!| = 1 and o (W!) > 1/k; also, || M4 < 1,
Omin (M%) > . Thus |[W' || < 1, and using Assumption (II) with Lemma 29 gives
Omin(Wh) > (a/k)". In particular, each W', is full-rank.
Next, note that b’y and W/, each only depend on X through the activation
patterns M. Letting HY, = (MY, ML, ..., M) denote the full activation patterns

up to level [, we can thus write

hL(X) = WX 4+ bl
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There are only finitely many possible values for H' ; we denote the set of such values

as H!. Then we have that

L dg

NyeUU U {xer! wi'x +bf =0}

=0 k=1 HZEHl
I . . . . .
Because each W' is of rank d;, each set in the union is either empty or an affine

subspace of dimension d — d;. As each d; > 0, each set in the finite union has zero

Lebesgue measure, and Ny, also has zero Lebesgue measure.

We will now show that the activation patterns are piecewise constant, so that
Vxhly(X) = WHx forall X ¢ Ny. Because 1 € W, we have ||h)||Li, < 1, and in
particular

[(R00), = (R0, | < 1X = X7,

Thus, take some X ¢ N +» and find the smallest absolute value of its activations, € =

(hL (X)),

we know that for all [ and k,

,,,,, dy ; clearly € > 0. For any X’ with || X — X'|| <,

.....

sign ((n(X)), ) = sien ((n,(X")), ).
implying that H, = HY, as well as X' ¢ N. Thus for any point X ¢ N,
Vou(X) = WX Finally, we obtain

dLO./L

kL

2
V6 (X)E = W3 > dy o (W) >

Lemma 29. Let A € R™*", B € R™?, withm > n > p. Then oy(AB) >
Umin<A) Umin(B)-

Proof. A more general version of this result can be found in [Giingor, 2007, Theorem

2]; we provide a proof here for completeness.

If B has a nontrivial null space, o,,;,(B) = 0 and the inequality holds. Other-
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wise, let R? denote R \ {0}. Recall that for C' € R™*™ with m > n,

TONT
Umin<C> - )\mjn(CTC) = inf M — inf ||O$H )

zeRr  x'x zeRy |||
Thus, as Bx # 0 for x # 0,
AB ABz||||B
o aB) — mup 1ABTl o 1ABr]|Ba
wer? 2| wert | Bz||[z|
AB B
s (g TAZALY (e 1221)
zer? || Bz| zer? |||
A B
> (inf M) (inf ” :1:H> = Omin(A) Omin(B). O
veR? |yl ) \eer? |z

A 2.1 Necessity of some assumptions

Here we analyze through simple examples what happens when the condition number
can be unbounded, and when Assumption (II), about decreasing widths of the

network, is violated.

Condition Number: We start by a first example where the condition number can be

arbitrarily high. We consider a two-layer network on R?, defined by

1 1
da(X) = [1 _1} d(WoX) W, = (4.16)

1 1+«
where o > 0. As « approaches 0 the matrix IV, becomes singular which means that
its condition number blows up. We are interested in analyzing the behavior of the

Lipschitz constant of ¢ and the expected squared norm of its gradient under y as «

approaches 0.



A . Proofs

120

One can easily compute the squared norm of the gradient of ¢ which is given by

IVea(X)|* =

=7+ 0+a=7y)

(1= + (ya+7-1)°

X e A
X e A,
X e A;

X e A

Here A,, As, A3 and A, are defined by (4.17) and are represented in Figure 4.9:

Al Z:{X€R2|X1—|—X220 X1+(1+Oé) }
Ay = {X eR})X; + X, <0 X;+(1+a)Xy <0}
4.17)
AgZ:{X€R2’X1+X2<O X1+(1+Oé) > }
A4I:{X€R2’X1+X220 X1+(1+a) }
X2
A3
A1
o X1
A2
Ag

Figure 4.9: Decomposition of R2 into 4 regions Aj, As, As and A4 as defined in (4.17). As
« approaches 0, the area of sets A3 and A4 becomes negligible.

It is easy to see that whenever y has a density, the probability of the sets Aj

and A, goes to 0 are « — 0. Hence one can deduce that E,[||V.(X)|?] — 0

when o — 0. On the other hand, the squared Lipschitz constant of ¢ is given by

(1—7)%+ (14« —~)? which converges to 2(1 —)?

. This shows that controlling the

expectation of the gradient doesn’t allow to effectively control the Lipschitz constant

of ¢.
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Monotonicity of the dimensions: We would like to consider a second example

where Assumption (II) doesn’t hold. Consider the following two layer network

defined by:

¢<X)=[—1 0 1} o(WsX)  Ws:=
1 g

for 5 > 0. Note that Wj is a full rank matrix, but Assumption (II) doesn’t hold.

Depending on the sign of the components of 113X one has the following expression

for ||V (X)||*:

(2 X € By
v*B° X € By
52 X € Bs

IVea(X)]* =
(1-7)2+~%8*> X e B,

(1—’}/)24‘62 X€B5

VB X € Bg

\

where (B;)1<i<¢ are defined by (4.18)

B ={XeR}X; >0 X,>0}

By ={X €R}X; <0 X,<0}

By ={XeR}X;> Xo,<0 X, +pBX,>0} 18
By ={XeRX,> Xo<0 X;+BX,<0} @
B ={XeRIX; >0 Xp>0 X;+pX,>0}

BGI{X€R2’X1>O Xo>0 X1—|—BX2<O}
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The squared Lipschitz constant is given by ||¢||% (1 — v)? + 3% while the expected

squared norm of the gradient of ¢ is given by:
E.[l6(X))1?] = 36%(p(B1 U By U Bs) +~°p(Ba U By U Bg)) + (1 —7)*p(Bs U Bs).

Again the set B4 U Bs becomes negligible as 3 approaches 0 which implies that
E,[[[¢(X)|?] — 0. On the other hand ||¢||7 converges to (1 — )?. Note that unlike
in the first example in (4.16), the matrix 3 has a bounded condition number. In this
example, the columns of I, are all in the null space of [_1 0 1} , which implies

Vo(X) = 0 forall X € R?, even though all matrices have full rank.

B  An estimator for Lipschitz MMD

We now describe briefly how to estimate the Lipschitz MMD in low dimensions.

Recall that

LlpMMDk,)\GP)a Q) sup EXN]p[f<X)] — EXNQ [f(Y)] X
FEM 712+ M I, <1

For f € H,, itis the case that

12 = s IV £ = sup > (0o

z€R4 7S —
d
:sup<f,z [0;k(z, ) @ Ok (z, )]f> .
x€RA 2,

Thus we can approximate the constraint || f||7;, + Al f[|7, < 1 by enforcing the
constraint on a set of m points {Z;} reasonably densely covering the region around
the supports of P and Q, rather than enforcing it at every point in X'. An estimator of

the Lipschitz MMD based on X ~ P"X and Y ~ Q" is
1

LlpMMD XY, Z)~ sup — - — Y;

o (XY, Z) ~ sup o Zf WZf( 5)

s.t. V5, [IVA(Z)I + AllfIl3, <1 (4.19)
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By the generalized representer theorem, the optimal f for (4.19) will be of the form
nx ny d m

FO = k(X )+ Bk ) + YD vandik(Z;, ).

j=1 j=1

i=1 j=1

Writing § = («v, 3, ), the objective function is linear in 0,

The constraints are quadratic, built from the following matrices, where the X and Y
samples are concatenated together, as are the derivatives with each dimension of the

Z samples:

E(X1,X1) - k(X1,Yn)
K = : : :
_k( anXl) k(YnY7 nY)
Ohk(Zy, Xy) -+ Ok(Z1,Yn,)
B = : ) :
O0ak(Zm, X1) -+ O0ak(Zm, Yoy )
Oy ak(Zy, Z1) -+ OWOarak(Z1, Zm)
H = : ) :
_adal+dk(Zm7 Zl) U adaderk(Zm; Zm)

Given these matrices, and letting O; = Zle e(i7j)e(Ti ;) Where e(; ;) is the (i, j)th

standard basis vector in R™?, we have that

T

K B
1£113, = o7 0
B H

d BTO,B BTO,H
IVFZ)IP =) (0:f(2;)) =67 d j
P HO;B HO;H
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Thus the optimization problem (4.19) is a linear problem with convex quadratic
constraints, which can be solved by standard convex optimization software. The
approximation is reasonable only if we can effectively cover the region of interest
with densely spaced {Z;}; it requires a nontrivial amount of computation even for

the very simple 1-dimensional toy problem of Example 1.

One advantage of this estimator, though, is that finding its derivative with
respect to the input points or the kernel parameterization is almost free once we
have computed the estimate, as long as our solver has computed the dual variables
1 corresponding to the constraints in (4.19). We just need to exploit the envelope
theorem and then differentiate the KKT conditions, as done for instance in Amos
and Kolter [2017]. The differential of (4.19) ends up being, assuming the optimum

of (4.19) is at § € Rrxtny+md gnd jj € R™,

— - |ax T
dLipMMD, (XY, Z) =437 [L oL _L]
’ dB nx nx ny ny
= AT (dR)s
j=1

with P; defined as:

(dB)TO;B + BTO;(dH) (dB)TO,H + BTO,(dH)
(dH)O,B + HO;(dB)  (dH)O;H + HO;(dH)

dK dBT
dB dH

C Near-equivalence of WGAN and linear-kernel

MMD GANs
For an MMD GAN-GP with kernel k(z,y) = ¢(z)p(y), we have that

MMDy (P, Q) = |Epg(z) — Egp(Y)|
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and the corresponding critic function is

n(t) _ Expd(X)o(t) — Eyvgp(Y)o(t)
171l [Epp(X) — Eqo(Y)]

= sign (Exrd(X) — Ey~gd(Y)) 6(t).

Thus if we assume Ex pp(X) > Ey.g¢(Y), as that is the goal of our critic training,
we see that the MMD becomes identical to the WGAN loss, and the gradient penalty
is applied to the same function.

(MMD GANSs, however, would typically train on the unbiased estimator of
MMD?, giving a very slightly different loss function. Bifikowski* et al. [2018] also
applied the gradient penalty to 7 rather than the true critic n/||7||.)

The SMMD with a linear kernel is thus analogous to applying the scaling
operator to a WGAN; hence the name SWGAN.

D Experiments on synthetic data

D .1 DiracGAN vector fields for more losses

Figure 4.10 shows parameter vector fields, like those in Figure 4.1, for Example 1

and for a variety of different losses:

MMD: — MMD?,

MMD-GP: — MMDZ, +AEz[([|V £(X)]|| — 1)
MMD-GP-Unif: — MMD? +AEg_,..[(||V f(X)[| — 1)?]

SN-MMD: — 2MMD, (P, Q)*
Sobolev-MMD: — MMD?, +A(Eq).2[|Vf(X)[?] — 1)* (4.20)

CenteredSobolev-MMD: — MMDfp AN E@10)2[VLX)))?
LipMMD: — LipMMD} ,
GC-MMD: — GCMMD3(9 102) 1.,

SMMD: — SMMDY, 5 \
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Vector fields for different losses with respect to the generator parameter 6 and

Figure 4.10

the feature representation parameter v; the losses use a Gaussian kernel, and

dp and

90, Q =

¢y (x) = tpz. The curves show the result of taking simultaneous gradient steps

in (6, 1) beginning from three initial parameter values.

are shown in (4.20). Following Mescheder et al. [2018], P

The squared MMD between & and dp under a Gaussian kernel of bandwidth 1/v and

). MMD-GP-unif uses a gradient penalty as in Bifkowski*

2

202

is given by 2(1 — e~

et al. [2018] where each samples from p* is obtained by first sampling X and Y

from P and Q and then sampling uniformly between X and Y. MMD-GP uses the

SN-MMD

1. Sobolev-

same gradient penalty, but the expectation is taken under [P rather than p*.

here this means that ¢ =

b

refers to MMD with spectral normalization;

MMD refers to the loss used in Mroueh et al. [2018] with the quadratic penalty only.

).

N(0, 102

GCMMD,, ., is defined by (4.5), with

d MMD and Sobolev

me

D .2 Vector fields of Gradient-Constra

GAN critics

argue that the gradient of the critic (...) defines a transportation

Mroueh et al. [2018]

plan for moving the distribution mass (from generated to reference distribution) and

We observed that

dimensional Gaussians.

present the solution of Sobolev PDE for 2-
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3

2

1

-5

-4 -3 2 4 -4 -3 -2 -1 0 1 2 3 4 5

(a) Gradient-Constrained MMD critic gradi- (b) Sobolev IPM critic gradient.
ent.

-2 -1 0 1 3 5

Figure 4.11: Vector fields of critic gradients between two Gaussians. The grey arrows show
normalized gradients, i.e. gradient directions, while the black ones are the
actual gradients. Note that for the Sobolev critic, gradients norms are orders of
magnitudes higher on the right hand side of the plot than in the areas of high
density of the given distributions.

in this simple example the gradient of the Sobolev critic can be very high outside
of the areas of high density, which is not the case with the Gradient-Constrained
MMD. Figure 4.11 presents critic gradients in both cases, using 1 = (P + Q)/2
for both. This unintuitive behavior is most likely related to the vanishing boundary
condition, assummed by Sobolev GAN. Solving the actual Sobolev PDE, we found
that the Sobolev critic has very high gradients close to the boundary in order to
match the condition; moreover, these gradients point in opposite directions to the

target distribution.



Chapter 5

Generalized energy based models

We introduce the Generalized Energy Based Model (GEBM) for generative mod-
elling. These models combine two trained components: a base distribution (generally
an implicit model), which can learn the support of data with low intrinsic dimension
in a high dimensional space; and an energy function, to refine the probability mass
on the learned support. Both the energy function and base jointly constitute the
final model, unlike GANSs, which retain only the base distribution (the "generator").
GEBMs are trained by alternating between learning the energy and the base. We
show that both training stages are well-defined: the energy is learned by maximising
a generalized likelihood, and the resulting energy-based loss provides informative
gradients for learning the base. Samples from the posterior on the latent space of
the trained model can be obtained via MCMC, thus finding regions in this space
that produce better quality samples. Empirically, the GEBM samples on image-
generation tasks are of much better quality than those from the learned generator
alone, indicating that all else being equal, the GEBM will outperform a GAN of the
same complexity. When using normalizing flows as base measures, GEBMs succeed
on density modelling tasks, returning comparable performance to direct maximum

likelihood of the same networks.

1 Introduction

Energy-based models (EBMs) have a long history in physics, statistics and machine

learning [LeCun et al., 2006]. They belong to the class of explicit models, and
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can be described by a family of energies £ which define probability distributions
with density proportional to exp(—FE). Those models are often known up to a
normalizing constant Z(F), also called the partition function. The learning task
consists of finding an optimal function that best describes a given system or target
distribution IP. This can be achieved using maximum likelihood estimation (MLE),
however the intractability of the normalizing partition function makes this learning
task challenging. Thus, various methods have been proposed to address this [Hinton,
2002, Hyvirinen, 2005, Gutmann and Hyvérinen, 2012, Dai et al., 2019a,b]. All
these methods estimate EBMs that are supported over the whole space. In many ap-
plications, however, PP is believed to be supported on an unknown lower dimensional
manifold. This happens in particular when there are strong dependencies between
variables in the data, and suggests incorporating a low-dimensionality hypothesis in

the model.

Generative Adversarial Networks (GANs) [Goodfellow et al., 2014] are a
particular way to enforce low dimensional structure in a model. They rely on an
implicit model, the generator, to produce samples supported on a low-dimensional
manifold by mapping a pre-defined latent noise to the sample space using a trained
function. GANSs have been very successful in generating high-quality samples on
various tasks, especially for unsupervised image generation [Brock et al., 2017].
The generator is trained adversarially against a discriminator network whose goal
is to distinguish samples produced by the generator from the target data. This has
inspired further research to extend the training procedure to more general losses
[Nowozin et al., 2016, Arjovsky et al., 2017, Li et al., 2017, Binkowski* et al., 2018]
and to improve its stability [Miyato et al., 2018, Gulrajani et al., 2017, Nagarajan
and Kolter, 2017, Kodali et al., 2017]. While the generator of a GAN has effectively
a low-dimensional support, it remains challenging to refine the distribution of mass
on that support using pre-defined latent noise. For instance, as shown by Cornish
et al. [2020] for normalizing flows, when the latent distribution is unimodal and the
target distribution possesses multiple disconnected low-dimensional components,

the generator, as a continuous map, compensates for this mismatch using steeper
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slopes. In practice, this implies the need for more complicated generators.

In the present work, we propose a new class of models, called Generalized
Energy Based Models (GEBMs), which can represent distributions supported on
low-dimensional manifolds, while offering more flexibility in refining the mass on
those manifolds. GEBMs combine the strength of both implicit and explicit models
in two separate components: a base distribution (often chosen to be an implicit
model) which learns the low-dimensional support of the data, and an energy function
that can refine the probability mass on that learned support. We propose to train
the GEBM by alternating between learning the energy and the base, analogous to
f-GAN training [Goodfellow et al., 2014, Nowozin et al., 2016]. The energy is
learned by maximizing a generalized notion of likelihood which we relate to the
Donsker-Varadhan lower-bound [Donsker and Varadhan, 1975] and Fenchel duality,
as in [Nguyen et al., 2010, Nowozin et al., 2016]. Although the partition function
is intractable in general, we propose a method to learn it in an amortized fashion
without introducing additional surrogate models, as done in variational inference
[Kingma and Welling, 2014, Rezende et al., 2014] or by Dai et al. [2019a,b]. The
resulting maximum likelihood estimate, the KL Approximate Lower-bound Estimate
(KALE), is then used as a loss for training the base. When the class of energies is
rich and smooth enough, we show that KALE leads to a meaningful criterion for
measuring weak convergence of probabilities. Following recent work by Chu et al.
[2020], Sanjabi et al. [2018], we show that KALE possesses well defined gradients
w.r.t. the parameters of the base, ensuring well-behaved training. We also provide
convergence rates for the empirical estimator of KALE when the variational family

is sufficiently well behaved, which may be of independent interest.

The main advantage of GEBMs becomes clear when sampling from these
models: the posterior over the latents of the base distribution incorporates the learned
energy, putting greater mass on regions in this latent space that lead to better quality
samples. Sampling from the GEBM can thus be achieved by first sampling from
the posterior distribution of the latents via MCMC in the low-dimensional latent

space, then mapping those latents to the input space using the implicit map of the
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base. This is in contrast to standard GANs, where the latents of the base have a
fixed distribution. We focus on a class of samplers that exploit gradient information,
and show that these samplers enjoy fast convergence properties by leveraging the
recent work of Eberle et al. [2017]. While there has been recent interest in using the
discriminator to improve the quality of the generator during sampling [Azadi et al.,
2019, Turner et al., 2019, Neklyudov et al., 2019, Grover et al., 2019, Tanaka, 2019,
Wu et al., 2019a], our approach emerges naturally from the model we consider.

We begin in Section 2 by introducing the GEBM model. In Section 3 , we
describe the learning procedure using KALE, then derive a method for sampling
from the learned model in Section 4 . In Section 5 we discuss related work. Finally,

experimental results are presented in Section 6 .

2 Generalized Energy-Based Models

/ (a) Ground Truth (c) GEBM

Figure 5.1: Data generating distribution supported on a line and with higher density at the
extremities. Models are learned using either a GAN, GEBM, or EBM. More
details are provided in Section B .1.

In this section, we introduce generalized energy based models (GEBM), that combine
the strengths of both energy-based models and implicit generative models, and admit
the first of these as a special case. An energy-based model (EBM) is defined by a set
£ of real valued functions called energies, where each E' € £ specifies a probability

density over the data space X C R? up to a normalizing constant,

Qdz) = exp (—E(z) — A)dz, A= log (/ exp(—E(z)) dx) G

While EBMs have been shown recently to be powerful models for representing
complex high dimensional data distributions, they still unavoidably lead to a blurred
model whenever data are concentrated on a lower-dimensional manifold. This is

the case in Figure 5.1(a), where the ground truth distribution is supported on a 1-D
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line and embedded in a 2-D space. The EBM in Figure 5.1(d) learns to give higher
density to a halo surrounding the data, and thus provides a blurred representation.
That is a consequence of EBM having a density defined over the whole space, and

can result in blurred samples for image models.

An implicit generative model (IGM) is a family of probability distributions Gy
parametrized by a learnable generator function G : Z — X that maps latent samples
z from a fixed latent distribution 7 to the data space X. The latent distribution 7 is
required to have a density over the latent space Z and is often easy to sample from.
Thus, Sampling from G is simply achieved by first sampling 2 from 7 then applying
G,

r~G <<= z=G(2), z~n. (5.2)

GANss are popular instances of these models, and are trained adversarially [ Good-
fellow et al., 2014]. When the latent space Z has a smaller dimension than the
input space X, the IGM will be supported on a lower dimensional manifold of X,
and thus will not possess a Lebesgue density on X’ [Bottou et al., 2018]. IGMs are
therefore good candidates for modelling low dimensional distributions. While GANs
can accurately learn the low-dimensional support of the data, they can have limited
power for representing the distribution of mass on the support. This is illustrated in

Figure 5.1(b).

A generalized energy-based model (GEBM) Q is defined by a combination
of a base G and an energy E defined over a subset X of R%. The base component can
typically be chosen to be an IGM as in (5.2). The generalized energy component
can refine the mass on the support defined by the base. It belongs to a class £ of
real valued functions defined on the input space X, and represents the negative

log-density of a sample from the GEBM with respect to the base G,

Q(dx) = exp (—E(z) — Ag.r) G(dz), (5.3)
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where Ag g is the logarithm of the normalizing constant of the model w.r.t. G:

Ac.p = log ( / exp(—E(x))G(dx)) |

Thus, a GEBM Q re-weights samples from the base according to the un-normalized
importance weights exp(—F(x)). Using the latent structure of the base G, this
importance weight can be pulled-back to the latent space to define a posterior latent

distribution v,
v(z) =n(z)exp(—E (G(z)) — Ag.g) . (5.4)

Hence, the posterior latent v can be used instead of the latent noise 7 for sampling

from Q, as summarized by Proposition 30:

Proposition 30. Sampling from Q requires sampling a latent z from v (5.4) then

applying the map G,

r~Q <= =G(2), z~uw (5.5)

In order to hold, Proposition 30 does not need the generator GG to be invertible.
We provide a proof in Section A .2 which relies on a characterization of probability
distribution using generalized moments. We will see later in Section 4 how equation
(5.5) can be used to provide practical sampling algorithms from the GEBM. Next we
discuss the advantages of GEBMs.

Advantages of Generalized Energy Based Models. The GEBM defined by (5.3)
can be related to exponential tilting (re-weighting) [Siegmund, 1976, Xie et al., 2016]
of the base G. The important difference over classical EBMs is that the base G is
allowed to change its support and shape in space. By learning the base G, GEBMs
can accurately learn the low-dimensional support of data, just like IGMs do. They
also benefit from the flexibility of EBMs for representing densities using an energy

E to refine distribution of mass on the support defined by G, as seen in Figure 5.1(c).
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Compared to EBMs, that put mass on the whole space by construction (positive
density), GEBMs have the additional flexibility to concentrate the probability mass
on a low-dimensional support learned by the base G, provided that the dimension
of the latent space Z is smaller than the dimension of the ambient space X': see
Figure 5.1(c) vs Figure 5.1(d). In the particular case when the dimension of Z is
equal to the ambient dimension and G is invertible, the base G becomes supported
over the whole space X', and GEBM recover usual EBMs. The next proposition
further shows that any EBM can be viewed as a particular cases of GEBMs, as

proved in Section A .2.

Proposition 31. Any EBM with energy FE (as in (5.1)) can be expressed as a GEBM
with base G given as a normalizing flow with density exp(—r(z)) and a generalized
energy E(x) = E(x) — r(x). In this particular case, the dimension of the latent is

necessarily equal to the data dimension, i.e. dim(Z) = dim(X).

Compared to IGMs,, that rely on a fixed pre-determined latent noise distribution 7,
GEBMs offer the additional flexibility of learning a richer latent noise distribution.
This is particularly useful when the data is multimodal. In IGMs, such a GANSs,
the latent noise 7 is usually unimodal thus requiring a more sophisticated generator
to distort a unimodal noise distribution into a distribution with multiple modes, as
shown by Cornish et al. [2020]. Instead, GEBMs allow to sample from a posterior
v over the latent noise defined in (5.4). This posterior noise can be multimodal in
latent space (by incorporating information from the energy) and thus can put more
or less mass in specific regions of the manifold defined by the base G. This allows
GEBMs to capture multimodality in data, provided the support of the base is broad
enough to subsume the data support Figure 5.1(c). This additional flexibility comes
at no additional training cost compared to GANs. Indeed, GANS still require another
model during training, the discriminator network, but do not use it for sampling.
Instead, GEBMs avoid this waste since the base and energy can be trained jointly,

with no other additional model, and then both are used for sampling.
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3 Learning GEBMs

In this section we describe a general procedure for learning GEBMs. We decompose
the learning procedure into two steps: an energy learning step and a base learning
step. The overall learning procedure alternates between these two steps, as done in

GAN training [Goodfellow et al., 2014].

3.1 Learning the energy

When the base G is fixed, varying the energy F leads to a family of models that all
admit a density exp(—E —Ag, g) w.r.t. G. When the base G admits a density exp(—r)
defined over the whole space, it is possible to learn the energy £ by maximizing the
likelihood of the model — [(E + r) dP — Ag, . However, in general G is supported
on a lower-dimensional manifold so that r is ill-defined and the usual notion of
likelihood cannot be used. Instead, we introduce a generalized notion of likelihood

which does not require a well defined density exp(—r) for G:

Definition 6 (Generalized Likelihood). The expected G-log-likelihood under a target
distribution P of a GEBM model QQ with base G and energy E is defined as

ﬁ]}»@(E) = —/E(ZL’)CZP(JI) - AG,E‘ (56)

To provide intuitions about the generalized likelihood in Definition 6, we start
by discussing the particular case where K L(P||G) < +o00. We then present the
training method in the general case where P and G might not share the same support,

ie. KL(P||G) = +o0.

Special case of finite X' L(IP||G). When the Kullback-Leibler divergence between [P
and G is well defined, (5.6) corresponds to the Donsker-Varadhan (DV) lower bound
on the KL [Donsker and Varadhan, 1975], meaning that KL(PP||G) > Lp g (F) for

all E. Moreover, the following proposition holds:

Proposition 32. Assume that KL(P||G) < +oo and 0 € &. If, in addition, E*
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maximizes (5.6), then:

KL(P||Q) < KL(P||G). (5.7)

In addition, we have that K L(P||Q) = 0 when E* is the negative log-density ratio
of Pw.rt. G.

We refer to Section A .2 for a proof. According to (5.7), the GEBM systemati-
cally improves over the IGM defined by G, with no further improvement possible
in the limit case when G = PP. Hence as long as there is an error in mass on the

common support of P and G, the GEBM improves over the base G.

Estimating the likelihood in the General setting. Definition 6 can be used to learn
a maximum likelihood energy E* by maximizing Lp(F) w.r.t. £ even when the
KL(P||G) is infinite and when [P and G don’t necessarily share the same support.
The GEBM defined by the base G and optimal energy E* is the best model for the
data, as measured by the generalized KL, within the family of models supported on
G and with energies E in £. However, if the base is far away from the support of the
data, this is still not a good model. This already suggests the importance of learning

a good base as we discuss in Section 3 .2.

The optimal solution £* is well defined whenever the set of energies is suitably
constrained. This is the case if the energies are parametrized by a compact set W
with ¢ — E,, continuous over V. Estimating the likelihood is then achieved using
i.i.d. samples (X,)1.n, (Yon) 1. from P and G [Tsuboi et al., 2009, Sugiyama et al.,
2012, Liu et al., 2017]:

ﬁP,G<E) = _% Z E(X;) — log (% Z exp(—E(Ym))> : (5.8)

In the context of mini-batch stochastic gradient methods, however, M typically
ranges from 10 to 1000, which can lead to a poor estimate for the log-partition
function Ag p . Moreover, (5.8) doesn’t exploit estimates of Ag r from previous

gradient iterations. Instead, we propose an estimator which introduces a variational
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parameter A € R meant to estimate Ag g in an amortized fashion. The key idea
is to exploit the convexity of the exponential which directly implies —Ag p >
—A —exp(—A+ Agg) + 1 for any A € R, with equality only when A = Ag p.

Therefore, (5.6) admits a lower-bound of the form
Lpe(E) > — /(E + A)dP — /exp(—(E +A)dG + 1 :=Fpg(E+ A),

where we introduced the functional Fp ¢ for concision. Maximizing Fp (£ + A)
over A recovers the likelihood Lp ¢ (£). Moreover, jointly maximizing over £ and
A yields the maximum likelihood energy E* and its corresponding log-partition
function A* = Ag g-. This optimization is well-suited for stochastic gradient
methods using the following estimator Kanamori et al. [2011]:

Feg(E+A) =— (BE(X,)+ A) (5.9)

=
WE

i
L

exp(—(E(Y,) +A4)) + 1.

|
=)~
M=

1

3
I

Estimating the log-partition function. Optimizing (5.9) exactly over A yields (5.8),
with the optimal A equal to A = log(&, M exp(—E(Y,,))). However, to main-
tain an amortized estimator of the log-partition we propose to optimize (5.9) itera-

tively using second order updates:
Ak+1 = Ak - )\(exp(Ak - Ak—&-l) - 1), A[) = /10 (510)

where )\ is a learning rate and fl;ﬁq is the empirical log-partition function estimated
from a batch of new samples. By leveraging updates from previous iterations, A
can yield much more accurate estimates of the log-partition function as confirmed

empirically in Figure 5.7 of Section 6 .

3.2 Learning the base

Unlike in Section 3 .1, varying the base G does not need to preserve the same support.

Thus, it is generally not possible to use maximum likelihood methods for learning G.
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Instead, we propose to use the generalized likelihood (5.6) evaluated at the optimal
energy F* as a meaningful loss for learning G, and refer to it as the KL Approximate

Lower-bound Estimate (KALE),

KALE(P||G) = sup JFpc(E+ A). (5.11)

(E,A)EEXR
From Section 3 .1, KALE(P||G) is always a lower bound on KL(P, G). The bound
becomes tight whenever the negative log density of P w.r.t. G is well-defined and
belongs to £ (Section C of the supplementary material). Moreover, Proposition 33
shows that KALE is a reliable criterion for measuring convergence, and is a conse-
quence of [Zhang et al., 2017, Theorem B.1], with a proof in Section A .1.1 of the

supplementary material:

Proposition 33. Assume all energies in € are L-Lipschitz and that any continuous
function can be well approximated by linear combinations of energies in £ (Assump-
tions (A) and (B) of Section A .1), then KALE(P||G) > 0 with equality only if P = G
and KALE(P||G") — 0 iff G™ — P in distribution.

The universal approximation assumption holds in particular when £ contains
feedforward networks. In fact networks with a single neuron are enough, as shown in
[Zhang et al., 2017, Theorem 2.3]. The Lipschitz assumption holds when additional
regularization of the energy is enforced during training by methods such as spectral
normalization [Miyato et al., 2018] or additional regularization /() on the energy

E, such as the gradient penalty [Gulrajani et al., 2017] as done in Section 6 .

Estimating KALE. According to Arora et al. [2017], accurate finite sample esti-
mates of divergences that result from an optimization procedures (such as in (5.11))
depend on the richness of the class £; and richer energy classes can result in slower
convergence. Unlike divergences such as Jensen-Shannon, KL and the Wasserstein
distance, which result from optimizing over a non-parametric and rich class of func-
tions, KALE is restricted to a class of parametric energies Fy,. Thus, [Arora et al.,
2017, Theorem 3.1] applies, and guarantees good finite sample estimates, provided

optimization is solved accurately. In Section C .1 of the supplementary material,
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we provide an analysis for the more general case where energies are not necessarily
parametric but satisfy some further smoothness properties; we emphasize that our
rates do not require the strong assumption that the density ratio is bounded above

and below as in [Nguyen et al., 2010].

Smoothness of KALE. Learning the base is achieved by minimizing 1C(0) :=
KALE(P||Gy) over the set of parameters O of the generator Gy. This requires /C(6)
to be smooth enough so that gradient methods converge to local minima and avoid
instabilities during training [Chu et al., 2020]. Ensuring smoothness of losses that
result from an optimization procedure, as in (5.11), can be challenging. Results for
the regularized Wasserstein are provided by Sanjabi et al. [2018], while more general
losses are considered by Chu et al. [2020], albeit under stronger conditions than for
our setting. Theorem 34 shows that when F, GGy and their gradients are all Lipschitz

then /C(0) is smooth enough.We provide a proof for Theorem 34 in Section A .1.1.

Theorem 34. Under Assumptions (I) to (III) of Section A .1, sub-gradient methods
on K converge to local optima. Moreover, K is Lipschitz and differentiable for almost

all 8 € © with:

VK(0) =exp(—AGQ,E*)/VxE*(Ge(Z))VeGe(Z) exp(—E7(Go(2)))n(z) dz.

(5.12)

Estimating the gradient in (5.12) is achieved by first optimizing over £, and A
using (5.9), with additional regularization /(¢)). The resulting estimators E* and A*
are plugged in (5.13) to estimate VX (#) using samples (Z,,)1.)s from 7. Unlike for
learning the energy £*, which benefits from using the amortized estimator of the
log-partition function, we found that using the empirical log-partition for learning

the base was more stable.

A

A 2 VoGl Zn) exp(—E*(GolZn)).

M:

VK (6) =

3
[

(5.13)
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Training We summarize the training procedure in Algorithm 1, which alternates
between learning the energy and the base in a similar fashion to adversarial train-
ing. An additional regularization, denoted by /(7)) is used to ensure conditions of
Proposition 33 and Theorem 34 hold. () can include L, regularization over the
parameters ¢, a gradient penalty as in Gulrajani et al. [2017] or Spectral normaliza-
tion Miyato et al. [2018]. The energy can be trained either using the estimator in

(5.8) (KALE-DV) or the one in (5.9) (KALE-F) depending on the variable C.

Algorithm 1 Training GEBM
1: Input P, N,M, ny, n,
2: Output Trained generator Gy and energy .
3: Initialize 0, v and A.
4: fork=1,...,nydo

5: forj=1,...,n.do

6: Sample {Xn}I:N ~ P and {Yn}1;N ~ Gy
7 Gy < —V¢FP,G9 (E1/, + A) + [(w)

8 A« log <% M exp(—Ew(Ym)))

9: ga < exp(A—A) -1

10: Update 1) and A using g, and g a.

11:  end for

12:  Set E* + E,and A* « A.

13:  Update 0 using ﬁ) from (5.13)

14: end for

4 Sampling from GEBMs

A simple estimate of the empirical distribution of observations under the GEBM
is via importance sampling (IS). This consists in first sampling multiple points
from the base G, and then re-weighting the samples according to the energy E.
Although straightforward, this approach can lead to highly unreliable estimates, a
well known problem in the Sequential Monte Carlo (SMC) literature which employs
IS extensively [Doucet et al., 2001, Del Moral et al., 2006]. Other methods such
as rejection sampling are known to be inefficient in high dimensions Haugh [2017].
Instead, we propose to sample from the posterior v using MCMC. Recall from
(5.5) that a sample = from Q is of the form x = G(z) with z sampled from the

posterior latent v of (5.4) instead of the prior 7. While sampling from 7 is often
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straightforward (for instance if 7 is a Gaussian), sampling from v is generally harder,
due to dependence of its density on complex functions £ and G. It is still possible
to use MCMC methods to sample from v, however, since we have access to its
density up to a normalizing constant (5.4). In particular, we are interested in methods
that exploit the gradient of v, and consider two classes of samplers: Overdamped

samplers and Kinetic samplers.

Overdamped samplers are obtained as a time-discretization of the Overdamped

Langevin dynamics:
dz, = (V. logn(z) — V.E(G(%))) + V2 duwy, (5.14)

where w; is a standard Brownian motion. The simplest sampler arising from (5.14)

is the Unadjusted Langevin Algorithm (ULA):
i1 = Zp + MV logn(Zy) — V.E(G(Zy))) + V2AWy 4, Zy ~ 1,

where (W)r>o are i.i.d. standard Gaussians and ) is the step-size. For large k, Zj
is an approximate sample from v [Raginsky et al., 2017, Proposition 3.3]. Hence,
setting X = G(Zy,) for a large enough k provides an approximate sample from the

GEBM Q, as summarized in Algorithm 2.

Algorithm 2 Overdamped Langevin Algorithm

. Imput A, v, u,n,E,.G

: Ouput X,

Do~

:fort=0,...,7Tdo
Yip1 < V.logn(Z;) — V.E o B(Z)
Wt+1 ~ N(O, I)
Zivr & Zy + Nopr + V2AWipy

end for

: X+ G(ZT)
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Kinetic samplers arise from the Kinetic Langevin dynamics which introduce a

momentum variable:

dZt = Ut dt
(5.15)

dv, = —yuedt +u (Viegn(z) — VE(G(z))) dt + v/2yu dwy.

with friction coefficient v > 0, inverse mass v > 0, momentum vector v; and
standard Brownian motion w;. When the mass u~! becomes negligible compared to
the friction coefficient 7, i.e. uy~2 ~ 0, standard results show that (5.15) recovers

the Overdamped dynamics (5.14).

Algorithm 3 Kinetic Langevin Algorithm

1: Input \, v, un,E,G

2: Ouput X

3 Zy~n

4: fort =0,...,Tdo

Ly < 2y + %Vt

Yip1 < V.logn(Ziy1) — V.E 0 B(Z41)
Vipp < Vi + %E+l-
Wit ~ N(0.7)
| exp(—v)\)‘/;r% + \/u (1 — exp(=27A)) Wiy
100 Vigr = Vg + 9Yi

1: Ziy < Zey + 5Vi

12: end for

13: X7 < G(ZT)

N A

Discretization in time of (5.15) leads to Kinetic samplers similar to Hamiltonian
Monte Carlo [Cheng et al., 2017, Sachs et al., 2017]. We consider a particular
algorithm from Sachs et al. [2017] which we call Kinetic Langevin Algorithm
(KLA) Algorithm 3. Kinetic samplers were shown to better explore the modes
of the invariant distribution v compared to Overdamped ones (see [Neal, 2010,
Betancourt et al., 2017] for empirical results and [Cheng et al., 2017] for theory), as
also confirmed empirically in Section 6 .1 for image generation tasks using GEBMs.

Next, we provide the following convergence result:

Proposition 35. Assume that logn(z) is strongly concave and has a Lipschitz gradi-

ent, that E, G and their gradients are all L-Lipschitz. Set x; = G(z;), where z is
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given by (5.15) and call P; the probability distribution of x;. Then P, converges to Q

in the Wasserstein sense,
WQ(PtJ Q) S Lce_c’}lta

where ¢ and C' are positive constants independent of t, with ¢ = O(exp(—dim/(Z))).

Proposition 35 is proved in Section A .2 using [Eberle et al., 2017, Corollary
2.6], and implies that (z;);>0 converges at the same speed as (z;):>o. When the
dimension ¢ of Z is orders of magnitude smaller than the input space dimension d,
the process (z¢):>0 converges faster than typical sampling methods on X, for which
the exponent controlling the convergence rate is of order O(exp(—d)).

Tempered GEBM. It can be preferable to sample from a tempered version of
the model by rescaling the energy E by an inverse temperature parameter 3, thus
effectively sampling from exp ??@) dQ(z). High temperature regimes (3 — 0)
recover the base model G while low temperature regimes (8 — 00) essentially
sample from minima of the energy £. As shown in Section 6 , low temperatures

tend to produce better sample quality for natural image generation tasks.

5 Related work

Energy based models. Usually, energy based models are required to have a density
w.r.t. to a Lebesgue measure, and do not use a learnable base measure; in other words,
models are supported on the whole space. Various methods have been proposed in
the literature to learn EBMs. Contrastive Divergence [Hinton, 2002] approximates
the gradient of the log-likelihood by sampling from the energy model with MCMC.
More recently, [Belanger and McCallum, 2016, Xie et al., 2016, 2017, 2018a, 2019,
Tu and Gimpel, 2018, Du and Mordatch, 2019, Deng et al., 2020] extend the idea
using more sophisticated models and MCMC sampling strategies that lead to higher
quality estimators. Score Matching [Hyvirinen, 2005] calculates an alternative
objective (the score) to the log-likelihood which is independent of the partition
function, and was recently used in the context non-parametric energy functions to

provide estimators of the energy that are provably consistent as in Chapter 3 and
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[Sriperumbudur et al., 2017, Sutherland et al., 2018, Wenliang et al., 2019]). In
Noise-Contrastive Estimation [Gutmann and Hyvirinen, 2012], a classifier is trained
to distinguish between samples from a fixed proposal distribution and the target IP.
This provides an estimate for the density ratio between the optimal energy model and
the proposal distribution. In a similar spirit, Cranmer et al. [2016] uses a classifier
to learn likelihood ratios. Conversely, Grathwohl et al. [2020] interprets the logits
of a classifier as an energy model obtained after marginalization over the classes.
The resulting model is then trained using Contrastive Divergence. In more recent
work, Dai et al. [2019a,b] exploit a dual formulation of the logarithm of the partition
function as a supremum over the set of all probability distributions of some functional
objective. Yu et al. [2020] explore methods for using general f-divergences, such as

Jensen-Shannon, to train EBMs.

Generative Adversarial Networks. Recent work proposes using the discriminator
of a trained GAN to improve the generator quality. Rejection sampling [Azadi et al.,
2019] and Metropolis-Hastings correction [Turner et al., 2019, Neklyudov et al.,
2019] perform sampling directly on the high-dimensional input space without using
gradient information provided by the discriminator. Moreover, the data distribution is
assumed to admit a density w.r.t. the generator. Ding et al. [2019] perform sampling
on the feature space of some auxiliary pre-trained network; while Lawson et al.
[2019] treat the sampling procedure as a model on its own, learned by maximizing
the ELBO. In our case, no auxiliary model is needed. In the present work, sampling
doesn’t interfere with training, in contrast to recently considered methods to optimize
over the latent space during training Wu et al. [2019a,b]. In Tanaka [2019], the
discriminator is viewed as an optimal transport map between the generator and the
data distribution and is used to compute optimized samples from latent space. This is
in contrast to the diffusion-based sampling that we consider. In [Xie et al., 2018b,c],
two independent models, a full support EBM and a generator network, are trained
cooperatively using MCMC. By contrast, in the present work, the energy and base
are part of the same model, and the model support is lower-dimensional than the

target space X'. While we do not address the mode collapse problem, Xu et al. [2018],
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Nguyen et al. [2017] showed that KL-based losses are resilient to it thanks to the
zero-avoiding property of the KL, a good sign for KALE which is derived from KL
by Fenchel duality.

The closest related approach appears in a study concurrent to the present work
[Che et al., 2020], where the authors propose to use Langevin dynamics on the latent
space of a GAN generator, but with a different discriminator to ours (derived from
the Jensen-Shannon divergence or a Wasserstein-based divergence). Our theory
results showing the existence of the loss gradient (Theorem 34), establishing weak
convergence of distributions under KALE (Proposition 33), and demonstrating
consistency of the KALE estimator (Section C .1) should transfer to the JS and
Wasserstein criteria used in that work. Subsequent to the present work, an alternative
approach has been recently proposed, based on normalising flows, to learn both the
low-dimensional support of the data and the density on this support [Brehmer and
Cranmer, 2020]. This approach maximises the explicit likelihood of a data projection

onto a learned manifold, and may be considered complementary to our approach.

6 Experiments

Figure 5.2: Samples at different iterations of the MCMC chain of Algorithm 3 (left to right).

6.1 Image generation.

Experimental setting. We train a GEBM on unsupervised image generation tasks,
and compare the quality of generated samples with other methods using the FID
score [Heusel et al., 2017] computed on 5 x 10* generated samples. We consider
CIFAR-10 [Krizhevsky, 2009], LSUN [Yu et al., 2015], CelebA [Liu et al., 2015b]

and ImageNet [Russakovsky et al., 2014] all downsampled to 32x32 resolution
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to reduce computational cost. We consider two network architectures for each of
the base and energy, a smaller one (SNGAN ConvNet) and a larger one (SNGAN
ResNet), both of which are from Miyato et al. [2018]. For the base we used the
SNGAN generator networks from Miyato et al. [2018] with a 100-dimensional
Gaussian for the latent noise 7). For the energy we used the SNGAN discriminator
networks from Miyato et al. [2018]. (Details of the networks in Section B .2). We
train the models for 150000 generator iterations using Algorithm 1. After training is
completed, we rescale the energy by 8 = 100 to get a colder version of the GEBM
and sample from it using either Algorithm 2 (ULA) or Algorithm 3 (KLA) with
parameters (v = 100, u = 1). We perform 1000 MCMC iterations with initial step-
size of A = 10~* decreased by 10 every 200 iterations. As a baseline we consider
samples generated from the base of the GEBM only (without using information from

the energy) and call this KALE-GAN. More details are given in Section B .

Results: Table 5.1 shows that GEBM outperforms both KALE and standard GANs
when using the same networks for the base/generator and energy/critic. Moreover,
KALE-GAN matches the performance of a standard GAN (with Jensen-Shannon
critic), showing that the improvement of GEBM cannot be explained by the switch
from Jensen-Shannon to a KALE-based critic. Rather, the improvement is largely due

to incorporating the energy function into the model, and sampling using Algorithm 3.

This finding experimentally validates our claim that incorporating the energy
improves the model, and that all else being equal, a GEBM outperforms a GAN
with the same generator and critic architecture. Indeed, if the critic is not zero at
convergence, then by definition it contains information on the remaining mismatch
between the generator (base) and data mass, which the GEBM incorporates, but the
GAN does not. The GEBM also outperforms an EBM even when the latter was
trained using a larger network (ResNet) with supervision (S) on ImageNet, which is
an easier task ( Chen et al. [2019]). More comparisons on Cifar10 and ImageNet are

provided in Table 5.2.

Table 5.3 shows different sampling methods using the same trained networks

(generator and critic), with KALE-GAN as a baseline. All energy-exploiting methods
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SNGAN (ConvNet) ‘ SNGAN (ResNet)
GEBM KALE-GAN GAN ‘ GEBM KALE-GAN GAN EBM
Cifar10 23.02 32.03 299 | 1931 20.19 21.7 38.2
ImageNet 13.94 19.37 20.66 | 20.33 21.00 20.50 14.31(S)

Table 5.1: FID scores for two versions of SNGAN from [Miyato et al., 2018] on Cifar10 and
ImageNet. GEBM: training using Algorithm 1 and sampling using Algorithm 3.
KALE-GAN: Only the base of a GEBM is retained for sampling. GAN: training
as in [Miyato et al., 2018] with ¢ = 128 for the latent dimension as it worked
best. EBM: results from Du and Mordatch [2019] with supervised training on

ImageNet (S).
Model FID
Cifar10 Unsupervised
PixelCNN Oord et al. [2016] 65.93
PixelIQN Ostrovski et al. [2018] 49.46
EBM Radford et al. [2016] 38.2
WGAN-GP Gulrajani et al. [2017] 36.4
NCSN Ho and Ermon [2016] 25.32
SNGAN Miyato et al. [2018] 21.7
GEBM (ours) 19.31
Cifar10 Supervised
BigGAN Donahue and Simonyan [2019]  14.73
SAGAN Zenke et al. [2017] 134
ImageNet Supervised
PixelCNN 33.27
PixellQN 22.99
EBM 14.31
ImageNet Unsupervised
SNGAN 20.50
GEBM (ours) 13.94

Table 5.2: FID scores on ImageNet and CIFAR-10.

outperform the unmodified KALE-GAN with the same architecture. That said, our
method (both ULA and KL A) outperforms both (IHM) [Turner et al., 2019] and
(DOT) [Tanaka, 2019], which both use the energy information.

Effect of the temperature and sampler convergence. Using a colder temperature

leads to an improved FID score, and needs relatively few MCMC iterations, as shown
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Cifar1l0 LSUN CelebA ImageNet

KALE-GAN 32.03  21.67 6.91 19.37
IHM 30.47  20.63 6.39 18.15
DOT 2635 2041 5.93 16.21
GEBM (ULA) 23.02 16.23 5.21 14.00
GEBM (KLA) 24.29 15.25  5.38 13.94

Table 5.3: FID scores for different sampling methods using the same trained SNGAN
(ConvNet): KALE-GAN as a baseline w/o critic information.

Effect of temperature FID score vs MCMC itearations
o,
100% 100% e jmagenet32

(0] cifarl0
S e |SUn
g 90% 90% w— celebA
a
[
Y 0
> 80% 80%
©
©
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1072 10° 102 0 250 500 750 1000
Temperature g1 MCMC iterations

Figure 5.3: Relative FID score: ratio between FID score of the GEBM Qg g and its base G.
(Left) Evolution of the ratio for increasing temperature on the 4 datasets after
1000 iterations of (5.15). (Right) Evolution of the same ratio during MCMC
iteration using (5.15) for 5 = 100.

in Figure 5.3. Sampler convergence to visually plausible modes at low temperatures

is demonstrated in Figure 5.2.

Mode exploration: KLLA vs ULA sampler. In Table 5.3, KLLA was used in the high
friction regime v = 100 and thus behaves like ULA. This allows to obtain sharper
samples concentrated around the modes of the GEBM thus improving the FID score.
If, instead, the goal is to encourage more exploration of the modes of the GEBM,
then KLA with a smaller -y is a better alternative than ULA. Figures 5.4 and 5.5 show
sample trajectories using Algorithm 3 with no friction v = 0 for the 4 datasets. It
is clear that along the same MCMC chain, several image modes are explored. We
also notice the transition from a mode to another happens almost at the same time
for all chains and corresponds to the gray images. This is unlike Langevin or when

the friction coefficient v is large as in Figure 5.6. In that case each chain remains
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within the same mode.
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Figure 5.4: Samples from the GEBM at different stages of sampling using Algorithm 3
and inverse temperature 5 = 1, on CelebA (Left), Imagenet (Right). Each row
represents a sampling trajectory from early stages (leftmost images) to later
stages (rightmost images). The samples were obtained in the low friction regime
of Algorithm 3 ~ ~ 0 which yields a near conservation of the total hamiltonian
and thus exhibits near periodic trajectories within the chains as illustrated by the
samples jumping between two modes.

6.2 Density Estimation

Motivation. We next consider the particular setting where the likelihood of the
model is well-defined, and admits a closed form expression. This is intended
principally as a sanity check that our proposed training method in Algorithm 1
succeeds in learning maximum likelihood solutions. Outside of this setting, closed
form expressions of the normalizing constant are not available for generic GEBMs.
While this is not an issue (since the proposed method doesn’t require a closed form
expression for the normalizing constant), in this experiment only, we want to have
access to closed form expressions, as they enable a direct comparison with other

density estimation methods.



6 . Experiments 150

—R
-

™ b

Al ,},";",“'7* MO [

-

e AN

-~

|
lap |l
5l &
'
'
™

:‘A -
'ﬂ--—P"“

i —~— p = — - - =
4.‘ ul i . =1 - !
ot )\T}\T - g

Figure 5.5: Samples from the GEBM at different stages of sampling using Algorithm 3 and
inverse temperature 5 = 1, on Cifar10 and LSUN (Right). Each row represents a
sampling trajectory from early stages (leftmost images) to later stages (rightmost
images).

Experimental setting. To have a closed-form likelihood, we consider the case
where the dimension of the latent space is equal to data-dimension, and choose the
base G of the GEBM to be a Real NVP (Ding et al. [2019] ) with density exp(—r(x))
and energy F(z) = h(x) — r(x). Thus, in this particular case, the GEBM has a
well defined likelihood over the whole space, and we are precisely in the setting
of Proposition 31, which shows that this GEBM is equal to an EBM with density
proportional to exp(—h). We further require the EBM to be a second Real NVP
so that its density has a closed form expression. We consider 5 UCI datasets for
which we use the same pre-processing as in [Wenliang et al., 2019]. For comparison,
we train the EBM by direct maximum likelihood (ML) and contrastive divergence
(CD). To train the GEBM, we use Algorithm 1, which doesn’t directly exploit the
closed-form expression of the likelihood (unlike direct ML). We thus use either (5.8)
(KALE-DV) or (5.9) (KALE-F) to estimate the normalizing constant. More details
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Figure 5.6: Samples from the tempered GEBM at different stages of sampling using langevin
and inverse temperature 5 = 100, on Cifar10 (Left), Imagenet (Middle-left),
CelebA (Middle-Right) and LSUN (Right). Each row represents a sampling
trajectory from early stages (leftmost images) to later stages (rightmost images).

are given in Section B .3.

Results. Table 5.4 reports the Negative Log-Likelihood (NLL) evaluated on the test
set and corresponding to the best performance on the validation set. Training the

GEBM using Algorithm 1 leads to comparable performance to (CD) and (ML).

Amortized estimation of the normalizing constant. Figure Figure 5.7 (left) shows

the error in the estimation of the log-partition function using both methods (KALE-
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RedWine  Whitewine Parkinsons Hepmass Miniboone

d=11 d=11 d=15 d=22 d=43

N ~ 10° N ~ 103 N ~ 103 N ~10° N ~ 10*
NVP w ML 11.98 13.05 14.5 24.89 42.28
NVP w CD 11.88 13.01 14.06 22.89 39.36
NVP w KALE (DV) 11.6 12.77 13.26 26.56 46.48
NVPwKALE (F) 11.19 12.66 13.26 24.66 38.35

Table 5.4: UCI datasets: Negative log-likelihood computed on the test set and corresponding
to the best performance on the validation set. Best method in boldface.

DV and KALE-F). (KALE-F) leads to more accurate estimates of the log-partition
function, with a relative error of order 0.1% compared to 10% for (KALE-DV).
This result illustrates the advantage of performing an amortized estimation of the
log-partition function (KALE-F) rather than directly estimating it on small batch
sizes (KALE-DV).

Figure Figure 5.7 (right) shows the evolution of the negative log-likelihood
(NLL) on both training and test sets per epochs for RedWine and Whitewine datasets.
The error decreases steadily in the case of KALE-DV and KALE-F while the error
gap between the training and test set remains controlled. Larger gaps are observed
for both direct maximum likelihood estimation and Contrastive divergence although

the training NLL tends to decrease faster than for KALE.
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Figure 5.7: (Left): Relative error % on the estimation of the ground truth log-partition

function ¢* by ¢ using either KALE-DV or KALE-F vs training Epochs on
RedWine (Top) and WhiteWine (Bottom) datasets. In both cases the batch-size
is 100. (Right): Negative log likelihood vs training epochs on both training and
test set for 4 different learning methods (KALE-DV,KALE-F, CD and ML) on
RedWine dataset.



Supplementary

A Proofs

A .1 Topological and smoothness properties of KALE

Topological properties of KALE. Denseness and smoothness of the energy class £
are the key to guarantee that KALE is a reliable criterion for measuring convergence.

We thus make the following assumptions on &:

(A) Forall E € £, —F € £ and there is C'y > Osuchthat cE € £ for0 < ¢ < (.
For any continuous function g, any compact support /& in X’ and any precision
¢ > 0, there exists a finite linear combination of energies G = »._, a;E; such

that sup,c | f(2) — G(2)| < e

(B) Allenergies £ in £ are Lipschitz in their input with the same Lipschitz constant

L>0.

Assumption (A) holds in particular when £ contains feedforward networks with a
given number of parameters. In fact networks with a single neuron are enough, as
shown in [Zhang et al., 2017, Theorem 2.3]. Assumption (B) holds when additional
regularization of the energy is enforced during training by methods such as spectral
normalization Miyato et al. [2018] or gradient penalty Gulrajani et al. [2017] as
done in Section 6 . Proposition 33 states the topological properties of KALE ensuring
that it can be used as a criterion for weak convergence. A proof is given in Section A

.1.1 and is a consequence of [Zhang et al., 2017, Theorem B.1].
Proposition 36. Under Assumptions (A) and (B) it holds that:

1. KALE(P||G) > 0 with KALE(P||G) = 0 if and only if P = G.
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2. KALE(P||G"™) — 0 if and only if G* — P under the weak topology.

A .1.1 Topological properties of KALE

In this section we prove Proposition 33. We first start by recalling the required

assumptions and make them more precise:
Assumption 1. Assume the following holds:
* The set X is compact.

e Forall E € £, —F € £ and there is Cg > 0 such that cE € € for0 < ¢ < Cg.
For any continuous function g, any compact support K in X and any precision

€ > 0, there exists a finite linear combination of energies G = Y. a;E; such

that |f(z) — G(z)| < eon K.

* All energies E in & are Lipschitz in their input with the same Lipschitz constant

L>0.

For simplicity we consider the set H = £ + R, i.e.: H is the set of functions
h of the form h = E + ¢ where E € £ and ¢ € R. In all what follows P; is the set
of probability distributions with finite first order moments. We consider the notion
of weak convergence on P; as defined in [Villani, 2009, Definition 6.8] which is

equivalent to convergence in the Wasserstein-1 distance ;.
Proof of Proposition 33 . We proceed by proving the separation properties (1%
statement), then the metrization of the weak topology (2"¢ statement).

Separation. We have by Assumption 1 that 0 € &, hence by definition
KALE(PP||G) > Fp(0) = 0. On the other hand, whenever P = G, it holds

that:
Fpg(h) = — / (exp(—h) +h — 1) dP, Vh e H.

Moreover, by convexity of the exponential, we know that exp(—z) + x — 1 > 0 for
all z € R. Hence, Fpg(h) < Fpg(0) = 0 for all h € H. This directly implies that

KALE(P|G) = 0. For the converse, we will use the same argument as in the proof
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of [Zhang et al., 2017, Theorem B.1]. Assume that KALE(IP|G) = 0 and let & be in

‘H. By Assumption 1, there exists C, > 0 such that ch € H and we have:
F(ch) < KALE(P||G) = 0.

Now dividing by ¢ and taking the limit to 0, it is easy to see that — [ A dP+ [ hdG <
0. Again, by Assumption 1, we also know that —h € H, hence, [ hdP— [ hdG < 0.
This necessarily implies that [ hdP — [ hdG = 0 for all h € H. By the density of
‘H in the set continuous functions on compact sets, we can conclude that the equality
holds for any continuous and bounded function, which in turn implies that P = G.

Metrization of the weak topology. We first show that for any P and G with finite
first moment, it holds that KALE(P|G) < LW;(P,G), where Wi(P,G) is the

Wasserstein-1 distance between P and G. For any h € H the following holds:

/ hdP — / exp(—h)dG + 1

- / £)dG(z) — h(')dP(x')

—/Eexp(—h)—i—h— 1)dG

i

v

>0

< / h(@)dG(z) — h(z')dP(z') < LW; (P, G)

The first inequality results from the convexity of the exponential while the last one is
a consequence of h being L-Lipschitz. This allows to conclude that KALE(P||G) <
LW, (P, G) after taking the supremum over all h € /. Moreover, since 1V} metrizes
the weak convergence on P; [Villani, 2009, Theorem 6.9], it holds that whenever a
sequence G™ converges weakly towards P in P; we also have W (P, G") — 0 and
thus KALE(P||G") — 0. The converse is a direct consequence of [Liu et al., 2017,

Theorem 10] since by assumption X is compact. [

A .1.2  Smoothness properties of KALE

We will now prove Theorem 34. We begin by stating the assumptions that will be

used in this section:
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(I) & is parametrized by a compact set of parameters V.

(I) Functions in £ are jointly continuous w.r.t. (¢, x) and are L-lipschitz and

L-smooth w.r.t. the input z:

1Ey(z) = Ey(2)|| < Lellz — '],

IVaEy(z) = VaBy(2')|| < Lellx — 2.

(IID) (0, z) — Gy(2) is jointly continuous in # and z, with z — Gy(z) uniformly

Lipschitz w.r.t. z:
|Go(2) — Go(2)|| < Lillz — #'||, Vz,2 € Z,0 € ©.

There exists non-negative functions a and b defined from Z to R such that

6 — Gy(z) are a-Lipschitz and b-smooth in the following sense:

1Go(2) = Go (2)]| < a(2)[|10 = ¢,
IVoGo(2) = VaGa (2)[| < b(2)]10 — ¢]].

Moreover, a and b are integrable in the following sense:

/a(z)2exp(QLeLszH)dn(z) < oo, /exp(LeLszH)dn(z) <o,

[ ¥ exp(L.Lilllantz) < oo

To simplify notation, we will denote by Ly( f) the expected Gy log-likelihood under

P. In other words,

ﬁg(E) = ERGe(E) = —/Ed]P — log/exp(—E)ng.
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We also denote by pg ¢ the density of the model w.r.t. Gy,

exp(—F)

7 , LGy = /exp(—E)ng.
Gy,E

PEps =

We write K(6) := KALE(P||Gy) to emphasize the dependence on 6.

Proof of Theorem 34. To show that sub-gradient methods converge to local optima,
we only need to show that /C is Lipschitz continuous and weakly convex. This
directly implies convergence to local optima for sub-gradient methods, according to
Davis and Drusvyatskiy [2018], Thekumparampil et al. [2019]. Lipschitz continuity
ensures that K is differentiable for almost all # € O, and weak convexity simply
means that there exits some positive constant C' > 0 such that § — K(0) + C||6]|? is

convex. We now proceed to show these two properties.

We will first prove that 6 — K(6) is weakly convex in . By Lemma 37, we
know that for any F € &, the function 6 — Ly(FE) is M-smooth for the same
positive constant M. This directly implies that it is also weakly convex and the

following inequality holds:
M 1112
Lo, (E) <tLy(E)+ (1 —t)Loy(E) + ?t(l — )]0 — 6]
Taking the supremum w.r.t. I, it follows that
! M /112
K(6;) <tK(0) + (1 —t)K(0") + 7t(1 —t)||0 — 6"

This means precisely that X is weakly convex in 6.

To prove that K is Lipschitz, we will also use Lemma 37, which states that

Ly(E) is Lipschitz in 6 uniformly on £. Hence, the following holds:

Lo(E) < Lo(E)+ L0 — 0.
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Again, taking the supremum over £, it follows directly that

K(6) < K(0) + LC||6 —¢]].

We conclude that I is Lipschitz by exchanging the roles of ¢ and 6’ to get the other
side of the inequality. Hence, by the Rademacher theorem, K is differentiable for

almost all 4.

We will now provide an expression for the gradient of . By Lemma 38
we know that ¢ — Ly(Ey) is continuous and by Assumption (I) ¥ is compact.
Therefore, the supremum sup ;. Lo (F) is achieved for some function Ej. Moreover,
we know by Lemma 37 that L£y(E) is smooth uniformly on &, therefore the family
(09Lo(E))pes is equi-differentiable. We are in position to apply Milgrom and Segal

[2002](Theorem 3) which ensures that /C(6) admits left and right partial derivatives

given by
0 K(0) = lim Oy Lo (E,.) e,
=0 (5.16)
9. K(0) = %138 (99£9(E;He)Te,
t—0

where e is a given direction in R”. Moreover, the theorem also states that /()
is differentiable iff ¢ — Ej_, is continuous at ¢ = 0. Now, recalling that K(6)
is actually differentiable for almost all ¢, it must hold that £} ,, —;,0 Ej and
OFYK(0) = 0. K(0) for almost all §. This implies that the two limits in (5.16) are
actually equal to 9pLg(E;) "e. The gradient of K, whenever defined, in therefore

given by

VoK (0) = Zéj,E;/Vng(Ge(Z))VeGe(Z) exp(—E4(Go(2)))n(z) dz.

Lemma 37. Under Assumptions (I) to (IIl), the functional Ly(E) is Lipschitz and
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smooth in 0 uniformly on E:

|Lo(E) — Lo(E)| < LC||0 = 0],
106Lo(E) — 0pLy (E))|| < 2CL(1+ L)||6 — 6"

Proof. By Lemma 38, we have that Ly(FE) is differentiable, and that

(99£9(E) = / (VxE ¢ Gg) V9G9 (pEﬂ o} Ge) d?].

Lemma 38 ensures that ||0yLy(E)|| is bounded by some positive constant C' that is
independent from FE and 6. This implies in particular that L£y(E) is Lipschitz with a
constant C'. We will now show that it is also smooth. For this, we need to control the
difference

D = H89£9<E) — agﬁg/(E)H

We have by triangular inequality:

D s/HvxE 6 Gy — Vo F 0 Gl| [VoGall (pr 0 Go) dy

J/

~
I

n / V. 0 Gol[[VoGy — VoGoll (po o Go) di

-~

11

+ / |VoE o GoVeGylllpee 0 Go — peer 0 Goldn .

J/

J/

i1
The first term can be upper-bounded using L.-smoothness of £ and the fact that Gy

is Lipschitz in 6:

1< Ljo—0| / a2 (pso © Ga)di

< LCJlo = 0.

The last inequality was obtained by Lemma 39. Similarly, using that VG is



A . Proofs 161

Lipschitz, it follows by Lemma 39 that

1< L6 -0 [ 1fpea o Goldn
< LCJlo = 0.
Finally, for the last term /1, we first consider a path 6; = t0+ (1 —1t)60' fort € [0, 1],

and introduce the function s(t) := pgy, o Gy,. We will now control the difference

pEg o Gy — pre o Ge, also equal to s(1) — s(0). Using the fact that s, is absolutely

continuous we have that s(1) — s(0) = 01 '(t)dt. The derivative s'(¢) is simply

given by s'(t) = (0 — )T (M, — M,)s(t) where M; = (V,E o By,)VGy, and
M, = [ Mypg,, o Go,dn. Hence,

1
s(1) — 5(0) =(6 — 9’)T/ (M, — N,)s(t)dt.
0
We also know that M, is upper-bounded by La(z), which implies
2
< o-o) [ ( JlasoEdnE) + ([ asoen:) )
<IC+C))6—-1,

where the last inequality is obtained using Lemma 39. This allows us to conclude

that L£y(E) is smooth for any £ € £ and 0 € ©. O

Lemma 38. Under Assumptions (II) and (I1I), it holds that ) — Ly(Ey) is contin-

uous, and that 0 — Ly(E.,) is differentiable in 8 with gradient given by

89,C9(E) = / (VxE 9 Gg) V@G@ (pEﬂ o Gg) d?].

Moreover, the gradient is bounded uniformly in 0 and E':

IVoLo(E)|| < Le (/exp(—LeLMIZH)dn(Z))_ /G(Z) exp(LeLa||z]]) dn(z).

Proof. To show that ¢ — Ly(E},) is continuous, we will use the dominated conver-
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gence theorem. We fix 1)y in the interior of ¥ and consider a compact neighborhood
W of 1. By assumption, we have that (¢, z) — E,(z) and (¢, 2) — Ey(Gg(2))
are jointly continuous. Hence, |E,(0)| and | E(Gg(0))| are bounded on IV by some

constant C'. Moreover, by Lipschitz continuity of  — E,,, we have

|Ey()] < [Ep(0)] + Lellz|| < C + Lel|z]],

exp(—E(Gy(2))) < exp(—E(Gp(0))) exp(LeLy||2]|) < exp(C) exp(LeLy|z]))-

Recalling that P admits a first order moment and that by Assumption (III),
exp(L.Ly||2||) is integrable w.r.t. 7, it follows by the dominated convergence theo-
rem and by composition of continuous functions that ¢ — Ly(E,) is continuous in
o.

To show that § — Ly(E}) is differentiable in 0, we will use the differentiation
lemma in [Klenke, 2008, Theorem 6.28]. We first fix 6, in the interior of ©, and
consider a compact neighborhood V' of 6. Since 6 — |E(Gy(0))| is continuous on
the compact neighborhood V' it admits a maximum value C'; hence we have using

Assumptions (II) and (III) that

exp(—E(Gy(2))) < exp(—=E(Gp(0))) exp(LeLo]|z]]) < exp(C) exp(LeLy||2]]).

Along with the integrability assumption in Assumption (III), this ensures that
z — exp(—FE(Gy(2))) is integrable w.r.t n for all # in V. We also have that
exp(—E(Gy(z))) is differentiable, with gradient given by

Vo exp(—E(Gy(2))) = Vo E(Go(2))VoGo(2) exp(—E(Gp(2))).

Using that £ is Lipschitz in its inputs and Gy(z) is Lipschitz in 6, and combining

with the previous inequality, it follows that

IV exp(—=E(Go(2)))|| < exp(C)Lea(z) exp(Le Lo z]),

where a(z) is the location dependent Lipschitz constant introduced in Assump-
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tion (IIT). The r.h.s. of the above inequality is integrable by Assumption (III) and
is independent of 6 on the neighborhood V. Thus [Klenke, 2008, Theorem 6.28]

applies, and it follows that

Ve/exp(—E(Geo(Z)))dn(Z) = /VIE(GHO(Z))VGG%(Z) exp(—E(Go,(2))) dn(z).

We can now directly compute the gradient of Ly(F),

VoLo(E) = ( / exp(—E(Ggo))dn) B / Vo E(Ga) VoG, exp(—E(Gay)) dn.

Since £ and Gy are Lipschitz in x and 6 respectively, it follows that

IV.E(Goy(2))]] < Le and ||VpGlo,(2)|| < a(z). Hence, we have

IVoLo(E)|| < Le/a(Z)(pE,e o Gy(2))dn(2).

Finally, Lemma 39 allows us to conclude that |V¢Ls(F)|| is bounded by a positive

constant C' independently from ¢ and E. [

Lemma 39. Under Assumptions (II) and (II1), there exists a constant C' independent
from 0 and E such that

/ai(z)(pEﬁ o Gy(2))dn(z) < C, (5.17)
[ ¥ pza0 Gaeint:) < .

fori e 1,2

Proof. By Lipschitzness of F and Gy, we have exp(—L.Lp||z||) < exp(E(Gy(0)) —
E(Gg(2)) < exp(LeLy||z||), thus introducing the factor exp(FE(Gg(0)) in (5.17) we

get

E [a'(Z)(ppo © Go(2))] < Le (Elexp(=LeLy| ZID) ™ E [a(2)" exp(Le L[| Z])]
< Le

E[b(Z)(pEs o Go(Z2))] (E [exp(—Le Lol ZID])) " E [b(Z) exp(Le Lo | Z]))]
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where the expectation is taken w.r.t. Z ~ 7. The r.h.s. of both inequalities is indepen-

dent of # and F, and finite by the integrability assumptions in Assumption (IIT). [J

A .2 Latent space sampling

Here we prove Proposition 35 for which we make the assumptions more precise:
Assumption 2. We make the following assumption:
* logn is strongly concave and admits a Lipschitz gradient.

o There exists a non-negative constant L such that for any x,2’ € X and

2,7 € Z:
|E(x) — E@)| < |z =2, [V.E(z) = Vo E(2)]| < [z — 2|
G() =G <Nz =2, IV:G(2) = VG| < [|lz =2
Throughout this section, we introduce U(z) := —log(n(z)) + E(G(z)) for
simplicity.

Proof of Proposition 30 . To sample from Qg g, we first need to identify the poste-
rior latent distribution v g used to produce those samples. We rely on (5.18) which

holds by definition of Qg g for any test function 2 on X’

/ h(z) dQ(x) = / h(G(2))£(G(2))n(z) dz, (5.18)

Hence, the posterior latent distribution is given by v(z) = n(z) f(G(z)), and samples
from GEBM are produced by first sampling from v g, then applying the implicit
map G,

X~Q <<= X=G2), Z~v

]

Proof of Proposition 31. the base distribution G admits a density on the whole space

denoted by exp(—r(z)) and the energy E is of the form F(z) = E(z) — r(z) for
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some parametric function F, it is easy to see that Q has a density proportional to
exp(—FE) and is therefore equivalent to a standard EBM with energy E.

The converse holds as well, meaning that for any EBM with energy F, it is
possible to construct a GEBM using an importance weighting strategy. This is
achieved by first choosing a base G, which is required to have an explicit density
exp(—7) up to a normalizing constant, then defining the energy of the GEBM to be
E(z) = E(z) — r(x) so that:

dQ(x) o exp(—E(x)) dGy(z) o exp(—E(z)) dzx (5.19)

Equation (5.19) effectively depends only on F(z) and not on G since the factor
exp(r) exactly compensates for the density of G. The requirement that the base also
admits a tractable implicit map G can be met by choosing G to be a normalizing
flow [Rezende and Mohamed, 2015] and does not restrict the class of possible EBMs
that can be expressed as GEBMs. ]

Proof of Proposition 35. Let m; be the probability distribution of (z;, v,) at time ¢ of

the diffusion in (5.15), which we recall that
dz = vdt, dvy, = — (yu +uVU (%)) + V2 udwy,
We call 7, its corresponding invariant distribution given by
Lo
Too(2,0) o exp | =U(2) = 5[]

By Lemma 40 we know that U is dissipative, bounded from below, and has a
Lipschitz gradient. This allows to directly apply [Eberle et al., 2017](Corollary 2.6.)

which implies that
Wo(mmy, o) < Cexp(—tc),

where c is a positive constant and C' only depends on 7, and the initial distribution
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mo. Moreover, the constant c is given explicitly in [Eberle et al., 2017, Theorem 2.3]
and is of order 0(e~?) where ¢ is the dimension of the latent space Z.

We now consider an optimal coupling II; between 7; and 7. Given joints
samples ((z, v;), (z,v)) from I1;, we consider the following samples in input space
(x4, x) := (G(z),G(2)). Since z; and z have marginals 7; and 7, it is easy to see
that x; ~ P, and x ~ Q. Therefore, by definition of the IV, distance, we have the

following bound:

W3 (P:, Q) < E [|lay — x|*]
< [16() - G, 2
<L? / llze — 2||*dIL,(2, 2)
< LPWy (7, Too) < C? L2 exp(—2tc).
The second line uses the definition of (x;, z) as joint samples obtained by mapping

(zt, z). The third line uses the assumption that B is L-Lipschitz. Finally, the last line

uses that II; is an optimal coupling between 7, and 7. ]

Lemma 40. Under Assumption 2, there exists A > 0 and X € (0, 5] such that

1 2
5thVU(z) >\ (U(z) + Z—u||z|y2> — A, Vze Z, (5.20)

where v and u are the coefficients appearing in (5.15). Moreover, U is bounded

bellow and has a Lipschitz gradient.

Proof. For simplicity, let’s call u(z) = —logn(z), w(z) = E* o By«(z), and denote
by M an upper-bound on the Lipschitz constant of w and Vw which is guaranteed to
be finite by assumption. Hence U(z) = u(z) + w(z). Equation (5.20) is equivalent

to having

2
2TVu(2) — 2Xu(z) — ;—HzH? > 2\w(z) — 2T Vuw(z) — 24. (5.21)
u
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Using that w is Lipschitz, we have that w(z) < w(0) + M||z|| and —z" Vw(z) <
M]||z||. Hence, 2 w(z)—z " Vw(z)—2A < 22w(0)+(2A+1) M ||z|| —2A. Therefore,

a sufficient condition for (5.21) to hold is
2
2 Vu(z) — 2\u(z) — 2—”2”2 > 4+2A+1)M||z]| — 2A + 22 w(0).  (5.22)
U

We will now rely on the strong convexity of u, which holds by assumption, and

implies the existence of a positive constant m > 0 such that

—u(z) = —u(0) — =T Vu(z) + [ 2I/%,

2'Vu(z) > =12 Vu(0)]] + ml|=]*.

This allows to write the following inequality,

2TVu(z) — 22 u(z) — ;—u >(1— 20)2 " Vu(z) + Am + ;—U)HZHQ — 2w(0)
>(1 = Mm + L)1 — 2Au(0)

— (1 =2))[I2[[[[Vu(0)].

Combining the previous inequality with (5.22) and denoting M’ = ||Vu/(0)]| , it is

sufficient to find A and A satisfying
&2l = &llz] + & > 0. (5.23)
with &7, & and &3 being real number defined by:
o (2(ee )

&= (M+ M +2\(M — M"))
&3 = 2A — 2\ (u(0) + w(0))

The Lh.s. in (5.23) is a quadratic function in ||z|| and admits a global minimum when
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2\ —1
A< (m + g—u> . The global minimum is always positive provided that A is large
enough.
To see that U is bounded below, it suffice to note, by Lipschitzness of w, that

w(z) > w(0) — M]||z|| and by strong convexity of v that
/ m 2
u(z) 2 w(0) + MYzl + =]

Hence, U is lower-bounded by a quadratic function in ||z|| with positive leading
coefficient %, hence it must be lower-bounded by a constant. Finally, by assumption,
uw and w have Lipschitz gradients, which directly implies that U has a Lipschitz

gradient. u

Proof of Proposition 32. By assumption K L(P||G) < +oo, this implies that P

admits a density w.r.t. G which we call r(x). As a result P admits also a density w.r.t.

Q given by:
Z exp(E*(z))r(z).
We can then compute the K L(PP||Q) explicitly:

KL(P||Q) = Ep[E] + log(Z) + Eplog(r)]
= —Lpc(E*) + KL(P||G).

Since 0 belongs to £ and by optimality of E*, we know that Lp ¢ (E*) > Lp(0) = 0.

The result then follows directly. [

B Experimental details

In all experiments, we use regularization which is a combination of L, norm and a
variant of the gradient penalty Gulrajani et al. [2017]. For the image generation tasks,
we also employ spectral normalization Miyato et al. [2018]. This is to ensure that the
conditions in Proposition 33 and Theorem 34 hold. We pre-condition the gradient

as proposed in Simsekli et al. [2020] to stabilize training, and to avoid taking large
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noisy gradient steps due to the exponential terms in (5.8) and (5.9). We also use the

second-order updates in (5.10) for the variational constant ¢ whenever it is learned.

B .1 [Illustrative example in Figure 5.1

The ground truth distribution P in Figure 5.1(a) follows a simple generative process

where each data point X = (X7, X5) is obtained as follows:

Z ~ Uniform|0,1]
Xi=h(2), Xy=ho(h(2))

We choose h; and h, to be of the form:

1 1
hi(z) = 9 (Z + 1+ exp(=9(tan(n(z — %)))) 7

ho(x) = sin(8mx) /(1 + 4mx),

Hence, the data is supported on a line defined by the equation X, = hy(X7) and
possesses two modes due to the effect of the distortion introduced by the function h;.

We provide the details of the models used in Figure 5.1.

GAN For the generator we sample Z uniformly from [0, 1] then generate a sample

(X1, %) = (64"(2), G (2)):
Gél)(z) = dnWix + by, GéQ)(z) = sin(8nWsz) /(1 + 4mbyz).

The goal is to learn 0 = (W5, by, W3, by). For the discriminator, we used an

MLP with 6 layers and 10 hidden units.

GEBM For the base we use the same generator as in the GAN model. For the energy

we use the same MLP as discriminator of the GAN model.

EBM To ensure tractability of the likelihood, we use the following model:

Xo| X1 ~ N(GY(X1), 00)

Xy~ MoG((j11,01), (p2, 02))
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RGB image x € RM*Mx3
3 x 3, stride= 1 conv 64 IReLLU
4 x 4, stride= 2 conv 64 IReLU
3 x 3, stride= 1 conv 128 IReLU
4 x 4, stride= 2 conv 128 IReLU
3 x 3, stride= 1 conv 256 IReLU
4 x 4, stride= 2 conv 256 IReLU
3 x 3, stride= 1 conv 512 IReLU

z e R ~ N(0,1)
dense — M, x M, x 512
4 x 4, stride= 2 deconv. BN 256 ReLU
4 x 4, stride= 2 deconv. BN 128 ReLU
4 x 4, stride= 2 deconv. BN 64 ReLU
3 x 3, stride= 1 conv. 3 Tanh

Table 5.5: Base/Generator of dense — 1.
SNGAN ConvNet: o
M. —4 Table 5.6: Energy / Discrimina-
g ' tor of SNGAN Con-
vNet: M = 32.

MoG((u1,01), (2, 02)) refers to a Mixture of two gaussians with mean and vari-
ances (; and ;. We learn each of the parameters (0, 0, 111, 01, {12, 02) by maximiz-
ing the likelihood.

Both GAN and GEBM have the capacity to recover the the exact support by
finding the optimal parameter 6*. For the EBM, when 6 = 6*, the mean Gy (X;) of
the conditional gaussian X5| X draws a line which matches the data support exactly,

ie: X, =GP (X)).

B .2 Image generation

Network Architecture Table 5.5 and Table 5.6 show the network architectures used
for the GEBM in the case of SNGAN ConvNet. Table 5.5 and Table 5.6 show the net-
work architectures used for the GEBM in the case of SNGAN ResNet. The residual
connections of each residual block consists of two convolutional layers proceeded by
a BatchNormalization and ReL.U activation: BN+ReLU+Conv+BN+ReLU+Conv
as in [Miyato et al., 2018, Figure 8].

Training: We train both base and energy by alternating 5 gradient steps to learn the
energy vs 1 gradient step to learn the base. For the first two gradient iterations and
after every 500 gradient iterations on base, we train the energy for 100 gradient steps
instead of 5. We then train the model up to 150000 gradient iterations on the base
using a batch-size of 128 and Adam optimizer with initial learning rate of 10~ and

parameters (0.5,.999) for both energy and base.
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RGB image x € RM*Mx3
ResBlock down 128
ResBlock down 128

ResBlock 128

2 € R ~ N(0,1)
dense, 4 x 4 x 256

ResBlock up 256
ResBlock 128 P
ResBlock up 256
ReLu
Global sum poolin ResBlock up 250
u i
p g BN, Rel_u, 3 x 3 conv, Tanh
dense — 1

. Table 5.8: Base/Generator
Table 5.7: Energy / Dis-

e of SNGAN
criminator ResNet.

of SNGAN

ResNet.

Scheduler: We decrease the learning rate using a scheduler that monitors the FID
score in a similar way as in Chapter 4 and Binkowski* et al. [2018]. More precisely,
every 2000 gradient iterations on the base, we evaluate the FID score on the training
set using 50000 generated samples from the base and check if the current score is
larger than the score 20000 iterations before. The learning rate is decreased by a

factor of 0.8 if the FID score fails to decrease for 3 consecutive times.

Sampling: For (DOT) Tanaka [2019], we use the following objective:

1
z»—>Hz—zy+€H+k

eff

EoG(z) (5.24)

where z, is sampled from a standard Gaussian, € is a perturbation meant to stabilize
sampling and k. is the estimated Lipschitz constant of £/ o B. Note that (5.24)
uses a flipped sign for the £ o B compared to Tanaka [2019]. This is because
plays the role of —D where D is the discriminator in Tanaka [2019]. Introducing
the minus sign in (5.24) leads to a degradation in performance. We perform 1000
gradient iterations with a step-size of 0.0001 which is also decreased by a factor
of 10 every 200 iterations as done for the proposed method. As suggested by the

authors of Tanaka [2019] we perform the following projection for the gradient before

applying it:

(gTZ)Z_

Va

99—
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We set the perturbation € to 0.001 and ks to 1 which was also shown in Tanaka
[2019] to perform well. In fact, we found that estimating the Lipschitz constant by
taking the maximum value of |V E o G(z)]| over 1000 latent samples according to
n lead to higher values for k.;s: ( Cifar10: 9.4, CelebA : 7.2, ImageNet: 4.9, Lsun:
3.8). However, those higher values did not perform as well as setting k.py = 1.

For (IHM) Turner et al. [2019] we simply run the MCMC chain for 1000

iterations.

B .3 Density estimation

Pre-processing We use code and pre-processing steps from Wenliang et al. [2019]
which we describe here for completeness. For RedWine and WhiteWine, we added
uniform noise with support equal to the median distances between two adjacent
values. That is to avoid instabilities due to the quantization of the datasets. For
Hepmass and MiniBoone, we removed ill-conditioned dimensions as also done in
Papamakarios et al. [2017]. We split all datasets, except HepMass into three splits.
The test split consists of 10% of the total data. For the validation set, we use 10%
of the remaining data with an upper limit of 1000 to reduce the cost of validation at
each iteration. For HepMass, we used the sample splitting as done in Papamakarios
et al. [2017]. Finally, the data is whitened before fitting and the whitening matrix

was computed on at most 10000 data points.

Regularization: We set the regularization parameter to 0.1 and use a combination

of Ly norm and a variant of the gradient penalty Gulrajani et al. [2017]:
1 ~
16 = WP +E 19501

Network Architecture. For both base and energy, we used an NVP Dinh et al.
[2016] with 5 N'VP layers each consisting of a shifting and scaling layer with two

hidden layers of 100 neurons. We do not use Batch-normalization.

Training: In all cases we use Adam optimizer with learning rate of 0.001 and
momentum parameters (0.5,0.9). For both KALE-DV and KALE-F, we used a

batch-size of 100 data samples vs 2000 generated samples from the base in order to



C. The KL Approximate Lower-bound Estimate 173

reduce the variance of the estimation of the energy. We alternate 50 gradient steps
on the energy vs 1 step on the base and further perform 50 additional steps on the
energy for the first two gradient iterations and after every 500 gradient iterations on
base. For Contrastive divergence, each training step is performed by first producing
100 samples from the model using 100 Langevin iterations with a step-size of 1072
and starting from a batch of 100 data-samples. The resulting samples are then used
to estimate the gradient of the of the loss.

For (CD), we used 100 Langevin iterations for each learning step to sample from
the EBM. This translates into an improved performance at the expense of increased
computational cost compared to the other methods. All methods are trained for 2000
epochs with batch-size of 100 (1000 on Hepmass and Miniboone datasets) and fixed

learning rate 0.001, which was sufficient for convergence.

C The KL Approximate Lower-bound Estimate

We discuss the relation between KALE (5.11) and the Kullback-Leibler divergence
via Fenchel duality. Recall that a distribution P is said to admit a density w.r.t. G
if there exists a real-valued measurable function r that is integrable w.r.t. G and
satisfies dP = rodG. Such a density is also called the Radon-Nikodym derivative of

P w.r.t. G. In this case, we have:
KL(P||G) = / ro log(ro)dG. (5.25)

Nguyen et al. [2010], Nowozin et al. [2016] derived a variational formulation for the
KL using Fenchel duality. By the duality theorem [Rockafellar, 1970], the convex
and lower semi-continuous function ¢ : u — wulog(u) that appears in (5.25) can be

expressed as the supremum of a concave function:

C(u) = supuv — (*(v).

(2

The function * is called the Fenchel dual and is defined as (*(v) = sup, uv — ((u).

By convention, the value of the objective is set to —oo whenever u is outside of the
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domain of definition of (*. When ((u) = ulog(u), the Fenchel dual (*(v) admits a
closed form expression of the form (*(v) = exp(v — 1). Using the expression of ¢
in terms of its Fenchel dual (*, it is possible to express KL(IP||G) as the supremum

of the variational objective (5.26) over all measurable functions h.

F(h) = —/th—/exp(—h)dGJr 3 (5.26)

Nguyen et al. [2010] provided the variational formulation for the reverse KL using
a different choice for (: (((u) = —log(u)). We refer to [Nowozin et al., 2016]
for general f-divergences. Choosing a smaller set of functions H in the variational
objective (5.26) will lead to a lower bound on the KL. This is the KL Approximate
Lower-bound Estimate (KALE):

KALE(P||G) = sup F(h) (5.27)
heH

In general, KL(P||G) > KALE(P||G). The bound is tight whenever the negative
log-density hg = — log o belongs to H; however, we do not require 7 to be well-
defined in general. Equation (5.27) has the advantage that it can be estimated using
samples from P and G. Given i.i.d. samples (X, ..., Xy) and (Y7, ..., Yys) from P
and G, we denote by P and G the corresponding empirical distributions. A simple
approach to estimate KALE(P||G) is to use an M -estimator. This is achieved by
optimizing the penalized objective

- T A
h := arg rl?ea%]:(h) — 5[ (h), (5.28)

where F is an empirical version of F and I?(h) is a penalty term that prevents
overfitting due to finite samples. The penalty I?(h) acts as a regularizer favoring
smoother solutions while the parameter A\ determines the strength of the smoothing
and is chosen to decrease as the sample size /N and M increase. The M -estimator

of KALE(P||G) is obtained simply by plugging in h into the empirical objective
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j@
=

KALE(P||G) := F(h). (5.29)

We defer the consistency analysis of (5.29) to Section C .1 where we provide
convergence rates in a setting where the set of functions H is a Reproducing Kernel
Hilbert Space and under weaker assumptions that were not covered by the framework

of Nguyen et al. [2010].

C.1 Convergence rate of KALE

In this section, we provide a convergence rate for the estimator in (5.29) when
‘H is an RKHS. The theory remains the same whether H contains constants or
not. With this choice, the Representer Theorem allows us to reduce the potentially
infinite-dimensional optimization problem in (5.28) to a convex finite-dimensional
one. We further restrict ourselves to the well-specified case where the density rg
of P w.r.t. G is well-defined and belongs to H, so that KALE matches the KL.
While Nguyen et al. [2010] (Theorem 3) provides a convergence rate of 1/ V'N for a
related M -estimator, this requires the density 7 to be lower-bounded by 0 as well
as (generally) upper-bounded. This can be quite restrictive if, for instance, ry is the
density ratio of two gaussians. In Theorem 41, we provide a similar convergence
rate for the estimator defined in (5.29) without requiring r( to be bounded. We start
by briefly introducing some notations, the working assumptions and the statement of

the convergence result and defer the proofs to Section C .2.

We recall that an RKHS H of functions defined on a domain X C R? and with
kernel k is a Hilbert space with dot product (., .), such that y — k(z,y) belongs to
‘H for any = € X, and

k(x,y) = (k(z,.),k(y,.)), Vr,y € X.

Any function h in H satisfies the reproducing property f(x) = (f, k(x,.)) for any
r e X.
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Recall that KALE(P||G) is obtained as an optimization problem

KALE(P||G) = sup F(h) (5.30)
heH

where F is given by:

F(h) = —/hdIP’— /exp(—h)dG+ 1.

Since the negative log density ratio hg is assumed to belong to H, this directly
implies that the supremum of F is achieved at hy and F(hy) = KALE(P||G). We

are interested in estimating KALE(P||G) using the empirical distributions P and G,

A | XN A | N
P:.= N;(an, G := N;(SYM

where (X,)1<n<n and (Y},)1<n<n are i.i.d. samples from P and G. For this purpose

we introduce the empirical objective functional,
F(h) = —/hdlfD - /exp(—h)d@Jr L.
The proposed estimator is obtained by solving a regularized empirical problem,
~ A 9
sup F(h) - 5, (531)
heH
with a corresponding population version,
A
sup F(h) — §||h|| . (5.32)
heH
Finally, we introduce D(h,d) and I'(h, d):

D(h, 5) — / 5 exp(—h)dG — / 5P,
I'(h,8) = —//1(1—t)52exp(—(h+t5))d((}.
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The empirical versions of D(h, §) and '(h, §) are denoted D(h, §) and I'(h, §). Later,
we will show that D(h, §) D(h, §) are in fact the gradients of F(h) and F(h) along

the direction .

We state now the working assumptions:
(i) The supremum of F over H is attained at hy.

(ii) The following quantities are finite for some positive ¢:

/ Vi@ 7) dP(z),
[ VEE ) expl(ltoll + €)v/Fw,2)) dE o)
[ vz exp((hol + /e, ) dE o)

(iii) For any h € H, if D(h,d) = 0 for all 0 then h = hy.

Theorem 41. Fix any 1 > n > 0. Under Assumptions (i) to (iii), and provided that

A= \/Lﬁ, it holds with probability at least 1 — 2n that

M/(77, hO)

| F(h) — F(ho)| < =

for a constant M'(n, ho) that depends only on 1 and hy.

The assumptions in Theorem 41 essentially state that the kernel associated to
the RKHS H needs to satisfy some integrability requirements. That is to guarantee
that the gradient § — V. (h)(J) and its empirical version are well-defined and
continuous. In addition, the optimality condition V.F(h) = 0 is assumed to char-
acterize the global solution hg. This will be the case if the kernel is characteristic
Simon-Gabriel and Scholkopf [2018]. The proof of Theorem 41, in Section C .2,
takes advantage of the Hilbert structure of the set H, the convexity of the functional
F and the optimality condition VF(h) = Ah of the regularized problem, all of

which turn out to be sufficient for controlling the error of (5.29).
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C.2 Proofs

We state now the proof of Theorem 41 with subsequent lemmas and propositions.

Proof of Theorem 41. We begin with the following inequalities:
A . . _ _ .
2 (Rl = [loll*) < F(h) = F(ho) < (VF(ho), h = ho).

The first inequality is by definition of h while the second is obtained by concavity
of F. For simplicity we write B = || — hol|| and C = ||V F(ho) — L(ho)||. Using

Cauchy-Schwarz and triangular inequalities, it is easy to see that

A

5 (B + 2B|[ho|)) < F(h) = F(ho) < CB.

Moreover, by triangular inequality, it holds that
B < ||hx — hol| + [Ih = Rall.

Lemma 45 ensures that A(\) = ||hy — hg|| converges to 0 as A — 0. Furthermore,
by Proposition 46, we have || — h,|| < +D where D(\) = IVF(hy) — VL(hy)].
Now choosing A = \/LN and applying Chebychev inequality in Lemma 42, it follows

that for any 1 > 7 > 0, we have with probability greater than 1 — 27 that both

C(l[holln) ¢ < CUlnoll,n)

D(A) < N S— N

where C(||ho||,n) is defined in Lemma 42. This allows to conclude that for any
n > 0, it holds with probability at least 1 — 2n that | F(h) — F (ho)| < ) where

M’(n, ho) depends only on 71 and hy. O

We proceed using the following lemma, which provides an expression for

D(h, ) and D(h, §) along with a probabilistic bound:

Lemma 42. Under Assumptions (i) and (ii), for any h € H such that ||h|| < ||hol|+¢,
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there exists D(h) in H satisfying
D(h, ) = (3, D(h)),
and for any h € H, there exists ﬁ(h) satisfying
D(h,8) = (6, D(h)).

Moreover, for any 0 < n < 1 and any h € H such that ||h|| < ||ho|| + € := M, it
holds with probability greater than 1 — 1 that

N C(M7 77)
ID(h) = D(h)|| < N

where C(M,n) depends only on M and 1.

Proof. First, we show that § — D(h,d) is a bounded linear operator. Indeed,
Assumption (ii) ensures that k(z,.) and k(z, .) exp(—h(x)) are Bochner integrable

w.r.t. P and G (Retherford [1978]), hence D(h, §) is obtained as

D(h, (5) = <57 Hexp(—h)G — /'I/]P>7

where fiexp(—n)c = [ k(x,.) exp(—h(z))dG and pp = [ k(z,.)dP. Defining D(h)
to be = ficxp(—n)c — pp leads to the desired result. ﬁ(h) is simply obtained by taking
the empirical version of D(h).

Finally, the probabilistic inequality is a simple consequence of Chebychev’s

inequality. []

The next lemma states that F(h) and F (h) are Frechet differentiable.

Lemma 43. Under Assumptions (i) and (ii) , h — F(h) is Frechet differentiable
on the open ball of radius ||ho|| + € while h — F(h) is Frechet differentiable on H.
Their gradients are given by D(h) and D(h) as defined in Lemma 42,

~

VF(h) =D(h),  VF(h)=D(h)
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Proof. The empirical functional F (h) is differentiable since it is a finite sum of
differentiable functions, and its gradient is simply given by ﬁ(h) For the population
functional, we use second order Taylor expansion of exp with integral remainder,

which gives

F(h+68) = F(h) — D(h,5) + T'(h, ).

By Assumption (ii) we know that %H‘S) converges to 0 as soon as ||0|| — 0. This
allows to directly conclude that F is Frechet differentiable, with differential given by
d — D(h, ). By Lemma 42, we conclude the existence of a gradient V. (h) which
is in fact given by VF(h) = D(h).

]

From now on, we will only use the notation VF (k) and V.F(h) to refer to the
gradients of F(h) and F (h). The following lemma states that (5.31) and (5.32) have

a unique global optimum, and gives a first order optimality condition.

Lemma 44. The problems (5.31) and (5.32) admit unique global solutions h and hy

in H. Moreover, the following first order optimality conditions hold:
Av=VF(h),  Ahy=VF(hy).

Proof. For (5.31), existence and uniqueness of a minimizer hisa simple consequence
of continuity and strong concavity of the regularized objective. We now show the
existence result for (5.32). Let’s introduce Gy(h) = —F(h) + 3||h||* for simplicity.
Uniqueness is a consequence of the strong convexity of G,. For the existence,
consider a sequence of elements f; € H such that Gy (fx) — infrey Ga(h). If hg is
not the global solution, then it must hold for & large enough that G, (fx) < G (ho).
We also know that F(fi,) < F(ho), hence, it is easy to see that || fi|| < ||ho]| for
k large enough. This implies that f; is a bounded sequence, therefore it admits a
weakly convergent sub-sequence by weak compactness. Without loss of generality

we assume that f; weakly converges to some element hy € H and that || fx|| < ||hol|-

Hence, ||hy|| < liminfy || fx|| < |[ho||. Recall now that by definition of weak
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convergence, we have fi(z) — hy(z) for all z € X'. By Assumption (ii), we can
apply the dominated convergence theorem to ensure that F( f;) — F(h,). Taking

the limit of G, f, the following inequality holds:

sup G (h) = limsup Gy(fx) < Ga(hy).
heH k

Finally, by Lemma 43 we know that F is Frechet differentiable, hence we can use
Ekeland and Témam [1999] (Proposition 2.1) to conclude that V.F (hy) = Ah,. We

use exactly the same arguments for (5.31). ]

Next, we show that h) converges towards hg in H.

Lemma 45. Under Assumptions (i) to (iii) it holds that:
A(X) == ||hy — hol| — 0.

Proof. We will first prove that h) converges weakly towards h, and then conclude

that it must also converge strongly. We start with the following inequalities:
A
0> F(hy) = F(ho) = S(I1PAlI* = [1hol®)-

These are simple consequences of the definitions of i) and A, as optimal solutions to
(5.30) and (5.31). This implies that ||/, is always bounded by ||h||. Consider now
an arbitrary sequence (A, ),>0 converging to 0. Since ||hy,, || is bounded by ||Ao]|, it
follows by weak-compactness of balls in ‘H that h,, admits a weakly convergent
sub-sequence. Without loss of generality we can assume that h),, is itself weakly
converging towards an element ~A*. We will show now that 4* must be equal to hy.

Indeed, by optimality of A, it must hold that
Ambhr,, = VF(hy).

This implies that V.F(h,,) converges weakly to 0. On the other hand, by Assump-

tion (ii), we can conclude that V F (h,,,) must also converge weakly towards V.F(h*),
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hence VF(h*) = 0. Finally by Assumption (iii) we know that kg is the unique
solution to the equation VF(h) = 0, hence h* = ho. We have shown so far that any
subsequence of h, that converges weakly, must converge weakly towards . This
allows to conclude that h) , actually converges weakly towards hy. Moreover, we

also have by definition of weak convergence that:
Iholl < lim_inf [,
m—0o0

Recalling now that ||hy, || < ||ho|| it follows that ||h,,, || converges towards ||ho]|.

Hence, we have the following two properties:
* h,, converges weakly towards hy,
* ||hy,, || converges towards ||hg|.
This allows to directly conclude that ||k, — hg|| converges to 0. O

Proposition 46. We have that:
I~ hall < SV F () — V(b))

Proof. By definition of h and h, the following optimality conditions hold:
A =VF(h),  Auy=VF(hy).

We can then simply write:

M — hy) = (VF(h) = VF(hy)) = VF(hy) — VF(hy).

Now introducing & := h— hy and E := VF(h) — V.F(hy) for simplicity and taking

the squared norm of the above equation, it follows that

NIIS17 + BN = 200, E) = [VF(hy) = VF (k)]
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By concavity of F on H we know that —(h — hy, E) > 0. Therefore:

Nlh = hall* < IV F(ha) = VF ()|
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Chapter 6

Wasserstein gradient flow of the

Maximum Mean Discrepancy

We construct a Wasserstein gradient flow of the maximum mean discrepancy (MMD)
and study its convergence properties. The MMD is an integral probability metric
defined for a reproducing kernel Hilbert space (RKHS), and serves as a metric on
probability measures for a sufficiently rich RKHS. We obtain conditions for conver-
gence of the gradient flow towards a global optimum, that can be related to particle
transport when optimizing neural networks. We also propose a way to regularize
this MMD flow, based on an injection of noise in the gradient. This algorithmic
fix comes with theoretical and empirical evidence. The practical implementation
of the flow is straightforward, since both the MMD and its gradient have simple

closed-form expressions, which can be easily estimated with samples.

1 Introduction

We address the problem of defining a gradient flow on the space of probability distri-
butions endowed with the Wasserstein metric, which transports probability mass from
a starting distribtion v to a target distribution . Our flow is defined on the maximum
mean discrepancy (MMD) Gretton et al. [2012], an integral probability metric Miiller
[1997] which uses the unit ball in a characteristic RKHS Sriperumbudur et al. [2010]
as its witness function class. Specifically, we choose the function in the witness class

that has the largest difference in expectation under v and y: this difference constitutes
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the MMD. The idea of descending a gradient flow over the space of distributions can
be traced back to the seminal work of Jordan et al. [1998], who revealed that the
Fokker-Planck equation is a gradient flow of the Kullback-Leibler divergence. Its
time-discretization leads to the celebrated Langevin Monte Carlo algorithm, which
comes with strong convergence guarantees (see Durmus et al. [2018], Dalalyan and
Karagulyan [2019]), but requires the knowledge of an analytical form of the target .
A more recent gradient flow approach, Stein Variational Gradient Descent (SVGD)

Liu [2017], also leverages this analytical .

The study of particle flows defined on the MMD relates to two important topics
in modern machine learning. The first is in training Implicit Generative Models,
notably generative adversarial networks Goodfellow et al. [2014]. Integral probability
metrics have been used extensively as critic functions in this setting: these include the
Wasserstein distance Arjovsky and Bottou [2017], Gulrajani et al. [2017], Genevay
et al. [2018] and the maximum mean discrepancy used in Chapter 4 and in Dziugaite
et al. [2015], Li et al. [2015, 2017], Bellemare et al. [2017], Binkowski* et al. [2018].
In [Mroueh et al., 2019, Section 3.3], a connection between IGMs and particle
transport is proposed, where it is shown that gradient flow on the witness function of
an integral probability metric takes a similar form to the generator update in a GAN.
The critic IPM in this case is the Kernel Sobolev Discrepancy (KSD), which has an
additional gradient norm constraint on the witness function compared with the MMD.
It is intended as an approximation to the negative Sobolev distance from the optimal
transport literature Otto and Villani [2000], Villani [2009], Peyre [2018]. There
remain certain differences between gradient flow and GAN training, however. First,
and most obviously, gradient flow can be approximated by representing v as a set of
particles, whereas in a GAN v is the output of a generator network. The requirement
that this generator network be a smooth function of its parameters causes a departure
from pure particle flow. Second, in modern implementations as in Chapter 4 and
Lietal. [2017], Binkowski* et al. [2018], the kernel used in computing the critic
witness function for an MMD GAN critic is parametrized by a deep network, and an

alternating optimization between the critic parameters and the generator parameters
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is performed. Despite these differences, we anticipate that the theoretical study
of MMD flow convergence will provide helpful insights into conditions for GAN

convergence, and ultimately, improvements to GAN training algorithms.

Regarding the second topic, we note that the properties of gradient descent for
large neural networks have been modeled using the convergence towards a global
optimum of particle transport in the population limit, when the number of particles
goes to infinity Rotskoff and Vanden-Eijnden [2018], Chizat and Bach [2018a], Mei
et al. [2018], Sirignano and Spiliopoulos [2018]. In particular, Rotskoff et al. [2019]
show that gradient descent on the parameters of a neural network can also be seen as
a particle transport problem, which has as its population limit a gradient flow of a
functional defined for probability distributions over the parameters of the network.
This functional is in general non-convex, which makes the convergence analysis
challenging. The particular structure of the MMD allows us to relate its gradient
flow to neural network optimization in a well-specified regression setting similar to
Rotskoff et al. [2019], Chizat and Bach [2018a] (we make this connection explicit in

Section C).

Our main contribution in this work is to establish conditions for convergence
of MMD gradient flow to its global optimum. We give detailed descriptions of
MMD flow for both its continuous-time and discrete instantiations in Section 2 .
In particular, the MMD flow may employ a sample approximation for the target
(: unlike e.g. Langevin Monte Carlo or SVGD, it does not require p in analytical
form. Global convergence is especially challenging to prove: while for functionals
that are displacement convex, the gradient flow can be shown to converge towards a
global optimum Ambrosio et al. [2008], the case of non-convex functionals, like the
MMD, requires different tools. A modified gradient flow is proposed in Rotskoff
et al. [2019] that uses particle birth and death to reach global optimality. Global
optimality may also be achieved simply by teleporting particles from v to u, as
occurs for the Sobolev Discrepancy flow absent a kernel regulariser [Mroueh et al.,
2019, Theorem 4, Appendix D]. Note, however, that the regularised Kernel Sobolev

Discrepancy flow does not rely on teleportation.
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Our approach takes inspiration in particular from Bottou et al. [2018], where it is
shown that although the 1-Wasserstein distance is non-convex, it can be optimized up
to some barrier that depends on the diameter of the domain of the target distribution.
Similarly to Bottou et al. [2018], we provide in Section 3 a barrier on the gradient
flow of the MMD, although the tightness of this barrier in terms of the target diameter
remains to be established. We obtain a further condition on the evolution of the flow
to ensure global optimality, and give rates of convergence in that case, however the
condition is a strong one: it implies that the negative Sobolev distance between the
target and the current particles remains bounded at all times.

We thus propose a way to regularize the MMD flow, based on a noise injection
(Section 4 ) in the gradient, with more tractable theoretical conditions for conver-
gence. Encouragingly, the noise injection is shown in practice to ensure convergence
in a simple illustrative case where the original MMD flow fails. Finally, while our
emphasis has been on establishing conditions for convergence, we note that MMD
gradient flow has a simple O(M N + N?) implementation for N v-samples and M
p-samples, and requires only evaluating the gradient of the kernel £ on the given

samples.

2 Gradient flow of the MMD in 11,

2.1 Construction of the gradient flow

In this section we introduce the gradient flow of the Maximum Mean Discrepancy
(MMD) and highlight some of its properties. We start by briefly reviewing the MMD
introduced in Gretton et al. [2012]. We define X C R¢ as the closure of a convex
open set, and Py (X') as the set of probability distributions on X" with finite second
moment, equipped with the 2-Wassertein metric denoted Ws. For any v € Py(X),

Lo(v) is the set of square integrable functions w.r.t. v.

Maximum Mean Discrepancy. Given a characteristic kernel k£ : X x X — R, we
denote by H its corresponding RKHS (see Smola and Scholkopf [1998]). The space
H is a Hilbert space with inner product (.,.)s; and norm ||.||%. We will rely on

specific assumptions on the kernel which are given below:
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(A) k is continuously differentiable on X’ with L-Lipschitz gradient: ||Vk(x,z’) —
VE(y, )| < Lllz =yl + [l = '|}) forall z, ', y, 5" € X.

(B) k is twice differentiable on X .

(C) || Dk(x,y)|| < Morall z,y € X, where Dk(z, y) is an R® x R* matrix with

entries given by 9,0y, 0y 0 k(, y).
D) 3L, 10k, ) = Bik(y, )3, < Nlw — y|* forall 2,y € X.

In particular, Assumption (A) states that the gradient of the kernel, Vk, is Lipschitz
with constant L. For such kernels, it is possible to define the Maximum Mean
Discrepancy as a distance on Py(X’). The MMD can be written as the RKHS norm
of the unnormalised witness function f,,, between 1 and v, which is the difference

between the mean embeddings of v and p,

MMD(p,v) = || fuolla (6.1)

fou(2) —//f(x,z) dv(x) —/k(x,z) du(z) Vze X

Throughout this chapter, 1+ will be fixed and v can vary, hence we will only consider

the dependence in v and denote by F(v) = s M M D?*(pi,v). A direct computation
[Mroueh et al., 2019, Appendix B] shows that for any finite measure x such that

v+ ex € Pao(X), we have

e—0

lim e (F(v + ex) — F(v)) = / Fun(@)dx(x). 6.2)

This means that f, , is the differential of 7 (v) . Interestingly, F(v) admits a free-

energy expression:

Fv) = / V() due) + / W(ey)dv(z)dv(y) + C.  (63)
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where V' is a confinement potential, ¥ an interaction potential and C' a constant

defined by:

V(z) = — /l{:(ac,x') du(z"), W(z,2") = k(z,2) (6.4)

C= %/k(x,x’) dp(x) dp(z').

Formulation (6.3) and the simple expression of the differential in (6.2) will be key
to construct a gradient flow of F(v), to transport particles. In (6.4), V reflects the
potential generated by 1 and acting on each particle, while 1 reflects the potential

arising from the interactions between those particles.

Gradient flow of the MMD. We consider now the problem of transporting mass
from an initial distribution v to a target distribution p, by finding a continuous path
v, starting from 1 that converges to 1 while decreasing F(1;). Such a path should be
physically plausible, in that teleportation phenomena are not allowed. For instance,
the path 1, = (1 — e ") + e 11y would constantly teleport mass between p and v
although it decreases F since F(v;) = e %' F (1) [Mroueh et al., 2019, Section 3.1,
Case 1]. The physicality of the path is understood in terms of classical statistical
physics: given an initial configuration 1y of N particles, these can move towards
a new configuration p through successive small transformations, without jumping

from one location to another.

Optimal transport theory provides a way to construct such a continuous path by
means of the continuity equation. Given a vector field V; on X" and an initial condition
1, the continuity equation is a partial differential equation which defines a path v
evolving under the action of the vector field V;, and reads 0,1, = —div(14V};) for all
t > 0. The reader can find more detailed discussions in Definition 1 or Santambrogio
[2015]. Following Ambrosio et al. [2008], a natural choice is to choose V; as the
negative gradient of the differential of F (1) at v, since it corresponds to a gradient
flow of F associated with the W5 metric (see Section 2 .3). By (6.2), we know that
the differential of (1) at v, is given by f,,,, hence V,(z) = =V f,,,(z).! The

TAlso, V; = VV 4+ VW % 14 (see Section 2 .3) where % denotes the classical convolution.
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gradient flow of F is then defined by the solution (v);>¢ of
3,5Vt = d?;U(VtVfMVt). (65)

Equation (6.5) is non-linear in that the vector field depends itself on v;. This type of
equation is associated in the probability theory literature to the so-called McKean-

Vlasov process Kac [1956], McKean Jr [1966],
dXy = =V f,.,(Xy)dt Xo ~ 1. (6.6)

In fact, (6.6) defines a process (X;);>o whose distribution (14);>¢ satisfies (6.5),
as shown in Proposition 47. (X;);>o can be interpreted as the trajectory of a single
particle, starting from an initial random position X, drawn from 1. The trajectory
is driven by the velocity field —V f,, ,,, and is affected by other particles. These
interactions are captured by the velocity field through the dependence on the current
distribution v, of all particles. Existence and uniqueness of a solution to (6.5)

and (6.6) are guaranteed in the next proposition, whose proof is given Section A .1.1.

Proposition 47. Let vy € Py(X). Then, under Assumption (A ), there exists a unique
process (X;)i>o satisfying the McKean-Vlasov equation in (6.6) such that X, ~ vyp.
Moreover, the distribution v, of X, is the unique solution of (6.5) starting from vy,

and defines a gradient flow of F.

Besides existence and uniqueness of the gradient flow of F, one expects F to
decrease along the path v, and ideally to converge towards 0. The first property,
stated in the next proposition, is rather easy to get and is the object of Proposition 48,

similar to the result for KSD flow in [Mroueh et al., 2019, Section 3.1].

Proposition 48. Under Assumption (A), F (1) is decreasing in time and satisfies:

dfd(tyt) T / IV fun (@) di (). 6.7)

This property results from (6.5) and the energy identity in [Ambrosio et al.,
2008, Theorem 11.3.2] and is proved in Section A .1.1. From (6.7), F can be seen
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as a Lyapunov functional for the dynamics defined by (6.5), since it is decreasing
in time. Hence, the continuous-time gradient flow introduced in (6.5) allows to
formally consider the notion of gradient descent on P, (X) with F as a cost function.
A time-discretized version of the flow naturally follows, and is provided in the next

section.

2.2 Euler scheme

We consider here a forward-Euler scheme of (6.5). Forany 7" : X — X a measurable
map, and v € P,(X), we denote the pushforward measure by 7xv (see Section 2 ).
Starting from vy € Py(X) and using a step-size v > 0, a sequence v, € Py(X) is

given by iteratively applying

Vnt1 = (‘[ - ryvflh’/n)#yn' (68)

For all n > 0, equation (6.8) is the distribution of the process defined by

Xn+1 = Xn — ’}/meyn (Xn) XO ~ 1. (69)

The asymptotic behavior of (6.8) as n — oo will be the object of Section 3 . For
now, we provide a guarantee that the sequence (v,,),en approaches (14);>o as the

step-size v — 0.

Proposition 49. Let n > 0. Consider v,, defined in (6.8), and the interpolation path
p{ defined as: p] = (I — (t —nY)V fuu,) eV Vt € [0y, (n + 1)7). Then, under
Assumption (A), V' T > 0,

Wa(pi,ve) <7C(T) vt €0,

where C(T') is a constant that depends only on T

A proof of Proposition 49 is provided in Section A .1.2 and relies on standard
techniques to control the discretization error of a forward-Euler scheme. Proposi-

tion 49 means that v,, can be linearly interpolated giving rise to a path p; which
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gets arbitrarily close to v; on bounded intervals. Note that as 7' — oo the bound
C(T) it is expected to blow up. However, this result is enough to show that (6.8) is
indeed a discrete-time flow of F. In fact, provided that y is small enough, F(v,,) is

a decreasing sequence, as shown in Proposition 50.

Proposition 50. Under Assumption (A), and for v < 2/3L, the sequence F(v,) is

decreasing, and
Flvwer) = Fn) < =11 = P1) [ IV @] dafa), V2 0.

Proposition 50, whose proof is given in Section A .1.2, is a discrete analog of
Proposition 48. In fact, (6.8) is intractable in general as it requires the knowledge
of V£, (and thus of v,,) exactly at each iteration n. Nevertheless, we present in
Section 4 .2 a practical algorithm using a finite number of samples which is provably
convergent towards (6.8) as the sample-size increases. We thus begin by studying the

convergence properties of the time discretized MMD flow (6.8) in the next section.

3 Convergence properties of the MMD flow

We are interested in analyzing the asymptotic properties of the gradient flow of F.
Although we know from Propositions 48 and 50 that F decreases in time, it can very
well converge to local minima. One way to see this is by looking at the equilibrium
condition for (6.7). As a non-negative and decreasing function, ¢ — F (1) is
guaranteed to converge towards a finite limit [ > 0, which implies in turn that the
r.h.s. of (6.7) converges to 0. If v, happens to converge towards some distribution
v*, it is possible to show that the equilibrium condition (6.10) must hold [Mei et al.,
2018, Prop. 2],

/||Vfu,l,*(:r)||2dy*(a:) = 0. (6.10)

Condition (6.10) does not necessarily imply that v* is a global optimum. Thus
convergence to a global optimum is not guaranteed unless suitable initial conditions

hold and if the loss function has a particular structure Chizat and Bach [2018b].
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For instance, the homogeneity condition on the loss function from Chizat and Bach
[2018b] would hold if the kernel is linear in at least one of its dimensions. However,
when a characteristic kernel is required (to ensure the MMD is a distance), such a
structure can’t be exploited. Similarly, the claim that KSD flow converges globally,
[Mroueh et al., 2019, Prop. 3, Appendix B.1], requires an assumption [Mroueh et al.,
2019, Assump. A] that excludes local minima which are not global (see Section D ;
recall KSD is related to MMD). Global convergence of the flow is harder to obtain,
and will be the topic of this section. The main challenge is the lack of convexity
of F w.r.t. the Wassertein metric. We show that F is merely A-convex, and that
standard optimization techniques only provide a loose bound on its asymptotic value.
We next exploit a Lojasiewicz type inequality to prove convergence to the global

optimum provided that a particular quantity remains bounded at all times.

3.1 Optimization in a (1/5) non-convex setting

The displacement convexity of a functional F is an important criterion in charac-
terizing the convergence of its Wasserstein gradient flow. Displacement convexity
states that ¢ — F(p,) is a convex function whenever (p;)¢c(o,1] is a path of minimal
length between two distributions x and v (see Definition 2). Displacement convexity
should not be confused with mixture convexity, which corresponds to the usual
notion of convexity. As a matter of fact, F is mixture convex in that it satisfies:
Fltv+ (1 —-t)) <tF(v)+ (1 —-t)F(@/ ) forallt € [0,1] and v, " € Py(X) (see
Lemma 67). Unfortunately, F is not displacement convex. Instead, F only satisfies
a weaker notion of displacement convexity called A-displacement convexity, given

in Definition 4 (Section 2 .4).

Proposition 51. Under Assumptions (A) to (C), F is A-displacement convex, and

satisfies
Flon) < (1 - )F () + 1F (W) — / Ape, 0G5, ) ds

forall v,V € Py(X) and any displacement geodesic (p;)icioq) from v to V' with

velocity vectors (v¢)ico,1). The functional A is defined for any pair (p,v) with
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p € Po(X) and ||v]| € Ly(p),

R

where (s,t) — G(s,t) = s(1 —t)1{s <t} +t(1 — s)1{s > t} and X is defined in

—V2MdF(p) %/nv )P dp(z), (6.11)

Assumption (C).

Proposition 51 can be obtained by computing the second time derivative of
F(pe), which is then lower-bounded by A(p;, v;) (see Section A .2.1). In (6.11), the
map A is a difference of two non-negative terms: thus fol A(ps,vs)G(s,t) ds can
become negative, and displacement convexity does not hold in general. [Carrillo et al.,
2006, Theorem 6.1] provides a convergence when only A-displacement convexity
holds as long as either the potential or the interaction term is convex enough. In fact,
as mentioned in [Carrillo et al., 2006, Remark 6.4], the convexity of either term could
compensate for a lack of convexity of the other. Unfortunately, this cannot be applied
for MMD since both terms involve the same kernel but with opposite signs. Hence,
even under convexity of the kernel, a concave term appears and cancels the effect of
the convex term. Moreover, the requirement that the kernel be positive semi-definite
makes it hard to construct interesting convex kernels. However, it is still possible
to provide an upper bound on the asymptotic value of F(v,,) when (v,),en are
obtained using (6.8). This bound is given in Theorem 52, and depends on a scalar

fo (p2,v2)(1—s)ds, where (p?)sco,1] 18 a constant speed displacement
geodeszc from v, to the optimal value 1, with velocity vectors (v ),c[o,1] of constant

norm.

Theorem 52. Let K be the average of (K (p’))o<j<n. Under Assumptions (A) to (C)
and if v < 1/3L,

W22(V07:u) . R

<
Fwn) 29n

Theorem 52 is obtained using techniques from optimal transport and optimiza-
tion. It relies on Proposition 51 and Proposition 50 to prove an extended variational

inequality (see Proposition 61), and concludes using a suitable Lyapunov function.
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A full proof is given in Section A .2.2. When K is non-negative, one recovers the
usual convergence rate as O(%) for the gradient descent algorithm. However, K can
be negative in general, and would therefore act as a barrier on the optimal value that
F(v,) can achieve when n — oo. In that sense, the above result is similar to [Bottou
et al., 2018, Theorem 6.9]. Theorem 52 only provides a loose bound, however. In
Section 3 .2 we show global convergence, under the boundedness at all times ¢ of a

specific distance between v, and p.

3.2 A condition for global convergence

The lack of convexity of F, as shown in Section 3 .1, suggests that a finer analysis
of the convergence should be performed. One strategy is to provide estimates
for the dynamics in Proposition 48 using differential inequalities which can be
solved using the Gronwall’s lemma (see Oguntuase [2001]). Such inequalities are
known in the optimization literature as Lojasiewicz inequalities (see Blanchet and
Bolte [2018]), and upper-bound F(1;) by the absolute value of its time derivative
J IV fruw (2)|]? A (). The latter is the squared weighted Sobolev semi-norm of f,, ,,
(see Section A .2.3), also written || f,, ., | 77(,,)- Thus one needs to find a relationship
between F (1) = L fu.. |13 and | f.., | £1(,,)- For this purpose, we consider the
weighted negative Sobolev distance on P>(X'), defined by duality using ||.[| 7, (see
also Peyre [2018]).

Definition 7. Let v € Py(X), with its corresponding weighted Sobolev semi-norm

Il #(v)- The weighted negative Sobolev distance Ilp — ql| fr-1(v) between any p and q

in Po(X) is defined as
/f ) dp(x /f )dg(x (6.12)

lp =l = sup
f€L2(v) ||f||H(1/)<1

with possibly infinite values.

Equation (6.12) plays a fundamental role in dynamic optimal transport. It can

be seen as the minimum kinetic energy needed to advect the mass v to ¢ (see Mroueh
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et al. [2019]). It is shown in Section A .2.3 that

Hf/J«,VtH'?-L < ”fﬂthHH(Vt)Hu - I/t"H_l(Vt)' (6.13)

Provided that || — v/ -1, remains bounded by some positive constant C' at all
times, (6.13) leads to a functional version of Lojasiewicz inequality for F. It is then
possible to use the general strategy explained earlier to prove the convergence of the

flow to a global optimum:
Proposition 53. Under Assumption (A),

(i) If || — Vt”%ffl(uz) < C, forallt > 0, then: F(v;) < m,

) < S
- C}-(Vo)*l—&—llv(l—%"/L)n'

(ii) If || — yﬂ”i]—l(,,n) < C foralln > 0, then: F(v,

Proofs of Proposition 53 (i) and (i1) are direct consequences of Propositions 48
and 50 and the bounded energy assumption: see Section A .2.3. The fact that (6.12)
appears in the context of Wasserstein flows of F is not a coincidence. Indeed, (6.12)
is a linearization of the Wasserstein distance (see Peyre [2018], Otto and Villani
[2000] and Section E ). Gradient flows of F defined under different metrics would
involve other kinds of distances instead of (6.12). For instance, Rotskoff et al. [2019]
consider gradient flows under a hybrid metric (a mixture between the Wasserstein
distance and KL divergence), where convergence rates can then be obtained provided
that the chi-square divergence x?(y||v;) remains bounded. As shown in Section E
, x2(ut/|v) 2 turns out to linearize K L(y||14)2 when  and v, are close. Hence, we
conjecture that gradient flows of F under a metric d can be shown to converge when
the linearization of the metric remains bounded. This can be verified on simple
examples for ||y — 14| -1(,,) as discussed in Section B . However, it remains hard
to guarantee this condition in general. One possible approach could be to regularize
F using an estimate of (6.12). Indeed, Mroueh et al. [2019] considers the gradient
flow of a regularized version of the negative Sobolev distance which can be written
in closed form, and shows that this decreases the MMD. Combing both losses

could improve the overall convergence properties of the MMD, albeit at additional
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computational cost. In the next section, we propose a different approach to improve
the convergence, and a particle-based algorithm to approximate the MMD flow in

practice.

4 A practical algorithm to descend the MMD flow

4.1 A noisy update as a regularization

We showed in Section 3 .1 that F is a non-convex functional, and derived a condition
in Section 3 .2 to reach the global optimum. We now address the case where such
a condition does not necessarily hold, and provide a regularization of the gradient
flow to help achieve global optimality in this scenario. Our starting point will be the
equilibrium condition in (6.10). If an equilibrium v* that satisfies (6.10) happens
to have a positive density, then f, - would be constant everywhere. This in turn
would mean that f, ,- = 0 when the RKHS does not contain constant functions, as
for a gaussian kernel [Steinwart and Christmann, 2008, Corollary 4.44]. Hence, v/*
would be a global optimum since F(v*) = 0. The limit distribution ~* might be
singular, however, and can even be a dirac distribution [Mei et al., 2018, Theorem 6].
Although the gradient V f,, .- is not identically 0 in that case, (6.10) only evaluates
it on the support v*, on which V f,, .- = 0 holds. Hence a possible fix would be to
make sure that the unnormalised witness gradient is also evaluated at points outside
of the support of v*. Here, we propose to regularize the flow by injecting noise into

the gradient during updates of (6.9),
Xn+1 == Xn - ")/Vfu,l/n (Xn + ﬂnUn)a n Z Oa (614)

where U, is a standard gaussian variable and (3, is the noise level at n. Compared to
(6.8), the sample here is first blurred before evaluating the gradient. Intuitively, if
vy, approaches a local optimum v*, V f,, ., would be small on the support of v,, but
it might be much larger outside of it, hence evaluating V f,, ,,, outside the support
of v, can help in escaping the local minimum. The stochastic process (6.14) is

different from adding a diffusion term to (6.5). The latter case would correspond to
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regularizing F using an entropic term as in Mei et al. [2018], Simsekli et al. [2019]
and was shown to converge to a global optimum that is in general different from
the global minmum of the un-regularized loss. Eq. (6.14) is also different from
Craig and Bertozzi [2016], Carrillo et al. [2019], where F (and thus its associated
velocity field) is regularized by convolving the interaction potential IV in (6.4) with
a mollifier. The optimal solution of a regularized version of the functional F will be
generally different from the non-regularized one, however, which is not desirable in
our setting. Eq. (6.14) is more closely related to the continuation methods Gulcehre
et al. [2016a,b], Chaudhari et al. [2017] and graduated optimization Hazan et al.
[2016] used for non-convex optimization in Euclidian spaces, which inject noise
into the gradient of a loss function F' at each iteration. The key difference is the
dependence of f,,, of v,, which is inherently due to functional optimization. We
show in Proposition 54 that (6.14) attains the global minimum of F provided that

the level of the noise is well controlled, with the proof given in Section A .2.4.

Proposition 54. Let (v,),en be defined by (6.14) with an initial vy. Denote
Dg, (Vn) = By umg IV friwn (2 + Bouw) ||?] with g the density of the standard gaus-
sian distribution. Under Assumptions (A) and (D), and for a choice of (3, such
that

8N2B2F (vn) < Dg, (v), (6.15)

the following inequality holds:

Flvnen) = Flon) < -

no |2

(1 =37L)Dg, (vn), (6.16)

where \ and L are defined in Assumptions (A) and (D) and depend only on the

choice of the kernel. Moreover if Z?:o (% — oo, then
Flun) < Flug)e X031 o 57

A particular case where Y ", 37 — oo holds is when 3,, decays as 1/+/n while

still satisfying (6.15). In this case, convergence occurs in polynomial time. At each
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iteration, the level of the noise needs to be adjusted such that the gradient is not
too blurred. This ensures that each step decreases the loss functional. However, (,,
does not need to decrease at each iteration: it could increase adaptively whenever
needed. For instance, when the sequence gets closer to a local optimum, it is helpful
to increase the level of the noise to probe the gradient in regions where its value is not

flat. Note that for 3, = 01in (6.16) , we recover a similar bound to Proposition 50.

4.2 The sample-based approximate scheme

We now provide a practical algorithm to implement the noisy updates in the previous
section, which employs a discretization in space. The update (6.14) involves com-
puting expectations of the gradient of the kernel k£ w.r.t the target distribution y and
the current distribution v, at each iteration n. This suggests a simple approximate
scheme, based on samples from these two distributions, where at each iteration n, we
model a system of N interacting particles (X! );<;<x and their empirical distribution
in order to approximate v,,. More precisely, given i.i.d. samples (X});<;<y and
(Y"™)1<m<n from vy and 1 and a step-size 7, the approximate scheme iteratively
updates the :-th particle as

Xo1 = X = 1V s (X, + Bal), (6.17)
where U are i.i.d standard gaussians and /i, 7, denote the empirical distributions
of (Y™)1<m<nr and (X!)i<i<n, respectively. It is worth noting that for 3, = 0,
(6.17) is equivalent to gradient descent over the particles (X! ) using a sample based
version of the MMD. Implementing (6.17) is straightforward as it only requires to
evaluate the gradient of £ on the current particles and target samples. Pseudocode
is provided in Algorithm 4. The overall computational cost of the algorithm at
each iteration is O((M + N)N) with O(M + N) memory. The computational cost
becomes O(M + N) when the kernel is approximated using random features, as
is the case for regression with neural networks (Section C ). This is in contrast to
the cubic cost of the flow of the KSD Mroueh et al. [2019], which requires solving

a linear system at each iteration. The cost can also be compared to the algorithm
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in Simsekli et al. [2019], which involves computing empirical CDF and quantile
functions of random projections of the particles.

The approximation scheme in (6.17) is a particle version of (6.14), so one would
expect it to converge towards its population version (6.14) as M and N goes to

infinity. This is shown below.

Theorem 55. Let n > 0 and T > 0. Let v, and U, defined by (6.8) and (6.17)
respectively. Suppose Assumption (A) holds and that 3,, < B for all n, for some

B > 0. Then for any % > n:

. L/ 1 1\ orr 1 ) (1T _
E[sz,uﬂ)}sz(ﬁ<B+var<uo>z>e + —var(p) >)< )

Theorem 55 controls the propagation of the chaos at each iteration, and uses
techniques from Jourdain et al. [2007]. Notice also that these rates remain true when
no noise is added to the updates, i.e. for the original flow when B = 0. A proof is

provided in Section A .3.

S Experiments

5.1 Student-Teacher networks

Experimental setting. We consider a student-teacher network setting similar to
Chizat and Bach [2018b]. More precisely, using the notation from Section C , we
denote by ¥(z, v) the neural network of the form: U (z,v) = [1)(z, ) dv(x) where
z is an input vector in R? and v is a probability distribution over the parameters .
Hence W is an expectation over sub-networks t(z, z) with parameters x. Here, we

choose 1 of the form:
Y(z,x) =G (' + Wo(W2 +1%)).

where x is obtained as the concatenation of the parameters (b, W' 1 W?) € X,
o is the ReLU non-linearity while G is a fixed function and is defined later. Note

that using x to denote the parameters of a neural network is unusual, however, we
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prefer to keep a notation which is consistent with the rest of this chapter. We will
only consider the case when v is given by an empirical distribution of N particles
X = (x!,..2") for some N € N. In that case, we denote by vx such distribution
to stress the dependence on the particles X, i.e.: v == vy = + Zfil 04i. The
teacher network W1 (z, vz) is given by M particles = = (Z4, ..., Z)7) which are fixed
during training and are initially drawn according to a normal distribution N (0, 1).
Similarly, the student network Wg(z, vx) has N particles X = (z!, ..., 2") that are
initialized according to a normal distribution N’ (1073, 1). Here we choose M = 1
and N = 1000. The inputs z are drawn from a uniform distribution S on the sphere
in R? as in Chizat and Bach [2018b] with p = 50. The number of hidden layers H is
set to 3 and the output dimension is 1. The parameters of the student networks are

trained to minimize the risk in (6.18) using SGD with mini-batches of size n;, = 10?

and optimal step-size  selected from: {1072, 1072,107'}.
minE. [(Ur(z,v2) — Us(z,vx))?] (6.18)

When G is simply the identity function and no bias is used, one recovers the setting
in Chizat and Bach [2018a]. In that case the network is partially 1-homogeneous
and [Chizat and Bach, 2018a, Theorem 3.5] applies ensuring global optimality.
Here, we are interested in the case when global optimality is not guaranteed by the
homogeneity structure, hence we choose G to be a gaussian with fixed bandwidth
o = 2. As shown in Section C , performing gradient descent to minimize (6.18) can
be seen as a particle version of the gradient flow of the MMD with a kernel given by
k(x,2") = E,s[t(z, x)Y(z, 2')] and target distribution p given by . = v=. Hence
one can use the noise injection algorithm defined in (6.17) to train the parameters of
the student network. Since k is defined through an expectation over the data, it can

be approximated using n, data samples {z1, ..., zp }:
k(r,a') = =)z, 2)v(z, o). (6.19)

Such approximation of the kernel leads to a simple expression for the gradient
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of the un-normalised witness function between v= and vy defined for any xz € X

N

np M
Vheoslo) = 003 (% > i) - %Z@z)(zb,xi)) Va7,
=1 j=

=1

Algorithm 5, provides the main steps to train the parameters of the student network
using the noisy gradient flow of the MMD proposed in (6.17). It can be easily
implemented using automatic differentiation packages like PyTorch. Indeed, one
only needs to compute an auxiliary loss function F,,,, instead of the actual MMD

loss F and perform gradient descent using J,,,. Such function is given by:

N n

Z Z (NoGrad (y2) — v7) (2", 7%)

i=1 b=1

1

ny

Faux:

To compute F,,., two forward passes on the student network are required. A first
forward pass using the current parameter values X,, = (z., ..., zY) of the student
network is used to compute the predictions y% given an input z°. For such forward
pass, the gradient w.r.t to the parameters X, is not used. This is enforced, here,
formally by calling the function NoGrad. The second forward pass is performed
using the noisy parameters 7! = x! + 3,u’ and requires implementing special layers
which can inject noise to the weights. This second forward pass will be used to

provide a gradient to update the particles using back-propagation. Indeed, it is easy

to see that V,; F,.. gives exactly the gradient V f,,E,VX (7¢) used in Algorithm 5.

Results. Figure 6.1 illustrates the behavior of the proposed algorithm (6.17) in
a simple setting and compares it with three other methods: MMD without noise
injection (blue traces), MMD with diffusion (green traces) and KSD (purple traces,
Mroueh et al. [2019]). Here, a student network is trained to produce the outputs of a
teacher network using gradient descent. More details on the experiment are provided
in Section 5 .1. As discussed in Section C , this setting can be seen as a stochastic
version of the MMD flow since the kernel is estimated using random features at each
iteration ((6.19) in Section 5 .1). Here, the MMD flow fails to converge towards

the global optimum. Such behavior is consistent with the observations in Chizat
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(a) Training error (b) Test error (c) Sensitivity to noise

e MMD

10-1 == MMD + noise injection
10-1 10-1 == MMD + diffusion

e KSD

102 1072

1 102 104 0 2k 4k 6k 8k 1075 1073 107! 10t
Time (s) Epochs noise level B

Figure 6.1: Comparison between different training methods for student-teacher ReLU net-
works with gaussian output non-linearity and synthetic data uniform on a hyper-
sphere. In blue, (6.17) is used without noise /3,, = 0 while in red noise is added
with the following schedule: 3y > 0 and 3, is decreased by half after every 10°
epochs. In green, a diffusion term is added to the particles with noise level kept
fixed during training (3,, = Bo). In purple, the KSD is used as a cost function
instead of the MMD. In all cases, the kernel is estimated using random features
(RF) with a batch size of 102. Best step-size was selected for each method from
{1073,1072,10~'} and was used for 10* epochs on a dataset of 103 samples
(RF). Initial parameters of the networks are drawn from i.i.d. gaussians: A/(0,1)
for the teacher and A/(1073,1) for the student. Results are averaged over 10
different runs.

and Bach [2018b] when the parameters are initialized from a gaussian noise with
relatively high variance (which is the case here). On the other hand, adding noise to
the gradient seems to lead to global convergence. Indeed, the training error decreases
below 1075 and leads to much better validation error. While adding a small diffusion
term (green) help convergence, the noise-injection (red) still outperforms it. This
also holds for KSD (purple) which leads to a good solution (b) although at a much
higher computational cost (a). Our noise injection method (red) is also robust to the
amount of noise and achieves best performance over a wide region (c). On the other
hand, MMD + diffusion (green) performs well only for much smaller values of noise
that are located in a narrow region. This is expected since adding a diffusion changes
the optimal solution, unlike the injection where the global optimum of the MMD

remains a fixed point of the algorithm.

Another illustrative experiment on a simple flow between Gaussians is given in

Section 5 .2.



5. Experiments 205

training error Initial samples Final samples

40

7.5

10°
1071

1072

e target
5.0
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107°
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Figure 6.2: Gradient flow of the MM D from a gaussian initial distributions vy ~
N(10,0.5) towards a target distribution 1 ~ A(0,1) using N = M = 1000
samples from p and vy and a gaussian kernel with bandwidth o = 2. (6.17) is
used without noise 3, = 0 in red and with noise 3,, = 10 up to n = 5000, then
Br = 0 afterwards in blue. The left figure shows the evolution of the M M D at
each iteration. The middle figure shows the initial samples (black for ), and the
right figure shows the final samples after 10° iterations with step-size v = 0.1.

5.2 Learning gaussians

Figure 6.2 illustrates the behavior of the proposed algorithm (6.17) in a simple setting,
and compares it with the gradient flow of the MMD without noise injection. In this
setting, the MMD flow fails to converge to the global optimum. Indeed, as shown
in Figure 6.2(right), some of the final samples (in red) obtained using noise-free
gradient updates tend to get further away from the target samples (in black). Most
of the remaining samples collapse to a unique point at the center near the origin.
This can also be seen from Figure 6.2(left) where the training error fails to decrease
below 1073, On the other hand, adding noise to the gradient seems to lead to global
convergence, as seen visually from the samples. The training error decreases below
10~* and oscillates between 10~® and 10~%. The oscillation is due to the step-size,
which remained fixed while the noise was set to 0 starting from iteration 5000. It is
worth noting that adding noise to the gradient slows the speed of convergence, as one
can see from Figure 6.2(left). This is expected since the algorithm doesn’t follow
the path of steepest descent. The noise helps in escaping local optima, however, as

illustrated here.



Supplementary

A Proofs

A .1 Construction of the I, gradient flow of the MMD

A .1.1 Existence of the continuous time flow

Existence and uniqueness of a solution to (6.5) and (6.6) is guaranteed under Lips-

chitz regularity of V.

Proof of Proposition 47. [Existence and uniqueness] Under Assumption (A), the
map (z,v) — Vf,,(x) = [ Vk(z,.)dv — [ Vk(z,.)du is Lipschitz continuous
on X x Py(X) (endowed with the product of the canonical metric on X and W5
on Py(X)), see Proposition 63. Hence, we benefit from standard existence and
uniqueness results of McKean-Vlasov processes (see Jourdain et al. [2007]). Then,
it is straightforward to verify that the distribution of (6.6) is solution of (6.5) by
ItAZ’s formula (see It6 [1951]). The uniqueness of the gradient flow, given a starting
distribution vy, results from the A-convexity of F (for A = 3L) which is given by
Lemma 59, and [Ambrosio et al., 2008, Theorem 11.1.4]. The existence derive from
the fact that the sub-differential of F is single-valued, as stated by (6.2), and that
any v in P(X) is in the domain of F. One can then apply [Ambrosio et al., 2008,
Theorem 11.1.6 and Corollary 11.1.8]. ]

Proof of Proposition 48. [Decay of the MMD] Recalling the discussion in Section 2

.3, the time derivative of F(1;) along the flow is formally given by (2.8)

2

v (z)dz.

— —D(v,) with D(v) —/Hv—af(a”;(x))
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But we know from (6.2) that the strong differential V‘”;—i”) is given by V f,, . There-
fore, one formally obtains the desired expression by exchanging the order of deriva-
tion and integration, performing an integration by parts and using the continuity

equation (see (2.7)) that we recall here:

v _ oF _ ,
i dw(l/VE) =divwV{U' (v) +V + W xv)).

We refer to Mroueh et al. [2019] for similar calculations. One can also obtain directly
the same result using the energy identity in [Ambrosio et al., 2008, Theorem 11.3.2]
which holds for A-displacement convex functionals. The result applies here since, by

Lemma 59, we know that F is A-displacement convex with A = 3L. O

A .1.2 Time-discretized flow

We prove that (6.8) approximates (6.5). To make the dependence on the step-size vy
explicit, we will write: v, ., = (I =V f, 2)xv) (sov) = v, for any n > 0). We
start by introducing an auxiliary sequence ) built by iteratively applying V f,,,. .

where v, is the solution of (6.5) at time ¢ = yn:

D’Z-‘rl = (I - fyvfll«yl"yn)#lj;’z (620)

with 7y = 1. Note that the latter sequence involves the continuous-time process
v; of (6.5) with ¢ = yn. Using /], we also consider the interpolation path p; =
(I = (t =ny)V fu)uv, forallt € [ny,(n+1)y) and n € N, which is the same

as in Proposition 49.

Proof of Proposition 49. Let m be an optimal coupling between v and v.,,, and
(x,y) asample from 7. For ¢ € [ny, (n+1)7y) we write y; = ., — fq; V fuw. (Yu) du
and v, = v—(t—nv)V f, ,»(x) where y,,, = y. We also introduce the approximation
error E(t,n7y) :== y; —y + (t = nY)V fyu., (y) for which we know by Lemma 58
that £(¢,n) := E[E(t, ny)?]? is upper-bounded by (¢ — n+)2C for some positive

constant C' that depends only on 7" and the Lipschitz constant L. This allows to
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write:

Walpl ) S E |[ly = @+ (6 = n)(Vfz (@) = VS () + Bt n7) || :
< Wav), vyn) + AL(t — ny)Wo(v), vyn) + E(E, n7)
< (L+ 4y L)Wa(vy), van) + (t — yn)*C
< (1+49L) (Wa(u2, 77) + Walvo, 7)) + 72C

<y [(1+4yL) M(T) +~C]

The second line is obtained using that V f,, ., () is jointly 2L-Lipschitz in  and v
(see Proposition 63) and by the fact that W5 (v, v,,,) = E.[|ly — x||%]2. The third
one is obtained using ¢ — ny < . For the last inequality, we used Lemmas 56
and 57 where M (T') is a constant that depends only on T". Hence for vy < ﬁ we get
Walpi,m) < (G +2M(T)). =

Lemma 56. For any n > 0:

C
W, 77) < 75 (€72 = 1)

Proof. Let 7 be an optimal coupling between 7} and v., and (Z, x) a joint

sample from 7. Consider also the joint sample (y,y) obtained from (z ,x) by

applying the gradient flow of F in continuous time to get y = Z(,11), =
Ty — fn(:Hh V fuv.(zy,) du with z,, = x and by taking a discrete step from
T to writt j = T — V[, (7). Itis easy to see that y ~ v ;41 (ie. a

sample from the continous process (6.5) at time ¢t = (n + 1)y) and § ~ 7,
(i.e. a sample from (6.20)). Moreover, we introduce the approximation error
E((n+1)y,ny) :=y — 2+ YV fuu., (z) for which we know by Lemma 58 that
E((n+ 1), ny) == E[E((n + 1)7,nv)?]z is upper-bounded by 2C for some posi-

tive constant C' that depends only on 7" and the Lipschitz constant L. Denoting by
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an, = Wa(Vyn, 7)), one can therefore write:

it B [[[r =7V i (@) = 7+ 79 (3) + B+ )]

<E, [z = #1)* + Bx [V fuirn &) = Vs @] 22

Using that Vf,, . is 2L-Lipschitz by Proposition 63 and recalling that
E;[||lz — :EH2]% = Ws(vyn, 7)), we get the recursive inequality a,1q < (1 +
2vL)a, + v*C. Finally, using Lemma 68 and recalling that aq = 0, since by

definition 7] = v, we conclude that a,, < = (e"?F —1). O

Lemma 57. Forany T > 0 and n such that ny < T

Proof. Consider now an optimal coupling 7 between 7/ and v]. Similarly to
Lemma 56, we denote by (Z,z) a joint sample from 7 and (y,y) is obtained
from (z,x) by applying the discrete updates : § = = — 7V f,, (Z) and y =
& — YV f,2(x). We again have that y ~ v, (i.e. a sample from the time dis-
cretized process (6.8)) and § ~ ) 41 (i.e. a sample from (6.20)). Now, denoting by

b, = Wa(v), 7)), it is easy to see from the definition of ¢ and y that we have:

n» n

buit < En |0 =9V f2(@) = 2+ 9V fws, @[]
< (1+ 29L)E, [z — 31%)% + 29LWa (], v2n))

< (L +4vL)by, + yLWo (7)), V)

The second line is obtained recalling that V f,, ,(x) is 2L-Lipschitz in both x and

v by Proposition 63. The third line follows by triangular inequality and using
1

E, [|lz — 2|*]* = Wa(v), 7)) = by, since 7 is an optimal coupling between 77 and

V. By Lemma 56, we have Wa(i7, v,,) < v (e*"7" — 1), hence, for any n such

that ny < 7T" we get the recursive inequality

b1 < (L+4yL)b, + (C/2L)* (T —1).
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Finally, using again Lemma 68, it follows that b,, < 75 (e*"% — 1) O

Lemma 58. [Taylor expansion] Consider the process &, = —V f,, ., (x4), and denote

by E(t,s) =El||xy — x5+ (t — )V £, (z5)||2]2 for 0 < s < t < T. Then one has:
E(t,s) < 2L%rpel T (t — s5)?

with 1o = Bz 2)mvoapl ||t — 2]

Proof. By definition of z; and £(¢, s) one can write:

‘ 2] 3

< / E ([ frm (25) = V fuw ())]|2] du

E(t,s) =E

/ (V frn () = V frn () du

N

[N

t t 1
< 2L/ E [([lzs — zull + Wa(ve, va))’] du§4L/ E [z, — za|f?] du

Where we used an integral expression for x; in the first line then applied a tri-
angular inequality for the second line. The last line is obtained recalling that
V f..(x) is jointly 2L-Lipschitz in  and v by Proposition 63 and that W5 (v, v,) <

1
27 5 . . . .
E [||zs — z.]"] >. Now we use again an integral expression for x,, which further

213
‘ ] du
t u %
§4L// E [|E[Vik(a 2f) — Vikar, )] dldu

t U
§4L2/ / E |z, — [ di du

Again, the second line is obtained using a triangular inequality and recalling the

gives:

/u Vfuy,,l (xl) dl

s

t
£t s) <AL / E

expression of V f,, ,(«) from Proposition 63. The last line uses that V& is L-Lipschitz
by Assumption (A). Now we need to make sure that ||] — z|| remains bounded at

finite times. For this we will first show that r;, = E[||z; — z||] satisfies an integro-
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|

t t
<ro —i—/ E[|Vik(zs, 2)) — Vik(zs, 2)||] ds < ro + L/ reds
0 0

differential inequality:

¢
T SE{ $0—Z—/ V fuv(xs) ds
0

Again, we used an integral expression for z; in the first line, then a triangular
inequality recalling the expression of V f,,,, .. The last line uses again that V£ is
L-Lipschitz. By Gronwall’s lemma it is easy to see that r; < roe® at all times.
Moreover, for all t < T we have a fortiori that r, < r9e’”. Recalling back the

upper-bound on £(t, s) we have finally:
t u
E(t,s) < 4L2rOeLT/ / dl du = 2L%ree™™ (t — 5)?

]

We show now that (6.8) decreases the functional /. In all the proofs, the

step-size vy is fixed.

Proof of Proposition 50. Consider a path between v, and v, of the form p; =
(I =tV fo0,)#Vn. We know by Proposition 63 that V f,, ,,. is 2L Lipschitz, thus
by Lemma 64 and using ¢(z) = =7V f,.,,. (z), ¥(x) = x and ¢ = v,, it follows that

F(p¢) is differentiable and hence absolutely continuous. Therefore one can write:

Flpr) — Flpo) = Flpo) + / Flo) - Flpo)t. 6.21)

Moreover, Lemma 64 also allows to write:

Floo) = — / IV fon () [P (2):

1F(p0) = F(p)] £ 3105 [ [V o (X) i (X),

where ¢t < 1. Hence, the result follows directly by applying the above expression to

(6.21). []
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A .2 Convergence of the 11, gradient flow of the MMD

A 2.1 A-displacement convexity of the MMD

We provide now a proof of Proposition 51:

Proof of Proposition 51. [A- displacement convexity of the MMD] To prove that
v — F(v) is A-convex we need to compute the second time derivative F (p;) where
(pt)tefoq) is a displacement geodesic between two probability distributions v and v,

as defined in (2.1):

pr = (s) 7" sz, y) = (1 — ) + ty.

Such geodesic always exists and can be written as p; = (s;) 7 with s, = x+t(y — )
for all t € [0,1] and 7 is an optimal coupling between 1 and v, (Santambrogio
[2015], Theorem 5.27). We denote by V; the corresponding velocity vector defined

by the continuity equation:
Opr + div(p V) =0 vt € [0, 1].

Recall that F(p;) = %Hfﬂ,pt|

2, with f,, ,, defined in (6.1). We start by computing
the first derivative of ¢ — F(p;). Since Assumptions (A) and (B) hold, Lemma 65
applies for ¢(z,y) = y — x, ¥(x,y) = x and ¢ = 7, thus we know that jf(pt) is
well defined and given by:

F(pr) =E [(y - :U)TV1V2k(st(x, y), si(x',y")(y' — 95/)} (6.22)
+E [(y — 2)" (Hik(s:(2, y), se(2",)) — Hik(si(z, ), 2))(y — )]

Moreover, Assumption (C) also holds which means by Lemma 65 that the second

term in (6.22) can be lower-bounded by —v/2\dF (p,)E[||y — z|?] so that:

Flp) =E [(y — 2)" ViVak(si(x,y), se(2',y) (Y — 2')] —V2AdF (p)E[||ly—2|]

Recall now that (p;):c[o,1] is a constant speed geodesic with velocity vector (V;):c(o0,1)
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thus by a change of variable, one further has:
Fip) 2 [ [V @)ViVah(o, o Wie')] dnla) = VINF () [ Vi@l dne)

Now we can introduce the function A(p,v) = (v, (C, — \/§Ad}"(p)%f)v>L2(p)
which is defined for any pair (p,v) with p € Py(X) and v a square integrable
vector field in Ly(p) and where C,, is a non-negative operator given by (C,v)(x) =
[ VoV uk(z, 2" )v(x)dp(2") for any = € X. This allows to write F(p;) > A(p;, V).
It is clear that A(p, .) is a quadratic form on Ly(p) and satisfies the requirement
in Definition 3. Finally, using Lemma 66 and Definition 4 we conclude that F

is A-convex. Moreover, by the reproducing property we also know that for all

p e 7)2(.)():
E, [v(z)"ViVak(z, 2" )v(z)] =E, [(v(z)"Vik(z,.),v(z") Vik(z/, MR

By Bochner integrability of v(z)?Vk(z,.) it is possible to exchange the order of
the integral and the inner-product [Retherford, 1978, Theorem 6]. This leads to the
expression ||E[v(x)TV1k(z,.)]||3,- Hence A(p,v) has a second expression of the

form:
Ap,v) = |[B, [v(@)Vik(z, )] |5, — V2AF(p)2E, [[lv(2)]*]
O

We also provide a result showing A convexity for F only under Assumption (A):

Lemma 59 (A-displacement convexity). Under Assumption (A), for any v,V €

P2(X) and any constant speed geodesic p, from v to V', F satisfies for all 0 < t < 1:
Flp) < (1 =) F) +tFW) + 3LW3(v,V)

Proof. Let p; be a constant speed geodesic of the form p; = s;#7m where 7 is an

optimal coupling between v and v’ and s;(x, y) = x+t(y—x). Since Assumption (A)
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holds, one can apply Lemma 64 with ¢(z,y) = z, ¢(z,y) = y — z and ¢ = .

Hence, one has that F(p;) is differentiable and its differential satisfies:

F (o) = Flp)| < 3Llt = 5| [ 1y~ ol dna.

This implies that F (p¢) is Lipschitz continuous and therefore is differentiable for
almost all ¢ € [0, 1] by Rademacher’s theorem. Hence, F (p¢) is well defined for
almost all ¢ € [0, 1]. Moreover, from the above inequality it follows that F (pr) >
3L [ |ly—=|?dr(z,y) = —3LWZ (v, /) foralmostall ¢ € [0, 1]. Using Lemma 66

it follows directly that F satisfies the desired inequality. [l

A .2.2 Descent up to a barrier

To provide a proof of Theorem 52, we need the following preliminary results. Firstly,
an upper-bound on a scalar product involving V f,, for any p,v € Py(X) in
terms of the loss functional F, is obtained using the A-displacement convexity of
F in Lemma 60. Then, an EVI (Evolution Variational Inequality) is obtained in
Proposition 61 on the gradient flow of F in W,. The proof of the theorem is given

afterwards.

Lemma 60. Let v be a distribution in Py(X) and yu the target distribution such
that F (1) = 0. Let 7 be an optimal coupling between v and i, and (p;):c(o,1) the

displacement geodesic defined by (2.1)

Pt = (31‘,)#77'*7 3t<$7y) = (1 - t)95 +ty.

Let (V;)ieo,1] be the velocity vector corresponding to p; as defined by the continuity
equation

Opr + div(pVy) =0 vt € [0, 1].

Finally let V f,,,,(X) be the gradient of the unnormalised witness function between
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i and v. The following inequality holds:

/vmmw@ﬂWmeSHM—ﬂm—AA@wmrﬂMS

where A is defined Proposition 51.

Proof. Recall that forall ¢ € [0, 1], p; is given by p; = (s;) 7w with s, = o +t(y—2).
By A-convexity of F the following inequality holds:

HMSH%WM+WM—AM%mQMW

Hence by bringing F(v) to the Lh.s and dividing by ¢ and then taking its limit at 0 it

follows that:
. 1
f%mﬂéﬂm—ﬂw—/A%WMLﬂM& 6.23)
0

where F(p;) = dF(p;)/dt and since lim,_,, G(s,t) = (1 — s). Moreover, under
Assumption (A), Lemma 64 applies for ¢(x,y) = y — =, ¥(x,y) = x and ¢ =
. Tt follows therefore that F(p,) is differentiable with time derivative given by:
Flp) = fo# o (5¢(2,9)).(y — ) dr(z, y). Hence at t = 0 we get: F(p;)|—o =
/v fu v (2).(y —x) dm(z, y) which shows the desired result when used in (6.23). [

Proposition 61. Consider the sequence of distributions v,, obtained from (6.8). For
n > 0, consider the scalar K(p fo (P2, V) (1 — s)ds where (p2)o<s<1
is a constant speed displacement geodesw from v, to the optimal value . with
velocity vectors (V") o<s<1. If v < 1/ L, where L is the Lispchitz constant of Vk in

S

Assumption (A), then:
WU F (1) — F(1)) < WE (W 1) = W1, 1) — 29K ().

Proof. Let 11" be the optimal coupling between v,, and p, then the optimal transport
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between v, and  is given by:

W21, vy) = / IX — Y2 (1, )

Moreover, consider Z = X — vV f,,,.(X) where (X,Y") are samples from 7". It is
easy to see that (Z,Y") is a coupling between v, and p, therefore, by definition of

the optimal transport map between v,,.1 and p it follows that:

W) < [ X =9V (X) = VIR i) (624)

By expanding the r.h.s in (6.24), the following inequality holds:

W3 Vi1, 1) < W3 (v, p) — 27/<Vfu,un(X),X — Y)dr" (Vn, 1) +7*D(vy,)

where D(v,,) = [ ||V fy0,.(X)||*dv,,. By Lemma 60 it holds that:

—QV/Vfu,un(X)-(X = Y)dn(v,p) < =2y (F(vn) = Fp) + K(p"))

where (p})o<i<1 is a constant-speed geodesic from v, to p and K(p") =

fol A(p,v)(1 — s)ds. Note that when K (p") < 0 it falls back to the convex

S

setting. Therefore, the following inequality holds:
W3 (Vs 1) < Wi, ) = 2 (F(vn) — Fp) + K(p")) + 7" D(va)
Now we introduce a term involving F (v, 1). The above inequality becomes:

W3 Vi1, 1) SW3 (0, 1) — 29 (F (W) — F() + K(p"))
+7°D(vn) = 29(F(vn) = F(Vnr1)) (6.25)

It is possible to upper-bound the last two terms on the r.h.s. by a negative quantity
when the step-size is small enough. This is mainly a consequence of the smoothness

of the functional F and the fact that v, is obtained by following the steepest
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direction of F starting from v,,. Proposition 50 makes this statement more precise

and enables to get the following inequality:
VD(v,) — 2v(F(vp) — F(Wni1) < —7*(1 — 3vL)D(vy), (6.26)
where L is the Lispchitz constant of Vk. Combining (6.25) and (6.26) we finally get:

29(F (Ung1) = F () +9*(1 = 3yL)D(vn) <W5 (W, ) = W5 (Vi1 1)

— 27K (p").

and under the condition v < 1/(3L) we recover the desired result. O

We can now give the proof of the Theorem 52.

Proof of Theorem 52. Consider the Lyapunov function L; = jv(F(v;) — F(p)) +

W3 (v;, p) for any iteration j. At iteration j + 1, we have:

Lyvs =39(F (1) = F () + 1(F(wy0) = F) + 52 (w0, )
<PFwiia) = F () + W) = 7K ()
SIUF )~ Fu) + Wy, 7K ()

. 3
1= 500 [ IV, (Ol

<L; —vK().

where we used Proposition 61 and Proposition 50 successively for the two first
inequalities. We thus get by telescopic summation:
n—1

LnSLo—’VZK(Pj)

J=0

Let us denote K the average value of (K (p7))o<;j<, over iterations up to n. We can
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now write the final result:

A 2.3 Lojasiewicz type inequalities

Given a probability distribution v, the weighted Sobolev semi-norm is defined for all
squared integrable functions f in Ly (v) as || f[| () = (f IV f(z)? dl/(x))% with
the convention || f|| Ay = too if f does not have a square integrable gradient. The
Negative weighted Sobolev distance ||.|| ;-1 is then defined on distributions as the

dual norm of ||. | ;7). For convenience, we recall the definition of ||| 71,

Definition 8. Ler v € Py(X'), with its corresponding weighted Sobolev semi-norm

|-l 71,y The weighted negative Sobolev distance ||p — q| -1, between any p and q

in Pao(X) is defined as
1P —allg-10) = Sup /f ) dp( /f ) dg(z

FEL2 (W) fll g1y <1

with possibly infinite values.

There are several possible choices for the set of test functions f. While it is
often required that f vanishes at the boundary (see Mroueh et al. [2019]), we do not
make such restriction and rather use the definition from Peyre [2018]. We refer to
Shestakov and Shlapunov [2009] for more discussion on the relationship between

different choices for the set of test functions.

We provide now a proof for Proposition 53.

Proof of Proposition 53. This proof follows simply from the definition of the neg-
ative Sobolev distance. Under Assumption (A), the kernel has at most quadratic

growth hence, for any p, v € Pao(X)?, fu., € La(v). Consider g = || fo., HH(W Fuwes
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then g € Ly(14) and ||g|| 7 (,,) < 1. Therefore, we directly have:

'/gdut - /gdu’ < lve = wllg-10 (6.27)

Now, recall the definition of g, which implies that

‘ / g s — / gdu‘ L

Moreover, we have that [ f,,,, dvi — [ fu., dp = || fu |3, since f,,, is the unnor-

/fFWt dv, — /f,%,,t du‘ ) (6.28)

malised witness function between v; and ;. Combining (6.27) and (6.28) we thus

get the desired Lojasiewicz inequality on f, ,,:

||fu,ut||3{ < ||flt7Vt||H(1/t)||M - VtHHfl(ut)

where || £l gy = IV fuw Loy by definition. Then, using Proposition 48 and

recalling by assumption that: || — l/t||%_1 ) S C', we have:

1

- 4
F) = =1V funliaon < = Glfunlla = —5F)* (629

It is clear that if F (1) > 0 then F (1) > 0 at all times by uniqueness of the solution.
Hence, one can divide by F(v;)? and integrate the inequality from 0 to some time ¢.

The desired inequality is obtained by simple calculations.

Then, using Proposition 50 and (6.29) where v is replaced by v, it follows:

3 4 3
Fnin)=Fn) £ =7 (1= 320 ) IV Pty < ~ g (1= 32 ) w2

Dividing by both sides of the inequality by F(v,)F(v,+1) and recalling that

F(Vnt1) < F(vy,) it follows directly that:

1 1 4 3
— < ——7 <1 — —VL) .

2

The proof is concluded by summing over n and rearranging the terms. ]
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A 2.4 Noisy Gradient flow of the MMD

Proof of Proposition 54. To simplify notations, we write D, (v,,) = [ ||V (z +
Byu)|?g(u) dv, du where V' := Vf,,, and g is the density of a standard gaus-
sian. The symbol ® denotes the product of two independent probability distributions.
Recall that a sample x,,, 1 from v, is obtained using .1 = x, — YV (z,, + Baun)
where z,, is a sample from v,, and u,, is a sample from a standard gaussian distri-
bution that is independent from z,,. Moreover, by assumption [, is a non-negative

scalar satisfying:
8AN2B2F (vn) < Dg, () (6.30)

Consider now the map (z,u) — s;(z) = v — vtV (z+ B,u) for 0 < ¢ < 1, then v,
is obtained as a push-forward of v, ® g by s1: V11 = <81>#<Vn ® g). Moreover,
the curve p; = (s¢)4 (v, ® g) is a path from v, to v,,41. We know by Proposition 63
that V f,, ., is 2L-Lipschitz, thus using ¢(z,u) = —yV (z + pyu), ¥(z,u) = x and
q = v, ® g in Lemma 64 it follows that F(p;) is differentiable in ¢ with:

Fp) = [ V5@V @+ Bu0)g(w) o) du

Moreover, F(py) is given by F(po) = —7 [ V(2).V(z + Byu)g(w) dv,(z) du and

the following estimate holds:

[F(pe) = Flpo)| < 372Lt/ IV (z + Bau)|*g(w) dvn(w) du = 3v* Lt Dy, (vn)-

(6.31)

Using the absolute continuity of F(p;), one has F(vpi1) — F(vn) = Fl(po) +
fo F(po) dt. Combining with (6.31) and using the expression of F(py), it

follows that:

F(Vng1) — F(vn) < —v / V(z).V(z + Bou)g(u) dv,(z) du + 272LDﬁn(yn).

(6.32)
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Adding and subtracting vDp, (v,,) in (6.32) it follows directly that:

Flvna) = Fl) < =21~ S1L)Ds, (1)
(6.33)
+y / (V& + Ba) = V(@)Y (@ + Bau)g () dvy(2) du

We shall control now the last term in (6.33). Recall now that forall 1 < ¢ < d,
Vi(x) = 0;fuw,(x) = (fuu,,0ik(z,.)) where we used the reproducing property
for the derivatives of f,,,, in H (see Section 1 ). Therefore, it follows by Cauchy-

Schwartz in ‘H and using Assumption (D):
d
IV (2 + Bow) = V(@)II* < [ fyuw 15 (Z 10k (2 + Bou, ) — Oik(x, JH%)
i=1
< NBall Frn 5l

for all z,uw € X. Now integrating both sides w.r.t. v/, and g and recalling that g is a

standard gaussian, we have:
/ IV (@ + Buw) = V(@) [I*g(u) dvn(z) du < N7 fruw [,
Getting back to (6.33) and applying Cauchy-Schwarz in Ly (v, ® g) it follows:
Flvnar) = Flta) < =21 = S7L)D3, () + 780l sl DF, ()
It remains to notice that || f,, ., ||3, = 2F (v,) and that 3, satisfies (6.30) to get:

Flvnsn) = Flon) < -

B2

(1~ S9L)Ds, ().

We introduce now I' = 4+(1 — %fyL))\2 to simplify notation and prove the second
inequality. Using (6.30) again in the above inequality we directly have: F (v, 1) —

F(vn) < —TB2F(v,). One can already deduce that T'3? is necessarily smaller than
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1. Hence, taking F(v,,) to the r.h. side and iterating over n it follows that:
F(vn) < F(v) H 1—F52
i=0

Simply using that 1 — T'32 < e 7%= leads to the desired upper-bound F(v,) <
F(]/O)efr Z?;Ol Bgz . D

A .3 Asymptotic properties of the particle algorithms

Proof of Theorem 55. Let (u!);<;j<n be i.i.d standard gaussian variables and
(78)1<i<n 1.i.d. samples from vy. We consider (x!);<;<xn the particles obtained
using the approximate scheme (6.17): @, | = z!, — YV fuz, (2} + Byul,) starting
from (z}))1<;<n, where 1/, is the empirical distribution of these NV interacting parti-
cles. Similarly, we denote by (7¢)<;<y the particles obtained using the exact update
equation (6.14): z | = &\ — YV [, (&% + B,ul,) also starting from (zf)1<i<n-
By definition of v, we have that (Z¢));<;<y are i.i.d. samples drawn from v,, with
empirical distribution denoted by 7,,. We will control the expected error c,, defined

asc2 = LN K[|} — 7 ||?]. By recursion, we have:
N
Cnil = (Z]E[Ha: — & — v (Vs (T + Baul) = V frw, (T, + Baud, H ])
, & 3
”}/ N . . 1

2 N 72
v .

1
N 2

=1

VN

N
<c, + 2vL (cn +E [Wg(ﬁn, Un) }%> + \/LN [; E;

where the second line follows from a simple triangular inequality and the last line is
obtained recalling that V f,, , () is jointly 2L Lipschitz in  and v by Proposition 63.

Here, &; represents the error between 7,, and v,, while G; represents the error between

=
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jt and p and are given by:

£ = B [|[ o &+ Bu) =V f (7 + B[]

Gi = E ||V g (h + Butth) = V g (ah + Bt ||

We will first control the error term &;. To simplify notations, we write ' = Z! + 3, u’ .
Recalling the expression of V f, , from Proposition 63 and expanding the squared

norm in &, it follows:

2

|

2
L2
] = anr(yn).

& =E

% Zl Vh(y, 7)) — / VE(y, ) dvn(z)

N
1 L ‘
=) E wa,f;) AL
j=1

L2 :
< ﬁZE zl — /xdun(x)
J=1 L

The second line is obtained using the independence of the auxiliary samples
(Z%)1<i<n and recalling that they are distributed according to v,,. The last line

uses the fact that V& (y, x) is L-Lipshitz in x by Assumption (A). To control the vari-

ance var(v,) we use Lemma 62 which implies that var(1,)2 < (B + var(1)?)e™T

forall n < % For G;, it is sufficient to expand again the squared norm and recall that

Vk(y,x) is L-Lipschitz in = which then implies that G; < Lﬁgvar(u). Finally, one

can observe that E[W2(0,, 7,)] < = SN | E[[|#%, — 7% [|?] = ¢2, hence ¢, satisfies

the recursion:

L ()
mvaru.

L
Cnt1 < (1 +4yL)c, + L(B + ,UCLT(VO)%)62LT 4

VN

Using Lemma 68 to solve the above inequality, it follows that:

Cn < ! (L(B + var(v)2)e?T + ! var(u))) (e —1)

4 \VN VM
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Lemma 62. Consider an initial distribution vy with finite variance, a sequence
(Bn)n>0 of non-negative numbers bounded by B < oo and define the sequence of

probability distributions v,, of the process (6.14):

Tn41 = Tp — VVf;Wn (xn + Bnun) To ~ Vo

where (uy,),>o are standard gaussian variables. Under Assumption (A), the variance

of v, satisfies for all'T" > 0 and n < % the following inequality:

var(un)% < (B +var(vp)?)e*"™

Proof. Let g be the density of a standard gaussian. Denote by (z, ) and (2, u') two

independent samples from v, ® g. The idea is to find a recursion from var(v,,) to

var(Vns1):

var(vpa)t = (B [2 = B[] = 79 fupn (@ + Brte) + 1 [V fip () + Bu)]I) )
< 0ar () + 9 (E IV fun (@ + 6t) = B[ fun, (0 + B)]|] )
< var(l/n)% +2vLE, 4y, [Hx + Bpu — 2’ + BnUIHQ] ’

u,u’' ~g

< UCLT(I/n)% + 27L(va'r’(1/n)% + Bn)

The second and last lines are obtained using a triangular inequality while the third
line uses that V f,, ,,, () is 2L-Lipschitz in = by Proposition 63. Recalling that 3, is

bounded by B it is easy to conclude using Lemma 68. ]

A .4 Auxiliary results

Proposition 63. Under Assumption (A), the unnormalised witness function f,,

between any probability distributions p and v in Py (X)) is differentiable and satisfies:

Vfun(z) = /Vlk(z,x) du(x) — /Vlk(z,x) dv(z) Ve X (6.34)

NG
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where z — V1k(z,z) denotes the gradient of z — k(x,z) for a fixed v € X.

Moreover, the map (z, j1,v) — f,., (%) is Lipschitz with:
IV fuw(2) =V furar (] < 2L(1|2 = 2| + Walp, 1) + Wa(v, 1))

Finally, each component of V f,,,, belongs to H.

Proof. The expression of the unnormalised witness function is given in (6.1). To
establish (6.34), we simply need to apply the differentiation lemma [Klenke, 2008,
Theorem 6.28]. By Assumption (A), it follows that (z, z) — V1k(z, x) has at most
a linear growth. Hence on any bounded neighborhood of z, x +— ||Vik(z, z)]| is
upper-bounded by an integrable function w.r.t. ;x and v. Therefore, the differentiation
lemma applies and V f,, , (z) is differentiable with gradient given by (6.34).

To prove the second statement, we will consider two optimal couplings: m; with

marginals p and p’ and 75 with marginals v and /. We use (6.34) to write:

IV fuar(2) =V furar (2|
= [[Er, [Vik(z,2) = Vik(2', 2)] = B, [Vik(z,y) = Vik(Z', ¢)]|
<Er, [[Vik(z,2) = Vik(2', 2)[] + Er, [[V1k(2,y) = Vik(Z, o)
<L(|lz = 2l + Ex[llz = 2l + Iz = 2l + Ex[lly — ¢/'ll])

<L(2||z = 2| + Wa(p, 1) + Wa(v, 1))

The second line is obtained by convexity while the third one uses Assumption (A)
and finally the last line relies on 7; and 7, being optimal. The desired bound is

obtained by further upper-bounding the last two terms by twice their amount.  [J

Lemma 64. Let U be an open set, q a probability distribution in Po(X X U) and

and ¢ two measurable maps from X x U to X which are square-integrable w.r:t q.

Consider the path p; from (V) xq and (Y + ¢)4q given by: py = (Y +tp)xq Vit €
[0, 1]. Under Assumption (A), F(p;) is differentiable in t with

Flor) = / V fype (0, 10) + 1, w)) (e, ) dg iz, 1)
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where f, ,, is the unnormalised witness function between |1 and p, as defined in (6.1).

Moreover:

Fio) = Flpo| <321t~ s| [ |60z, 0] da(z. )

Proof. For simplicity, we write f; instead of f,, ,, and denote by s;(x, u) = ¢ (z,u)+
to(x,u) The function h : t — k(sy(x,u), sy(a',u')) —k(si(z,u), 2) — k(s (', u'), 2)
is differentiable for all (z,u),(z’,u') in X x U and z € X'. Moreover, by Assump-

tion (A), a simple computation shows that for all 0 < ¢ < 1:

'i—? <L{(llz = oz, w)ll + [l (z, w)ll) oz, u)]
+ L{(llz = o', w) | + [, )]} lo(a, w)]

The right hand side of the above inequality is integrable when z, (z,u) and (z/, u’)
are independent and such that z ~ p and both (z,u) and (2/,u') are distributed
according to ¢q. Therefore, by the differentiation lemma [Klenke, 2008, Theorem

6.28] it follows that F(p;) is differentiable and:

F(pr) = E[(Vik(si(z,u), (', 1)) — Vik(si(z,u), 2)).0(z,u)] .

By Proposition 63, we directly get F(p;) = [V fo », (¥(, w)+to (2, u))p(x, w) dg(w, u).
We shall control now the difference |F(p;) — F(py)| for 0 < t,¢ < 1. Using As-
sumption (A) and recalling that s,(z,u) — sp(z,u) = (¢t — t')p(x,u) a simple

computation shows:

Flpe) = Flpv)| < Lt = | E[2lo(x, w)l + o, u)]) oz, )]
< L|t = |2 [[lo(z, w)|*] +Ello(x, u)ll]*)

< 3Lt~ 1 / ()2 d(z, ).

which gives the desired upper-bound. [

We denote by (x,y) — Hik(x,y) the Hessian of x +— k(z,y) forally € X
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and by (z,y) — V1Vak(z,y) the upper cross-diagonal block of the hessian of
(z,y) = k(z,y).

Lemma 65. Let q be a probability distribution in Py(X x X) and ¢ and ¢ two

measurable maps from X x X to X which are square-integrable w.r.t q. Consider

the path p; from (1)4q and (P + ¢)4q given by: py = (Y +td)yq Yt € [0,1].
Under Assumptions (A) and (B), F(p;) is twice differentiable in t with

]:(pt) =K [¢(l’, y)TVIVQk(St(:U? Z/), St (wlﬁ y/))¢<x/’ y/)]
+E [¢(x7 y)T(Hlk(st(xa y)7 y;) - Hlk(st(m7 y)7 Z))Qb(‘ra y)}

where (x,y) and (x',y') are independent samples from q, z is a sample from p and

si(z,y) = P(x,y) + to(x, y). Moreover, if Assumption (C) also holds then:

Flp) ZE [¢(x,y)" ViVak(si(z, ), (2’ ) o (2", y)]
— V2AAF (pr) 2B ¢(, )|

where we recall that X C R<.

Proof. The first part is similar to Lemma 64. In fact we already know by Lemma 64

that F(p,) exists and is given by:

Flp) = E[(Vik(si(z, ), 5:(",y) = Vik(si(2,y), 2))-0(x, )]

Define now the function = : t — (V1k(si(z,y), s¢(2',y'))—Vik(si(z,y), 2)).0(x, y)
which is differentiable for all (z,y),(z’,y') in X x X and z € X’ by Assumption (B).

Moreover, its time derivative is given by:

—_
—
—

¢(x/7 y/)Tv2v1k<St(‘T7 y)? St(‘r/7 yl>>¢(‘r7 y)
+ oz, ) (Hik(si(w, ), (2" y') — Hik(si(,y), 2))(x,y)

By Assumption (A) it follows in particular that Vo,V 1k and H,k are bounded hence
2| is upper-bounded by (||é(z, y)|| + ||o(a’,u')|)||é(z, y)|| which is integrable.
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Therefore, by the differentiation lemma [Klenke, 2008, Theorem 6.28] it follows that
F(p,) is differentiable and F(p;) = E [E} . We prove now the second statement. Bu
the reproducing property, it is easy to see that the last term in the expression of =

can be written as:

<¢($, y)THlk(st($7 y)> )¢(£If, y)’ k(3t<x/v y/)’ ) - k(z? )>H

Now, taking the expectation w.r.t z’ ,3/ and z which can be exchanged with the
inner-product in H since (2', v/, z) — k(s,(z’,vy'),.) — k(z,.) is Bochner integrable
[Retherford, 1978, Definition 1, Theorem 6] and recalling that such integral is given

by f.,. one gets the following expression:

<¢(I> y)THlk(st(xa y)7 )¢($7 y)v fu,pt>7'l

Using Cauchy-Schwartz and Assumption (C) it follows that:

| (b, y) Hik(si(2,9), )@, 9); Frupn )y | < Adld(@, )P ] frue
We conclude using the expression of F (p;) and recalling that F(p;) = e > O

Lemma 66. Assume that for any geodesic (p;)icjo,1] between py and p, in P(X)

with velocity vectors (Vy).e(0,1 the following holds:

Flpe) = Mpi, V2)
for some admissible functional A\ as defined in Definition 3, then:
1
Flp) < (1= OF () + ()~ | Moo, V)G, t)ds
0

with G(s,t) = s(1 —t)1{s <t} +t(1 —s)I{s >t} for0 < s,t < 1.

Proof. This is a direct consequence of the general identity (Villani [2009], Proposi-

tion 16.2). Indeed, for any continuous function ¢ on [0, 1] with second derivative gb
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that is bounded below in distribution sense the following identity holds:

<Wbﬂ—%@+wm—£ﬂﬂkﬁw

This holds a fortiori for F(p;) since F is smooth. By assumption, we have that

F(p:) > A(pt, Vi), hence, it follows that:

HMSU—W@&HHM—AA%%W@W&

]

Lemma 67. [Mixture convexity] The functional F is mixture convex: for any proba-

bility distributions v, and vy and scalar 1 < \ < 1:
Favy+ (1= Nwa) S AF (1) + (1 — X F(va)

Proof. Let v and v be two probability distributions and 0 < A < 1. Expanding the
RKHS norm in F it follows directly that:

FOW+ (1= M) = AF(w) — (1= NF(') = —%/\(1 C NMMD(, /2 <0

which concludes the proof. O]

Lemma 68. [Discrete Gronwall lemma] Let a,, 1 < (1 + vA)a, + b with vy > 0,
A>0,b>0anday =0, then:

a, < i(6”7’4 —1).

Proof. Using the recursion, it is easy to see that for any n > 0:

an < (1+~vA)"ap+b (nZ(l + ”yA)k>

=0

One concludes using the identity >>7" ' (1+7A)* = L ((14+~yA)" — 1) and recalling

1
YA
that (1 +vA)" < ™4, O
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B A simple example when Lojasiewicz holds

Consider a gaussian target distribution p(z) = N(a,X) and initial distribution
vo = N (ag, o). In this case it is sufficient to use a kernel that captures the first
and second moments of the distribution. We simply consider a kernel of the form
k(z,y) = (x"y)? + 2" y. In this case, it is easy to see by simple computations that

the following equation holds:
Xy = (% -+ —aa" )Xy — (ay —a),  Vt>0 (6.35)
Where a,; and >.; are the mean and covariance matrix of v; and satisfy the equations:

Et — —(StEt ‘l’ EtSt)

dt == —Stat - (at — CL).

Where we introduced S; = ¥, — ¥ + asa; — aa' for simplicity. (6.35) implies
that 74 is in fact a gaussian distribution since X; is obtained by summing gaussian
increments. The same conclusion can be reached by solving the corresponding
continuity equation. Thus we will be only interested in the behavior of a; and ;.

First we can express the squared MMD in terms of those parameters:
MMD*(p, 1) = [|Sell* + llae — al* (6.36)

Since a; and X.; are obtained from the gradient flow of the MMD, it follows that
la; — a]|* and || S;||? remain bounded. Moreover, the Negative Sobolev distance is
obtained by solving a finite dimensional quadratic problem and can be simply written

as:

D(p,ve) = tr(QeX: Q) + ||lay — aH2
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where (), is the unique solution of the Lyapounov equation:
Qe + QX =% — X+ (ar — a)(ar — a)T = Gh. (6.37)

We first consider the one dimensional case, for which (6.37) has a particularly simple

solution and allows to provide a closed form expression for the negative Sobolev

distance:
Q=5 plw= 1 (@-ay
= — V. = — ar —a) .
t 25, s 5] t

Recalling (6.36) and that M M D?(u, v4) is bounded at all times by definition of v;,
it follows that both GG; and a; — a are also bounded. Hence, it is easy to see that
D(p, v;) will remain bounded iff ¥; remains bounded away from 0. This analysis
generalizes the higher dimensions using [Behr et al., 2018, Lemma 3.2 (ii1)] which

provides an expression for (); in terms of (; and the singular value decomposition

of Zt = UtDtUtT:

Here, ® denotes the Hadamard product of matrices. It is easy to see from this
expression that D(u, 1) will be bounded if all singular values ((D;);)1<i<q of X¢

remain bounded away from 0.

C Connection to Neural Networks optimization

In this sub-section we establish a formal connection between the MMD gradient
flow defined in (6.5) and neural networks optimization. Such connection holds in
the limit of infinitely many neurons and is based on the formulation in Rotskoff
and Vanden-Eijnden [2018]. To remain consistent with the rest of this chapter, the
parameters of a network will be denoted by z € X while the input and outputs
will be denoted as z and y. Given a neural network or any parametric function

(z,2) — ¥(z, x) with parameter = € X and input data z we consider the supervised
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learning problem:

2

(6.38)

where (y, z) ~ p are samples from the data distribution and the regression function
is an average of m different networks. The formulation in (6.38) includes any type
of networks. Indeed, the averaged function can itself be seen as one network with
augmented parameters (z1, ..., T,,) and any network can be written as an average of
sub-networks with potentially shared weights. In the limit m — oo, the average can
be seen as an expectation over the parameters under some probability distribution v.
This leads to an expected network U(z,v) = [ ¢(z,z) dv(x) and the optimization
problem in (6.38) can be lifted to an optimization problem in P,(X’) the space of

probability distributions:

vEP2(X)

min L(v) := %E(y,z)wp [Hy — /w(Z,x) dv(z) 2] (6.39)
For convenience, we consider £(v) the function obtained by subtracting the variance
of y from L(v), i.e.: L(v) = L(v) — var(y). When the model is well specified,
there exists 1 € Po(X) such that B, p(|,)[y] = [ (2, 2)dp(x). In that case, the
cost function £ matches the functional F defined in (6.3) for a particular choice
of the kernel k. More generally, as soon as a global minimizer for (6.39) exists,

Proposition 69 relates the two losses £ and F.

Proposition 69. Assuming a global minimizer of (6.39) is achieved by some |1 €

Po(X), the following inequality holds for any v € Py(X):

=

(L0} + Fow)) = £0) = F) + L) (6.40)

where F(v) is defined by (6.3) with a kernel k constructed from the data as an
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expected product of networks:
k(z,2') = E.op [¥(z,2)T0(z,2")] (6.41)

Moreover, L = F iif L(11) = 0, which means that the model is well-specified.

The framing (6.40) implies that optimizing F can decrease £ and vice-versa.
Moreover, in the well specified case, optimizing JF is equivalent to optimizing
L. Hence one can use the gradient flow of the MMD defined in (6.5) to solve
(6.39). One particular setting when (6.39) is well-specified is the student-teacher
problem as in Chizat and Bach [2018b]. In this case, a teacher network of the form
Ur(z, p) produces a deterministic output y = W (z, 1) given an input z while a
student network Wg(z, v) tries to learn the mapping z — Wr(z, 1) by minimizing
(6.39). In practice p and v are given as empirical distributions on some particles
E= (2., EM)and X = (2!, 2V) withp = L 52 6oy andv = £ 30N 6,0,
The particles (') <;<y are then optimized using gradient descent starting from an

initial configuration (z{))1<;<n. This leads to the update equation:

) I )
Tpt1 = Tp — ZNP

J 1 S =J ) i
< Zw x MZW,_)) vmz,m],

j=1

(6.42)

where (°))1<;<y are the particles at iteration n with empirical distribution v,,. Here,
the gradient is rescaled by the number of particles N. Re-arranging terms and

recalling that k(z,2') = E,,[¢(z, )79 (2, 2')], equation (6.42) becomes:
xfwrl = x; o vaf,u,l/n ($:1>

with Vf,,, (z}) = ( Z] L Vok(ad, ah) — & Z;\il Vok (=7, :cn)> The above
equation is a discretized version of the gradient flow of the MMD defined in (6.5).
Such discretization is obtained from (6.17) by setting the noise level 53,, to 0. Hence,
in the limit when NV — oo and v — 0, one recovers the gradient flow defined in (6.9).

In general the kernel k is intractable and can be approximated using n;, samples
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1y +ee5 2 istri i ZA s N == b b, .
(z Zn,) from the data distribution: k(z,2") = L Y7 4(2p, )79 (23, 2'). This

np 2ab=1

finally leads to an approximate update:
x:LJrl = CL’;L - va,u,un (.73:1)
where V fwjn is given by:

N i R - . i
V fun (@) = - ; (N ;w(z’b,l’%) I ;w(zb, 53)) Vi (20, 27,))-

We provide now a proof for Proposition 69:

Proof of Proposition 69. Let V(z,v)=[(z,z)dv(z). By (6.41), we have:
k(z,2') = [ ¥(z,2)"¢(z,2") ds(z) where s denotes the distribution of z. It
is easy to see that F(v) = 5 [ ||¥(z,v) — ¥(z, p)||* ds(z). Indeed expanding the
square in the L.h.s and exchanging the order of integrations w.r.t p and (¢ ® v) one

gets F(v). Now, introducing V(z, 1) in the expression of L(v), it follows by a

simple calculation that:

Lv) = L(p) + F(v) + / (W(z, ) =m(2), W(z,v) = W(z,p))dp(z)  (6.43)

where m(z) is the conditional mean of y, i.e.: m(z) = [ ydp(y|z). On the other hand
we have that 2£(u) = var(y) + [ [[¥(z, p) — m(2)|* dp(z), so that [ || ¥(z, u) —
m(z)||? dp(z) = 2L(u). Hence, using Cauchy-Schwartz for the last term in (6.43),

one gets the upper-bound:
Lv) < L(p) + Fv) +2L(n)* F(v)2.

This in turn gives an upper-bound on £(v/) after subtracting var(y)/2 on both sides
of the inequality. To get the lower bound on £ one needs to use the global optimality

condition of g for £ from [Chizat and Bach, 2018a, Proposition 3.1]. Indeed, for
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any 0 < e < 11itis easy to see that:

e N (Lpte(v—p))—L() = / (W(z, p) =m(2), ¥(z,v) = V(z,p)) dp(2)+o(e).

Taking the limit e — 0 and recalling that the 1.h.s is always non-negative by optimality
of p, it follows that [(¥(z, ) — m(z), ¥(z,v) — ¥(z, u)) dp(z) must also be non-
negative. Therefore, from (6.43) one gets that £(v) > L(u) + F(v). The final bound

is obtained by subtracting var(y)/2 again from both sides of the inequality. O

Algorithm 4 Noisy gradient flow of the MMD
I: Inpllt N, Niters /307 Y

2: Output (7, )i<i<n
3: Initialize N particles from initial distribution vy : z, ~ v
4: Initialize the noise level: § = [y
5: forn=0,...,Ne do
6:  Sample M points from the target ji: {y*, ..., yM}.
7. Sample N gaussians : {u}, ..., ul'}
8: forv=1,...,Ndo
9: Compute the noisy values: &', = x' + B,u’,
10: Evaluate  vector  field:V f; 5, (T") = % é\f: Vok(zd,7l) —
; & ~i -
i mZ:1 Vok(y™, @)
11: Update the particles: x',,, = xl, — 4V fu.5,(Z%)
12:  end for

13:  Update the noise level using an update rule h: 3,1 = h(B,,n).
14: end for

D Connection to Sobolev descent Mroueh et al.

[2019]: The equilibrium condition

We discuss here the equilibrium condition (6.10) and relate it to [Mroueh et al.,
2019, Assumption A]. Recall that (6.10) is given by: [ ||V f,..+(2)|* dv*(z) = 0.

Under some mild assumptions on the kernel which are states in [Mroueh et al., 2019,
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Algorithm 5 Noisy gradient flow of the MMD for student-teacher learning

1: Input N, Niters /809 Ys My, E= (Ej)lg.]SM

2: Output (2, )i<i<n.

3: Initialize N particles from initial distribution vy : ) ~ 1.
4: Initialize the noise level: = .

5: forn =0, ..., e, do

6:  Sample minibatch of ny, data points: {z', ..., 2" }.

7. forb=1,...,n,do

8: Compute teacher’s output: y = Zj\il P (2, =9).
9: Compute students’s output: y% = + SV (b ).
10:  end for
11:  Sample N gaussians : {u’,...,uN}.

122z fori=1,..., N do
13: Compute noisy particles: T, = ' + Bu’,
14: Evaluate vector field: VfVEvVXn (70) = n%, o (Y — Y5V (2P, TL)
15: Update particle i: @i, | = &t — YV foe 1 (T2)

16:  end for

17.  Update the noise level using an update rule h: 3,1 = h(5,,n).
18: end for

Appendix C.1] it is possible to write (6.10) as:

/ IV e (I A (2) = (fowes Do frn )0 = 0

where D, is a Hilbert-Schmidt operator given by:

d
D, = /Z@ik(x, ) ® Oik(z,.) dv*(x)

Hence (6.10) is equivalent to say that f, - belongs to the null space of D,-. In
[Mroueh et al., 2019, Theorem 2], a similar equilibrium condition is derived by

considering the time derivative of the MMD along the KSD gradient flow:

1d 1 _
§EMMD2<IU7 Vt) = _)\<f,LL,I/t7 (XI - (DVt + )‘I) 1)f,u,11t>7-l



D. Connection to Sobolev descent Mroueh et al. [2019]: The equilibrium condition237

The r.h.s is shown to be always negative and thus the MMD decreases in time. Hence,
as t approaches oo, the r.h.s tends to 0 since the MMD converges to some limit value

[. This provides the equilibrium condition:

)‘<f,u,u*7 (%I - (Dy* + )‘I)_l)fu,u*>7-[ =0

It is further shown in [Mroueh et al., 2019, Lemma 2] that the above equation is also
equivalent to having f,, - in the null space of D, in the case when D, - has finite
dimensions. We generalize this statement to infinite dimension in Proposition 70.
In [Mroueh et al., 2019, Assumption A], it is simply assumed that if f, - # 0 then
D, f,.,~ # 0 which exactly amounts to assuming that local optima which are not

global don’t exist.

Proposition 70.
1 _
<fu7l/*a (X[ - (DV* + A]) 1)f,u,u*>7—l =0 < fu,l/* € nu”(Du*)

Proof. This follows simply by recalling D, - is a symmetric non-negative Hilbert-

Schmidt operator it has therefore an eigen-decomposition of the form:

Du* = i—o; /\Z-ei & e;

where ¢; is an ortho-norrmal basis of H and \; are non-negative. Moreover, f, -

can be decomposed in (e;);<; in the form:

oo
f,u,u* = E ;€
i=0

where «; is a squared integrable sequence. It follows that (f, .+, (+I — (Dy» +

AI)™Y) f.0x)3 can be written as:

[\

s

<fu,u*a (% (Du* + )\] f,u 1/* Z



E. Connection to the birth-death dynamics Rotskotf et al. [2019] 238

Hence, if f,,+ € null(D,) then (f, =, Dy« fu,)% = 0, so that >_;°, \;a? = 0.
Since ); are non-negative, this implies that )\iaf = ( for all 7. Therefore, it must
be that (f,, ., (31 — (Dyx + M) 7") fupu)2 = 0. Similarly, if (f,,+, (51 — (Dp+ +
A7) fuve)n = 0 then ;\Zii = 0 hence (f, ,«, Do+ fuv«)n = 0. This means that
fuvs belongs to null(D,-). O

E Connection to the birth-death dynamics Rotskoff
et al. [2019]

The Wasserstein gradient flow of F can be seen as the continuous-time limit of the
so called minimizing movement scheme Ambrosio et al. [2008]. Such proximal
scheme is defined using an initial distribution v, a step-size 7, and an iterative update
equation:

1

5 W2 (v, v). (6.44)

Vny1 € argmin F(v) +

In Ambrosio et al. [2008], it is shown that the continuity equation 0,1y =
div(1V f,.,) can be obtained as the limit when 7 — 0 of (6.44) using suitable
interpolations between the elements v,,. In Rotskoff et al. [2019], a different trans-

port equation that includes a birth-death term is considered:

Oy = pdiv(V fuu) + a(fum, — /fw,t () dvy(x)) (6.45)

When § = 0 and o = 1, it is shown formally in Rotskoff et al. [2019] that the above
dynamics corresponds to the limit of a proximal scheme using the KL instead of
the Wasserstein distance. For general 3 and «, (6.45) corresponds to the limit of a
different proximal scheme where W (v, v,,) is replaced by the Wasserstein-Fisher-
Rao distance diﬁ(u, vp,) (see Chizat et al. [2015], Liero et al. [2016], Kondratyev et al.
[2016]). d?

5.5(v, V) is an interpolation between the squared Wasserstein distance

(8 =1 and o = 0) and the squared Fisher-Rao distance as defined in [Chizat et al.,
2015, Definition 6] (8 = 0 and o = 1). Such scheme is consistent with the one

proposed in Rotskoff et al. [2019] and which uses the K L. In fact, as we will
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show later, both the K L and the Fisher-Rao distance have the same local behavior
therefore both proximal schemes are expected to be equivalent in the limit when

T — 0.

Under (6.45), the time evolution of F is given by [Rotskoff et al., 2019, Propo-

sition 3.1]:

Fn :—ﬁ/nvmn e )_a/

We would like to apply the same approach as in Section 3 .2 to provide a condition

dut(x)

fa(z / Fa (@) din(a)

on the convergence of (6.45). Hence we first introduce an analogue to the Negative

Sobolev distance in Definition 7 by duality:

Dy(p.q) — sup \ [s@ane)~ [ gw)date)
ge€La(v)
BIValZ, ) tala=gll7, . <1

where g is simply the expectation of g under v. Such quantity defines a distance,
since it is the dual of a semi-norm. Now using the particular structure of the MMD,
we recall that f,,, € La(v) and that 8|V f|17,,, + allf — f||%2(y) < oo. Hence for

a particular g of the form:

Juw
<5||Vfu,,” +a’|fu1/ '][TM,VH%Q(V)>2

g=

|

the following inequality holds:

| fuw (@) = [ fuw du(2)]
(BIV fusli2 ) + @l fnw = Fual )

D,(p,v) >

N

But since f,, is the unnormalised witness function between 1 and v we have that

|f fu v dl/ f fu v du ‘ Hence one can write that:

Dy (11, v) (BIV fuw Loy + &l fuw = funllLow)) = 4F(v)
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Now provided that D?(u, v;) remains bounded at all time ¢ by some constant C' > 0
one can easily deduce a rate of convergence for F(v;) just as in Proposition 53.
In fact, in the case when 8 = 1 and o = 0 one recovers Proposition 53. Another
interesting case is when S = 0 and o = 1. In this case, D, (p, q) is defined for p and
q such that the difference p — ¢ is absolutely continuous w.r.t. v. Moreover, D, (p, q)

has the simple expression:

DAnmzi/(p;%m)iwu>

where 2~ denotes the radon nikodym density of p — ¢ w.r.t. v. More importantly,

D2(11,v) is exactly equal to x2(u|[v)2. As we will show now, (x2)2 turns out to be

a linearization of v/2K L and the Fisher-Rao distance.

Linearization of the KL and the Fisher-Rao distance. We first show the result for
the KL. Given a probability distribution »/ that is absolutely continuous w.r.t to v
and for 0 < € < 1 denote by G(¢) := K L(v||(v + €(v/ — v)). It can be shown that
G(e) = 2x*(V'||v)e* + o(€?). To see this, one needs to perform a second order Taylor
expansion of G(¢) at e = 0. Exchanging the derivatives and the integral, G(¢) and

G/(e) are both given by:

G@:_/&dy

v+ e(p—v)

G(e):/( (v —p)? dv

v+ eln—v))

Hence, we have for e = 0: G(0) = 0 and G(0) = x2(u||v). Therefore, it follows:
G(e) = 3x*(u|lv)e® + o(€?), which means that

N

lim 2 2K L (W]|y + (v — v))]F = 2(/|[v)3.

e—0 €

The same approach can be used for the Fisher-Rao distance dj 1 (v, v'). From [Chizat

et al., 2015, Theorem 3.1] we have that:

%Jw»wzzzjkwu@>—»h4x»%m
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where v and 1/ are assumed to have a density w.r.t.  Lebesgue mea-
sure. Using the exact same approach as for the KL one easily show that
lim, o 2 [2d2, (vllv + (v — v))]* = 2(/|[v).

Linearization of the V. Similarly, it can be shown that the Negative weighted
Sobolev distance is a linearization of the W5 under suitable conditions. We recall

here [Villani, 2003, Theorem 7.26] which relates the two quantities:

Theorem 71. Let v € P(X) be a probability measure with finite second mo-

ment, absolutely continuous w.r.t the Lebesgue measure and let h € L (X) with

J h(z)dv(z) = 0. Then
el
1Al 1) < hmelgf(’) EWQ(V, (1+eh)v).

Theorem 71 implies that for any probability distribution »’ that has a bounded

density w.r.t. to v one has:
! s 1 /
1V = vlg-10) < hmelr_li) EWQ(U, v+e(V —v)).

To get the converse inequality, one needs to assume that the support of v is X.

Proposition 72 provides such inequality and uses techniques from Peyre [2018].

Proposition 72. Let v € P(X) be a probability measure with finite second moment,

absolutely continuous w.r.t the Lebesgue measure with support equal to X and let

h € L*(X) with [ h(z)dv(z) = 0and 1+ h > 0. Then

1
limsup —Wa (v, (1 + eh)v) < ||h]| -1,

e—0 €

Proof. Consider the elliptic equation: vh + div(¥V F') = 0 with Neumann boundary
condition on dX. Such equation admits a unique solution F in H (v) up to a
constant since v is supported on all of X (see [Otto and Villani, 2000, Section 7
(Linearizations)]). Moreover, we have that [ F'(z)h(z) dv(z) = [ ||[VF(2)|]* dv(x)
which implies that ||h|| -1,y > [|F[| fz(,)- Now consider the path: s, = (1 + ueh)v

for u € [0,1]. s, is a probability distribution for all u € [0, 1] with s = v and
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s1 = (1 + eh)v. It is easy to see that s,, satisfies the continuity equation:

OySu + div(s,V,,) =0

with V,, = ;72 Indeed, for any smooth test function f one has:

i [ f@dsi@) = [ it av

= E/Vf(x)VF(x) dv(z)
— [ Vi@ Vo) dsifo)

We used the definition of F' for the second equality and that v admits a density w.r.t.
to s, provided that € is small enough. Such density is given by 1/(1 + ueh) and is
positive and bounded when ¢ < m Now, using the Benamou-Brenier formula

for Wy (v, (1 + €h)v) one has in particular that:

Wa(v, (14 eh)v /||V||L2 .

Using the expressions of V,, and s,,, one gets by simple computation:

Wa(v, (1 + eh)v) ge/(/l_levfzzl: 3 dy(:v))édu

c (/ IV F()|? du(x)) : /01(1 o) bdu.

Finally, ¢ [ (1 — ue)~2 du = 2(1 — v/T — €) — 1 when € — 0, hence:

limsup Wa(v, (1 +€h)) < [|Fll 70,y < 1All 1)

e—0

Theorem 71 and Proposition 72 allow to conclude that lim,_, %Wg (v,v+e(v —
v)) = |[v = V|| fg-1(, for any v/ that has a bounded density w.r.t. v.

By analogy, one could wonder if D is also a linearization of the the Wasserstein-
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Fisher-Rao distance. We leave such question for future work.



Chapter 7

Scalable Wasserstein natural

gradient

Many machine learning problems can be expressed as the optimization of some
cost functional over a parametric family of probability distributions. It is often
beneficial to solve such optimization problems using natural gradient methods. These
methods are invariant to the parametrization of the family, and thus can yield more
effective optimization. Unfortunately, computing the natural gradient is challenging
as it requires inverting a high dimensional matrix at each iteration. We propose a
general framework to approximate the natural gradient for the Wasserstein metric,
by leveraging a dual formulation of the metric restricted to a Reproducing Kernel
Hilbert Space. Our approach leads to an estimator for gradient direction that can
trade-off accuracy and computational cost, with theoretical guarantees. We verify its
accuracy on simple examples, and show the advantage of using such an estimator in

classification tasks on Cifar10 and Cifar100 empirically.

1 Introduction

The success of machine learning algorithms relies on the quality of an underlying
optimization method. Many of the current state-of-the-art methods rely on variants
of Stochastic Gradient Descent (SGD) such as AdaGrad [Duchi et al., 2011], RM-
SProp [Hinton et al., 2012], and Adam [Kingma and Ba, 2015]. While generally

effective, the performance of such methods remains sensitive to the curvature of the
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optimization objective. When the Hessian matrix of the objective at the optimum
has a large condition number, the problem is said to have a pathological curvature
[Martens, 2010, Sutskever et al., 2013]. In this case, the first-order optimization
methods tend to have poor performance. Using adaptive step sizes can help when
the principal directions of curvature are aligned with the coordinates of the vector
parameters. Otherwise, an additional rotation of the basis is needed to achieve this
alignment. One strategy is to find an alternative parametrization of the same model
that has a better-behaved curvature and is thus easier to optimize with standard
first-order optimization methods. Designing good network architectures [Simonyan
and Zisserman, 2014, He et al., 2015] along with normalization techniques [LeCun
et al., 2012, loffe and Szegedy, 2015, Salimans and Kingma, 2016] is often critical

for the success of such optimization methods.

The natural gradient method [Amari, 1998] takes a related but different per-
spective. Rather than re-parametrizing the model, the natural gradient method tries
to make the optimizer itself invariant to re-parameterizations by directly operating
on the manifold of probability distributions. This requires endowing the parameter
space with a suitable notion of proximity formalized by a metric. An important
metric in this context is the Fisher information metric [Fisher and Russell, 1922,
Rao, 1992], which induces the Fisher-Rao natural gradient [Amari, 1985]. Another
important metric in probability space is the Wasserstein metric [ Villani, 2009, Otto,
2001], which induces the Wasserstein natural gradient [L.i and Montufar, 2018a,b,
i, 2018]; see similar formulations in Gaussian families [Malago et al., 2018, Modin,
2017]. In spite of their numerous theoretical advantages, applying natural gradient
methods is challenging in practice. Indeed, each parameter update requires inverting
the metric tensor. This becomes infeasible for current deep learning models, which
typically have millions of parameters. This has motivated research into finding
efficient algorithms to estimate the natural gradient [Martens and Grosse, 2015,
Grosse and Martens, 2016, George et al., 2018, Heskes, 2000, Bernacchia et al.,
2018]. Such algorithms often address the case of the Fisher metric and either exploit

a particular structure of the parametric family or rely on a low rank decomposition
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of the information matrix. Recently, Li et al. [2019] proposed to estimate the metric
based on a dual formulation and used this estimate in a proximal method. While
this avoids explicitly computing the natural gradient, the proximal method also
introduces an additional optimization problem to be solved at each update of the
model’s parameters. The quality of the solver will thus depend on the accuracy of

this additional optimization.

In this work, we use the dual formulation of the metric to directly obtain a
closed form expression of the natural gradient as a solution to a convex functional
optimization problem. We focus on the Wasserstein metric as it has the advantage
of being well defined even when the model doesn’t admit a density. The expression
remains valid for general metrics including the Fisher-Rao metric. We leverage
recent work on Kernel methods [Sriperumbudur et al., 2017, Sutherland et al., 2018,
Mroueh et al., 2019] to compute an estimate of the natural gradient by restricting the
functional space appearing in the dual formulation to a Reproducing Kernel Hilbert
Space. We demonstrate empirically the accuracy of our estimator on toy examples,
and show how it can be effectively used to approximate the trajectory of the natural
gradient descent algorithm. We also analyze the effect of the dimensionality of the
model on the accuracy of the proposed estimator. Finally, we illustrate the benefits
of our proposed estimator for solving classification problems when the model has an

ill-conditioned parametrization.

This chapter is organized as follows. In Section 2 , after a brief description of
natural gradients, we discuss Legendre duality of metrics, and provide details on the
Wasserstein natural gradient. In Section 3 , we present our kernel estimator of the
natural gradient. In Section 4 we present experiments to evaluate the accuracy of the

proposed estimator and demonstrate its effectiveness in supervised learning tasks.

2 Natural Gradient Descent

We first briefly recall the natural gradient descent method in Section 2 .1, and its
relation to metrics on probability distribution spaces in Section 2 .2. We next present

Legendre dual formulations for metrics in Section 2 .3 where we highlight the
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Fisher-Rao and Wasserstein metrics as important examples.

2.1 General Formulation

It is often possible to formulate learning problems as the minimization of some
cost functional p — F(p) over probability distributions p from a parametric model
Po. The set Pg contains probability distributions defined on an open sample space
Q) C R? and parametrized by some vector § € ©, where © is an open subset of RY.
The learning problem can thus be formalized as finding an optimal value 6* that
locally minimizes a loss function £(6) := F(pg) defined over the parameter space
©. One convenient way to solve this problem approximately is by gradient descent,
which uses the Euclidean gradient of L w.r.t. the parameter vector 6 to produce a

sequence of updates 6, according to the following rule:
Oppr = 0, — ")/tVE((gt)-

Here the step-size v, is a positive real number. The Euclidean gradient can be viewed
as the direction in parameter space that leads to the highest decrease of some linear
model M of the cost function £ per unit of change of the parameter. More precisely,

the Euclidean gradient is obtained as the solution of the optimization problem:

1
VL(0;) = — argmin M, (u) + §||u||2. (7.1)

u€eRY

The linear model M, is an approximation of the cost function £ in the neighborhood
of ; and is simply obtained by a first order expansion: M (u) = L(6;) +VL(0,) "u.
The quadratic term ||u||> penalizes the change in the parameter and ensures that
the solution remains in the neighborhood where the linear model is still a good
approximation of the cost function.

This particular choice of quadratic term is what defines the Euclidean gradient
descent algorithm, which can often be efficiently implemented for neural network
models using back-propagation. The performance of this algorithm is highly depen-
dent on the parametrization of the model Pg, however [Martens, 2010, Sutskever

et al., 2013]. To obtain an algorithm that is robust to parametrization, one can take
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advantage of the structure of the cost function £(#) which is obtained as the compo-
sition of the functional F and the model 6 — py and define a generalized natural
gradient [Amari and Cichocki, 2010]. We first provide a conceptual description
of the general approach to obtain such gradient. The starting point is to choose a

divergence D between probability distributions and use it as a new penalization term:

. 1
— argxﬂlgun M, (u) + §D(p9t, Do, - (7.2)
uelRY

Here, changes in the model are penalized directly in probability space rather than
parameter space as in (7.1). In the limit of small u, the penalization term can be
replaced by a quadratic term u ' G'p(6)u where G p(6) contains second order infor-
mation about the model as measured by D. This leads to the following expression
for the generalized natural gradient VP L(0;) where the dependence in D is made

explicit:

1
VPL(6,) := —argmin M, (u) + §uTGD(9t)u. (7.3)

u€RY

From (7.3), it is possible to express the generalized natural gradient by means of the
Euclidean gradient: VP L(0;) = Gp(0;) 'V L(6;). The parameter updates are then

obtained by the new update rule:

9t+1 = Ht — fYtGD<9t)71v£(9t)- (74)

Equation (7.4) leads to a descent algorithm which is invariant to parametrization

in the continuous-time limit:

Proposition 73. Let U be an invertible and smoothly differentiable re-
parametrization 1) = V(0) and denote by L(1)) = L(V~()). Consider the

continuous-time natural gradient flows:

O, =—V§LO,),  Us=-VILE),  wo=T(b)
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Then 15 and 05 are related by the equation 15 = V(0,) at all times s > 0.

This result implies that an ill-conditioned parametrization of the model has
little effect on the optimization when (7.4) is used. It is a consequence of the
transformation properties of the natural gradient by change of parametrization:
VZL() = Ve¥(0)V§ L(0) which holds in general for any covariant gradient. We
provide a proof of Proposition 73 in Section B .1 in the particular the case when D
is either Kullback-Leibler divergence F', or the squared Wasserstein-2 distance W
using notions introduced later in Section 2 .3 and refer to Ollivier et al. [2011] for a
detailed discussion.

The approach based on (7.2) for defining the generalized natural gradient is
purely conceptual and can be formalized using the notion of metric tensor from
differential geometry which allows for more generality. In Section 2 .2, we provide
such formal definition in the case when D is either the Kullback-Leibler divergence

F, or the squared Wasserstein-2 distance .

2.2 Information matrix via differential geometry

When D is the Kullback-Leibler divergence or relative entropy F, then (7.3) defines
the Fisher-Rao natural gradient V¥ L(0) [Amari, 1985] and G () is called the
Fisher information matrix. G () is well defined when the probability distributions
in Pg all have positive densities, and when some additional differentiability and
integrability assumptions on py are satisfied. In fact, it has an interpretation in
Riemannian geometry as the pull-back of a metric tensor ¢ defined over the set of
probability distributions with positive densities and known as the Fisher-Rao metric

(see Definition 5 in Section 3 ; see also Holbrook et al. [2017]):

Definition 9 (Fisher information matrix). Assume 0 — py(x) is differentiable for all

x on QY and that | % dx < o00. Then the Fisher information matrix is defined

as the pull-back of the Fisher-Rao metric g* :

Gr(0)s; = 9 (Dipo 0yp0) = / £:() £ () (),

where the functions f; on S are given by: f; = %.
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Definition 9 directly introduces G’z using the Fisher-Rao metric tensor which
captures the infinitesimal behavior of the KL. This approach can be extended to any
metric tensor g defined on a suitable space of probability distributions containing Pg.
In particular, when D is the Wasserstein-2, the Wasserstein information matrix is
obtained directly by means of the Wasserstein-2 metric tensor g" [Otto and Villani,
2000, Lafferty and Wasserman, 2008] as proposed in i and Montufar [2018a], Chen
and Li [2018]:

Definition 10 (Wasserstein information matrix). The Wasserstein information matrix

(WIM) is defined as the pull-back of the Wasserstein 2 metric g :

G (85 = 9" (0upo. D;9) = / 61(2) T 65() dpy (),

where ¢; are vector valued functions on 0 C R? that are solutions to the partial

differential equations with Neumann boundary condition:
Oips = —div(pyd;), V1l <i<g.

Moreover, ¢; are required to be in the closure of the set of gradients of smooth and
compactly supported functions in Ly(pg)? . In particular, when py has a density,

¢; = V. fi, for some real valued function f; on ).

The partial derivatives 0;py should be understood in distribution sense, as
discussed in more detail in Section 2 .3. This allows to define the Wasserstein
natural gradient even when the model py does not admit a density. Moreover, it
allows for more generality than the conceptual approach based on (7.2) which would
require performing a first order expansion of the Wasserstein distance in terms of
its linearized version known as the Negative Sobolev distance. We provide more
discussion of those two approaches and their differences in Section C . From now
on, we will focus on the above two cases of the natural gradient vP L(0), namely
VEL(0) and VIV L(6). When the dimension of the parameter space is high, directly
using equation (7.4) becomes impractical as it requires storing and inverting the

matrix G(6). In Section 2 .3 we will see how equation (7.3) can be exploited along
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with Legendre duality to get an expression for the natural gradient that can be

efficiently approximated using kernel methods.

2.3 Legendre Duality for Metrics

In this section we provide an expression for the natural gradient defined in (7.3) as
the solution of a saddle-point optimization problem. It exploits Legendre duality
for metrics to express the quadratic term u'G(6)u as a solution to a functional
optimization problem over C'°(€), the set of smooth and compactly supported
functions on 2. The starting point is to extend the notion of gradient V py which

appears in Definitions 9 and 10 to the distributional sense of Definition 11 below.

Definition 11. Given a parametric family Pg of probability distributions, we say
that pg admits a distributional gradient at point 0 if there exists a linear continuous

map Vg : C2(Q) — R? such that for any f € C°(Q) and u € R4:

/ £(2) dposeal) - / F(2) dpo(x) = €V po(f) T+ €8, f10),

where (e, f,u) depends on f and u and converges to 0 as € approaches 0. ¥V pq is

called the distributional gradient of py at point 6.

When the distributions in Pg have a density, written = — py(z) by abuse of
notation, that is differentiable w.r.t. § and with a jointly continuous gradient in 6 and
x then Vpy(f) is simply given by [ f(x)Vgpe(x) dz as shown in Proposition 84 of
Section B .1. In this case, the Fisher-Rao natural gradient admits a formulation as a
saddle point solution involving V py and provided in Proposition 74 with a proof in

Section B .1.

Proposition 74. Under the same assumptions as in Definition 9, the Fisher informa-

tion matrix admits the dual formulation:

1 1
—u' Gp(O)u = sup Voolf)Tu— = / f(z)? dpg(z) da. (7.5)
2 fec(9) 2

J f(z) dpg(x)=0

Moreover, defining Uy(f) = VL(O) + Vpy(f), the Fisher-Rao natural gradient
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satisfies:

1

VIL(O) = —argmin =~ sup  Up(f) u— —/f(l‘)deg({L’) dz,

weR?  feC=(Q) 2
J f (@) dpg(x)=0

Another important case is when Pg is defined as an implicit model. In this

case, any sample = from a distribution py in Pg is obtained as x = hy(z), where

z is a sample from a fixed latent distribution v defined over a latent space Z and

(0, z) — hg(z) is a deterministic function with values in 2. This can be written in a

more compact way as the push-forward of v by the function hy:
P@ = {pg = (hg)#y ‘ VRS Q} (76)

A different expression for Vpy is obtained in the case of implicit models when

6 — hy(z) is differentiable for v-almost all z and Vhy is square integrable under v:

Voolf) = [ Vi) Vs (o)) ). (1.7)

Equation (7.7) is also known as the re-parametrization trick [Kingma et al., 2015]
and allows to derive a dual formulation of the Wasserstein natural gradient in the
case of implicit models. Proposition 75 below provides such formulation under mild

assumptions stated in Section A .2 along with a proof in Section B .1.

Proposition 75. Assume Pg is defined by (7.6) such that Vpy is given by (7.7).

Under Assumptions (B) and (C), the Wasserstein information matrix satisfies:

1 1
LT Cw@u= sup Vpo(f)Tu— = / IVof@)|Pdpe(z)  (78)
2 FeCce () 2

and the Wasserstein natural gradient satisfies:

VWL(9) = —argmin sup Ay(f,u). (7.9)
ucR?  feCe(Q)
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where Ag(f,u) is a function from C°(S2) x RY defined as:

Aot o) i= (1) w5 [ IVLA@I doola),

with Uy defined as in Proposition 74.

The similarity between the variational formulations provided in Propositions 74
and 75 is worth noting. A first difference however, is that Proposition 75 doesn’t
require the test functions f to have 0 mean under py. This is due to the form of
the objective in (7.8) which only depends on the gradient of f. More importantly,
while (7.8) is well defined, the expression in (7.5) can be infinite when V py is given
by (7.7). Indeed, if the py doesn’t admit a density, it is always possible to find an
admissible function f € C'2°(€2) with bounded second moment under p, but for
which Vpy(f) is arbitrarily large. This is avoided in (7.8) since the quadratic term
directly penalizes the gradient of functions instead. For similar reasons, the dual
formulation of the Sobolev distance considered in Mroueh et al. [2019] can also be
infinite in the case of implicit models as discussed in Section C although formally
similar to (7.8). Nevertheless, a similar estimator as in Mroueh et al. [2019] can be

considered using kernel methods which is the object of Section 3 .

3 Kernelized Wasserstein Natural Gradient

In this section we propose an estimator for the Wasserstein natural gradient using
kernel methods and exploiting the formulation in (7.9). We restrict to the case of
the Wasserstein natural gradient (WNG), denoted by V' £(6), as it is well defined
for implicit models, but a similar approach can be used for the Fisher-Rao natural
gradient in the case of models with densities. We first start by presenting the
kernelized Wasserstein natural gradient (KWNG) in Section 3 .1, then we introduce
an efficient estimator for KWNG in Section 3 .2. In Section 3 .4 we provide statistical

guarantees and discuss practical considerations in Section 3 .3.
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3.1 General Formulation and Minimax Theorem

Consider a Reproducing Kernel Hilbert Space (RKHS) H which is a Hilbert space
endowed with an inner product (., .)3 along with its norm ||.||3. # has the additional
property that there exists a symmetric positive semi-definite kernel & : €2 x  — R
such that k(x,.) € H for all x € Q) and satisfying the Reproducing property for all

functions f in H:

f(x) = (f, k(x, ))n, Vz € Q. (7.10)

The above property is central in all kernel methods as it allows to obtain closed form
expressions for some class of functional optimization problems. In order to take
advantage of such property for estimating the natural gradient, we consider a new
saddle problem obtained by restricting (7.9) to functions in the RKHS H and adding

some regularization terms:

VW L(0) := —argminsup Ay(f, u) + %(euTD(H)u = AfI5)- (7.11)

uERT feyy

The kernelized Wasserstein natural gradient is obtained by solving (7.11) and is
denoted by ﬁwﬁ(é). Here, € is a positive real numbers, A is non-negative while
D(0) is a diagonal matrix in R? with positive diagonal elements whose choice will
be discussed in Section 3 .3. The first regularization term makes the problem strongly
convex in u, while the second term makes the problem strongly concave in f when
A > 0. When A = 0, the problem is still concave in f. This allows to use a version
of the minimax theorem [Ekeland and Témam, 1999, Proposition 2.3, Chapter VI]
to exchange the order of the supremum and minimum which also holds true when

A = 0. A new expression for the kernelized natural gradient is therefore obtained:

Proposition 76. Assume that ¢ > 0 and \ > 0, then the kernelized natural gradient

is given by:

SV L(0) = SD(O) U (f*),

€
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where f* is the unique solution to the quadratic optimization problem:

feH

inf J(f) ¢=/!|fo($)\!2dpo(l’) +%Uo(f)TD(9)1Ue(f) +Af I3 (7-12)

When N = 0, f* might not be well defined, still, we have: 6W£(8) =
lim; o0 %D(Q)*ll/{g(fj)for any limiting sequence of (7.12).

Proposition 76 allows to compute the kernelized natural gradient directly, pro-
vided that the functional optimization (7.12) can be solved. This circumvents the
direct computation and inversion of the metric as suggested by (7.11). In Section 3
.2, we propose a method to efficiently compute an approximate solution to (7.12)
using Nystrom projections. We also show in Section 3 .4 that restricting the space of
functions to H can still lead to a good approximation of the WNG provided that H

enjoys some denseness properties.

3.2 Nystrom Methods for the Kerenalized Natural Gradient

We are interested now in finding an approximate solution to (7.12) which will allow
to compute an estimator for the WNG using Proposition 76. Here we consider N
samples (Z,,)1<n<y from the latent distribution ~ which are used to produce N
samples (X, )1<n<n from py using the map hy, i.e., X,, = hy(Z,,). We also assume
we have access to an estimate of the Euclidean gradient V L£(6) which is denoted by

—

V L(0). This allows to compute an empirical version of the cost function in (7.12),
1 — 1~ ~
J(f) = DIV (X + “Us(f) DO Us(f) + ISl (713)
n=1

where Up( f) is given by: Up(f) = V/—\W) + LS Vhe(Z,) Ve f(X,). (7.13)
has a similar structure as the empirical version of the kernel Sobolev distance
introduced in Mroueh et al. [2019], it is also similar to another functional arising
in the context of score estimation for infinite dimensional exponential families as
in Chapter 3 and [Sriperumbudur et al., 2017, Sutherland et al., 2018]. It can be
shown using the generalized Representer Theorem [Scholkopf et al., 2001] that the

optimal function minimizing (7.13) is a linear combination of functions of the form
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x> Oik(Xp,x) withl <n < Nand 1 <i < dand 9;k(y, z) denotes the partial
derivative of k£ w.r.t. y;. This requires to solve a system of size Nd x Nd which
can be prohibitive when both NV and d are large. Nystrom methods provide a way
to improve such computational cost by further restricting the optimal solution to
belong to a finite dimensional subspace H; of H called the Nystrom subspace. In
the context of score estimation, Sutherland et al. [2018] proposed to use a subspace

formed by linear combinations of the basis functions x +— 0;k(Y,,, ©):
span{x — O;k(Y,x) |1 <m <M, 1<i<d}, (7.14)

where (Y,,)1<m<n are basis points drawn uniformly from (X,)1<,<y with M < N.
This further reduces the computational cost when M < N but still has a cubic
dependence in the dimension d since all partial derivatives of the kernel are consid-
ered to construct (7.14). Here, we propose to randomly sample one component of
(0ik(Yim, .))1<i<q for each basis point Y,,,. Hence, we consider M indices (%, )1<m<ns

uniformly drawn form {1, ..., d} and define the Nystrom subspace H ; to be:
Har = span{x — 0; kY, x)|[1 <m < M}.

An estimator for the kernelized Wasserstein natural gradient (KWNG) is then given

by:

A~

VVLE) = DO W), =g (). (119)

€ feHn
By definition of the Nystrom subspace H ,,, the optimal solution f * 1s necessarily of
the form: f*(x) = 2%21 am0;, k(Yom, x), where the coefficients (a,)1<m<nr are
obtained by solving a finite dimensional quadratic optimization problem. Proposi-
tion 77 provides a closed form expression for (7.17) in terms of the derivatives of

the kernel collected in three matrices 7', C' and K. The matrices 7" and C' belong to
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RMXNd RMXM

and and are given by:

C’m,(n,i) = aimai+dk(ym> Xn)7 Km,m’ = aimaim/erk(Yma Ym’) (716)
T :=VT7(0),

where T is expressed as the Jacobian of § +— 7(0) € RM ie., T := V7(0), with

(r(0) = 3 - Oin Vi, (2,

1

n

Proposition 77. The estimator in (7.15) is given by:

_— 1 _—
€

VWLO) == (D(0)" —A) VL), (7.17)

with S being a symmetric positive matrix expressed in terms of the matrices C, K

and T defined in (7.16):

T
A= D@O)'TT (TD(@)—lTT K + %OCT) TD(O).

In (7.16), we used the notation 0; 4k (y, x) for the partial derivative of k w.r.t.
x;. A proof of Proposition 77 is provided in Section B .2 and relies on the repro-
ducing property (7.10) and its generalization for partial derivatives of functions.
The estimator in Proposition 77 is in fact a low rank approximation of the natural
gradient obtained from the dual representation of the metric (7.9). While low-rank
approximations for the Fisher-Rao natural gradient were considered in the context of
variational inference and for a Gaussian variational posterior [Mishkin et al., 2018],
(7.17) can be applied as a plug-in estimator for any family Pg obtained as an implicit
model. We next discuss a numerically stable expression of (7.17), its computational
cost and the choice of the damping term in Section 3 .3. We then provide asymptotic

rates of convergence for (7.17) in Section 3 .4.
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3.3 Practical Considerations

Numerically stable expression. When A\ = 0, the estimator in (7.17) has an addi-
tional structure which can be exploited to get more accurate solutions. By the chain
rule, the matrix 7" admits a second expression of the form 7" = C'B where B is
the Jacobian matrix of (h¢(Z,))1<n<n. Although this expression is impractical to
compute in general, it suggests that C' can be "simplified’. This simplification can be
achieved in practice by computing the SVD of CC'" = USU? and pre-multiplying
T by STUT. The resulting expression is given in Proposition 78 and falls into the

category of Ridgless estimators (Liang and Rakhlin [2019]).

Proposition 78. Consider an SVD decomposition of CC" of the form CCT =
USUT, then (7.17) is equal to:

—

VW L) =

—

(D(e)—1 - ]i) VL), (7.18)

A | o=

where A is defined as:

~ ~ ~ T~
A= DO)'TT (TD(Q)‘lTT + iP) D)
N
with P := STS and T .= StUTT.

Choice of damping term. So far, we only required D(f) to be a diagonal matrix
with positive coefficients. While a natural choice would be the identity matrix,
this doesn’t necessarily represent the best choice. As discussed by [Martens and
Sutskever, 2012, Section 8.2], using the identity breaks the self-rescaling properties
enjoyed by the natural gradient. Instead, we consider a scale-sensitive choice by
setting (D(6)); = ||T ;|| where T is defined in Proposition 78. When the sample-size
is limited, as it is often the case when /N is the size of a mini-batch, larger values
for € might be required. That is to prevent the KWNG from over-estimating the
step-size in low curvature directions. Indeed, these directions are rescaled by the
inverse of the smallest eigenvalues of the information matrix which are harder to

estimate accurately. To adjust e dynamically during training, we use a variant of the
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Levenberg-Marquardt heuristic as in Martens and Sutskever [2012] which seems to

perform well in practice; see Section 4 .

Computational cost. The number of basis points M controls the computational cost
of both (7.17) and (7.18) which is dominated by the cost of computing 7" and C,
solving an M x M linear system and performing an SVD of CC7 in the case of
(7.18). This gives an overall cost of O(dNM? + gM? + M?). In practice, M can
be chosen to be small (A < 20) while NV corresponds to the number of samples in
a mini-batch. Hence, in a typical deep learning model, most of the computational
cost is due to computing 7" as the typical number of parameters ¢ is of the order
of millions. In fact, 7' can be computed using automatic differentiation and would
require performing M/ backward passes on the model to compute the gradient for
each component of 7. Overall, the proposed estimator can be efficiently implemented

and used for typical deep learning problems as shown in Section 4 .

Choice of the kernel. We found that using either a gaussian kernel or a rational
quadratic kernel to work well in practice. We also propose a simple heuristic to adapt
the bandwidth of those kernels to the data by setting it to o = 0¢o N a7, Where o as
is equal to the average square distance between samples (X,,)1<n,<x and the basis
points (Y;,,)1<m<ar and oy is fixed a priori. Another choice is the median heuristic

Garreau et al. [2018].

3.4 Theory

In this section we are interested in the behavior of the estimator in the limit of large
N and M and when A > 0; we leave the case when A = 0 for future work. We
work under Assumptions (A) to (G) in Section A .2 which state that €2 is a non-
empty subset, k is continuously twice differentiable with bounded second derivatives,
Vhy(z) has at most a linear growth in z and v satisfies some standard moments
conditions. Finally, we assume that the estimator of the euclidean gradient V/E\W)
satisfies Chebychev’s concentration inequality which is often the case in Machine
learning problem as discussed in Remark 2 of Section A .2. We distinguish two
cases: the well-specified case and the miss-specified case. In the well-specified case,

the vector valued functions (¢i)1gi§q involved in Definition 10 are assumed to be
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gradients of functions in H and their smoothness is controlled by some parameter
a > 0 with worst case being a = 0. Under this assumption, we obtain smoothness
dependent convergence rates as shown in Theorem 86 of Section B .3 using tech-
niques from Rudi et al. [2015], Sutherland et al. [2018]. Here, we will only focus on

the miss-specified which relies on a weaker assumption:

Assumption 3. There exists two constants C' > 0 and ¢ > 0 such that for all k > 0

and all 1 < i < q, there is a function f[ satisfying:
16: = Vi llLae) < Ok, 1l < Cr7° (7.19)

The left inequality in (7.19) represents the accuracy of the approximation of ¢;
by gradients of functions in H while the right inequality represents the complexity
of such approximation. Thus, the parameter ¢ characterizes the difficulty of the
problem: a higher value of ¢ means that a more accurate approximation of ¢; comes
at a higher cost in terms of its complexity. Theorem 79 provides convergences rates

for the estimator in Proposition 77 under Assumption 3:

Theorem 79. Let § be such that 0 < § < land b := 2%0 Under Assumption 3
and Assumptions (A) to (G) listed in Section A .2, for N large enough, M ~
(dNT{H log(N)), A ~ N=+ and e < N~ it holds with probability at least

1 — 6 that:
VW L) — VWV L) = O(N—ﬁ)

A proof of Theorem 79 is provided in Section B .3. In the best case where
¢ = 0, we recover a convergence rate of \/LN as in the well specified case for the worst
smoothness parameter value & = 0. Hence, Theorem 79 is a consistent extension
of the well-specified case. For harder problems where ¢ > 0 more basis points are
needed, with M required to be of order d/N log(N) in the limit when ¢ — oo in

which case the Nystrom approximation loses its computational advantage.
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4 Experiments

This section presents an empirical evaluation of (KWNG) based on (7.18).

4.1 Synthetic Models

4 .1.1 Consistency of the estimator

Experimental setting To empirically assess the accuracy of KWNG, we consider
three choices for the parametric model Pg: the multivariate normal model, the
multivariate log-normal model and uniform distributions on hyper-spheres. All have
the advantage that the WNG can be computed in closed form [Chen and Li, 2018,
Malago et al., 2018]. While the first models admit a density, the third one doesn’t,
hence the Fisher natural gradient is not defined in this case. While this choice
of models is essential to obtain closed form expressions for WNG, the proposed
estimator is agnostic to such choice of family. We also assume we have access to the

exact Euclidean Gradient (EG) which is used to compute both of WNG and KWNG.

Results Figure 7.1 shows the evolution of the the relative error w.r.t. the sample-size
N, the number of basis points M and the dimension d in the case of the hyper-sphere
model. As expected from the consistency results provided in Section 3 .4, the relative
error decreases as the samples size N increases. The behavior in the number of basis
points M shows a clear threshold beyond which the estimator becomes consistent
and where increasing M doesn’t decrease the relative error anymore. This threshold
increases with the dimension d as discussed in Section 3 .4. In practice, using the
rule M = Ld\/ﬁ J seems to be a good heuristic as shown in Figure 7.1 (a). All these
observations persist in the case of the normal and log-normal model as shown in
Figure 7.2. In addition, we report in Figure 7.3 the sensitivity to the choice of the

bandwidth o which shows a robustness of the estimator to a wide choice of o.

4.1.2 Optimization trajectory

We also compare the optimization trajectory obtained using KWNG with the trajecto-
ries of both the exact WNG and EG in a simple setting: Pg is the multivariate normal
family and the loss function £(6) is the squared Wasserstein 2 distance between py

and a fixed target distribution py-.
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Figure 7.1: Relative error of KWNG averaged over 100 runs for varying dimension form
d =1 (yellow) to d = 10 (dark red) for the hyper-sphere model. (a): box-plot

of the relative error as d increases while N = 5000 and M = Ld\/]v J (b)

Relative error as the sample size NV increases and M = Ld\/ﬁ J . (¢): Relative
error as M increases and N = 5000. A gaussian kernel is used with a fixed
bandwidth ¢ = 1.
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Figure 7.2: Evolution of the relative error of KWNG averaged over 100 runs for varying
dimension form d = 1 (yellow) to d = 10 (dark red). For each run, a random
value for the parameter # and for the Euclidean gradient V.£(0) is sampled from
a centered Gaussian with variance 0.1. In all cases, A\ = 0 and e = 10~°. Top
row: multivariate normal model, bottom row: multivariate log-normal. Left (a):
box-plot of the relative error as d increases with N = 5000 and the number

of basis points is set to M = [d\/ﬁ J (b) Relative error as the sample size

N increases and the number of basis points is set to M = [WN J . Right (c):
Relative error as M increases and N fixed to 5000.
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Figure 7.3: Relative error of the KWNG for varying bandwidth of the kernel. Results
are averaged over 100 runs for varying dimension form d = 1 (yellow) to
d = 10 (dark red). For each run, a random value for the parameter 6 and for the
Euclidean gradient V.£(6) is sampled from a centered Gaussian with variance
0.1. In all cases, A = ¢ = 10~'Y. The sample size is fixed to N = 5000 and the
number of basis points is set to M = Ld\/ﬁ J . Left: uniform distributions on a
hyper-sphere, middle: multivariate normal, and right: multivariate log-normal.
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Figure 7.4: Left (a): Training error per iteration for KWNG, WNG, and EG. Right (b):
projection of the sequence of updates obtained using KWNG, WNG and EG
along the first two PCA directions of the WNG trajectory. The dimension of the
sample space is fixed to d = 10. Exact valued for the gradient are used for EG
and WNG. For KWNG, N = 128 samples and M = 100 basis points are used.
The regularization parameters are set to: A = 0 and ¢ = 107!°. An optimal
step-size y; is used: v, = 0.1 for both KWNG and WNG while v, = 0.0001 for
EG.

Figure 7.4 (a), shows the evolution of the loss function at every iteration. There
is a clear advantage of using the WNG over EG as larger step-sizes are allowed
leading to faster convergence. Moreover, KWNG maintains this properties while
being agnostic to the choice of the model. Figure 7.4 (b) shows the projected
dynamics of the three methods along the two PCA directions of the WNG trajectory
with highest variance. The dynamics of WNG seems to be well approximated by the
one obtained using KWNG.
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4.2 Approximate Invariance to Parametrization

4 .2.1 Experimental setting.

We illustrate now the approximate invariance to parametrization of the KWNG and
show its benefits for training deep neural networks when the model is ill-conditioned.
We consider a classification task on two datasets Cifar10 and Cifar100 with a
Residual Network He et al. [2015].

To use the KWNG estimator, we view the input RGB image as a latent variable
z with probability distribution v and the output logits of the network z := hy(z) as
a sample from the model distribution py € Pg where ¢ denotes the weights of the

network. The loss function £ is given by:

£(60):= [ y(:) log(SM(Uha(:)) do(2),

where S M is the Softmax function, y(z) denotes the one-hot vector representing the
class of the image 2~ and U is a fixed invertible diagonal matrix which controls how
well the model is conditioned.

We consider two cases, the Well-conditioned case (WC) in which U is the
identity and the Ill-conditioned case (IC) where U is chosen to have a condition
number equal to 107.

We compare the performance of the proposed method with several variants
of SGD: plain SGD, SGD + Momentum, and SGD + Momentum + Weight decay.
We also compare with Adam Kingma and Ba [2015], KFAC optimizer [Martens
and Grosse, 2015, Grosse and Martens, 2016] and eKFAC [George et al., 2018]
which implements a fast approximation of the empirical Fisher Natural Gradient.
We emphasize that gradient clipping by norm was used for all experiments and was

crucial for a stable optimization using KWNG.

4 .2.2 Experimental details
Architecture. We use a residual network with one convolutional layer followed by 8
residual blocks and a final fully connected layer. Each residual block consists of two

3 x 3 convolutional layers each and ReLU nonlinearity. We use batch normalization
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Kernel size Output shape

z
Conv

Residual block
Residual block
Residual block
Residual block
Linear

3x3
[3x 3] x2
[3x 3] x2
[3x 3] x2
[3x 3] x2

32x32x3

64

64

128

256

512

Number of classes

Table 7.1: Network architecture.

265

for all methods. Details of the intermediate output shapes and kernel size are provided

in Table 7.1.

Hyper-parameters. For all methods, we used a batch-size of 128. The optimal

step-size v was selected in {10,1,107!,1072,1073,10~*} for each method. In the

case of SGD with momentum, we used a momentum parameter of 0.9 and a weight

decay of either 0 or 5 x 10~*. For KFAC and EKFAC, we used a damping coefficient

of 1072 and a frequency of reparametrization of 100 updates. For KWGN we set

M = 5 and \ = 0 while the initial value for € is set to € = 1075 and is adjusted using

an adaptive scheme based on the Levenberg-Marquardt dynamics as in [Martens and

Grosse, 2015, Section 6.5]. More precisely, we use the following update equation

for € after every b iterations of the optimizer:

€ — WE,

€ < w_le,

Here, r is the reduction ratio:

r = max
tp_1<t<tg

ifr> -

ifr < -.

(2200 L0
VWL TVLO)T

where () are the times when the updates occur. and w is the decay constant chosen

tow = 0.85.

4 2.3 Results.
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Cifar10 Figure 7.5 shows the training and test accuracy at each epoch on Cifarl10
in both (WC) and (IC) cases. While all methods achieve a similar test accuracy in the
(WC) case on both datasets, methods based on the Euclidean gradient seem to suffer
a drastic drop in performance in the (IC) case. This doesn’t happen for KWNG (red
line) which achieves a similar test accuracy as in (WC) case. Moreover, a speed-up
in convergence in number of iterations can be obtained by increasing the number of
basis points M (brown line). The time cost is also in favor of KWNG as shown in

Figure 7.6.

Cifar100 On Cifar100, KWNG is also less affected by the ill-conditioning, albeit
to a lower extent. Indeed, the larger number of classes in Cifar100 makes the
estimation of KWNG harder as discussed in Section 4 .1. In this case, increasing
the batch-size can substantially improve the training accuracy (pink line). Moreover,
methods that are used to improve optimization using the Euclidean gradient can
also be used for KWNG. For instance, using Momentum leads to an improved

performance in the (WC) case (grey line).

Effect of the damping Interestingly, KFAC seems to also suffer a drop in perfor-
mance in the (IC) case. This might result from the use of an isotropic damping term
D(0) = I which would be harmful in this case. We also observe a drop in perfor-
mance when a different choice of damping is used for KWNG. More importantly,
using only a diagonal pre-conditioning of the gradient doesn’t match the performance

of KWNG as shown in Figure 7.7.
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Figure 7.5: Test accuracy and Training accuracy for classification on Cifar10 (top)
and Cifar100 (bottom) in both the ill-conditioned case (left side) and well-
conditioned case (right side) for different optimization methods. on Cifarl0
Results are averaged over 5 independent runs except for KFAC and eKFAC.
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Figure 7.6: Training accuracy (left) and test accuracy (right) as a function of time for
classification on Cifar10 in both the ill-conditioned case (top) and well-
conditioned case (bottom) for different optimization methods.
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(a) Training accuracy: (IC) (b) Test accuracy: (IC)
- N R —— Diagonal conditioning: D = ||T|
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Figure 7.7: KWNG vs Diagonal conditioning in the ill-conditioned case on Cifar10. In

red and blue, the euclidean gradient is preconditioned using a diagonal matrix
D either given by D; = ||T ;|| or D; = HTVZH, where T and T are defined in
Propositions 77 and 78. The rest of the traces are obtained using the stable
version of KWNG in Proposition 78 with different choices for the damping term
D =1,D = ||T ;| and ||T ;||. All use a gaussian kernel except the yellow
traces which uses a rational quadratic kernel.



Supplementary

A Preliminaries

A .1 Notation

We recall that € is an open subset of R? while © is an open subset of parameters in
RY. Let Z C R? be a latent space endowed with a probability distribution v over Z.
Additionally, (0, z) — hy(z) € 2 is a function defined over © x Z. We consider a

parametric set of probability distributions Pg over (2 defined as the implicit model:
Po :={ps = (ho)gv ; 0€ 6},

where by definition, pg = (hg) v means that any sample = from py can be written as
x = hy(z) where z is a sample from v. We will write B to denote the jacobian of hy

w.r.t. § viewed as a linear map from RY to L, (v)? without explicit reference to :
Bu(z) = Vhy(2).u; Vu € RY.

As in the main text, £ : © — R is a loss functions which is assumed to be of the
form £ = F(py), with F being a real valued functional over the set of probability
distributions. V £(#) denotes the euclidean gradient of £ w.r.t § while V/E\(@ is an
estimator of V.£(6) using N samples from py.

We also consider a Reproducing Kernel Hilbert Space ‘H of functions defined
over {2 with inner product (., .)3 and norm ||.|| and with a kernel £ : 2 x Q@ — R.

The reproducing property for the derivatives [Steinwart and Christmann, 2008,

Lemma 4.34] will be important: 0; f(x) = (f, 0;k(z, .))s for all z € Q. It holds as
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long as k is differentiable.

Cp°(€2) denotes the space of smooth bounded real valued functions on €2, and
C(Q) C C°(92) denotes the subset of compactly supported functions. For any
measured space Z with probability distribution v, we denote by L,(v) the space
of real valued and square integrable functions under v and by Ly (v)¢ the space of

square integrable vector valued functions under v and with values in R,

A .2 Assumptions

We make the following set of assumptions:
(A) Q is a non-empty open subset of R,

(B) There exists positive constants ¢ and o such that [ ||z||? dv(z) < ipl¢P~?0?

for any p > 2.

(C) For all § € O there exists C'(0) such that || Vohg(z)|| < C(0)(1+ ||z||) for all
z € Z.

(D) k is twice continuously differentiable on 2 x (2.
(E) Forall € © itholds that [ 9;0;4qk(z,z) dpg(z) < coforall 1 <i <d.
(F) The following quantity is finite: £? = sup zeq 0;0;4.k(z, ).

1<i<q

—

(G) For all 0 < § < 1, it holds with probability at least 1 — ¢ that ||VL(6) —
VLEO) S Ne.

o —

Remark 2. Assumption (G) holds if for instance NV L(0) can be written as an empir-

ical mean of i.i.d. terms with finite variance:

N

TLE) =+ S Vol (ho(20)

=1

where Z; are i.i.d. samples from the latent distribution v where [ Vol(hg(2)) dv(z) =

L(0). This is often the case in the problems considered in machine-learning. In, this



A . Preliminaries 271

—

case, the sum of variances of the vector V L(0) along its coordinates satisfies:

— 1 1
JIVZE) = VL@ P avte) = 5 [ 9ol bl P dvz) = o?
One can then conclude using Cauchy-Schwarz inequality followed by Chebychev’s
inequality that with probability 1 — 6:

— = o

IVLO) = VLO)|| < NI

Moreover, Assumption (C) is often satisfied when the implicit model is chosen

to be a deep networks with ReLU non-linearity.

A .3 Operators definition

Differential operators. We introduce the linear L operator and its adjoint L ':

LH — Ly(v)* LT :Ly(w)* —H

f = (0if o hg)icica v /Z@-k(hg(z), Jvi(z) du(z)

This allows to obtain the linear operator A defined in Assumption 4 in the main text
by composition A := LT L. We recall here another expression for A in terms of

outer product ® and its regularized version for a given A > 0,

A /Z (o (2),) ® Oik(ho(2), ) dv(z) Ay = A+ AL

It is easy to see that A is a symmetric positive operator. Moreover, it was established
in Sriperumbudur et al. [2017] that A is also a compact operator under Assump-
tion (E).

Assume now we have access to N samples (Z,,)1<,<n as in the main text. We
define the following objects:

1 N d

A= ~ SN 0k(he(Z,), ) @ Oik(ho(Zy),.),  Av=A+ AL

n=1 i=1
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Furthermore, if v is a continuous function in L,(1)?, then we can also consider an

empirical estimator for L " v:

d
=1

_ 1 X
LTy ::NZ

n=1 1

Subsampling operators. We consider the operator (), defined from H to R™ by:
M
V4
Qr = —~— em @ 05, k(Yn,.) (7.20)
>

where (€,)1<m<nr is an orthonormal basis of RM. Q) admits a singular value
decomposition of the form Qy; = UXVT, with VV' T := Py, being the orthogonal
projection operator on the Nystrom subspace H ;. Similarly to Rudi et al. [2015],

Sutherland et al. [2018], we define the projected inverse function G,;(C') as:
Gu(C)=V({VTev) v,

We recall here some properties of G, from [Sutherland et al., 2018, Lemma 1]:

Lemma 80. Let A : H — H be a positive operator, and define Ay = A + A for
any X > 0. The following holds:

1. Gy(A)Py = Gu(A)

2. PyGu(A) =Gu(A)

3. Gu(AN\)ANPy = Py

4. Gu(Ay) = (Py APy + M) 7Py,
5. [ AGu(AVA]

Estimators of the Wasserstein information matrix. Here we would like to express
the estimator in Proposition 77 in terms of the operators introduced previously. We

have the following proposition:
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Proposition 81. The estimator defined in Proposition 77 admits the following repre-

sentation.

o — —

VWL(O) = (eD(0) + Gun) VL)
where Gy v is given by:
GM,N = (ﬂ)TQM(A,\)ﬂ

Proof. This a direct consequence of the minimax theorem [Ekeland and Témam,
1999, Proposition 2.3, Chapter VI] and applying [Sutherland et al., 2018, Lemma
3]. O

The matrix Gy is in fact an estimator of the Wasserstein information matrix
defined in Definition 10. We will also need to consider the following population

version of Gjs  defined as :

Gy = (L"B) Gu(ANL™B (7.21)

B Proofs

B .1 Preliminary results

Here we provide a proof of the invariance properties of the Fisher and Wasserstein
natural gradient descent in the continuous-time limit as stated in Proposition 73.
Consider an invertible and smoothly differentiable re-parametrization W, satisfying
¢ = U(f). Denote by py, = py-1(y) the re-parametrized model and Gy (¢) and
G'r(1) their corresponding Wasserstein and Fisher information matrices whenever

they are well defined.

Proof of Proposition 73. Here we only consider the case when VP L£(0) is either
given by the Fisher natural gradient V' £(6) or the Wasserstein Natural gradient
VW L(0). We will first define QZS := W(6;) and show that in fact 128 = 1), at all times
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s > 0. First, let’s differentiate 1;3 in time:
U, = —VoU(0,) Gp(6,) ' VoL(0,)
By the chain rule, we have that V£ (6,) = Vg\IJ(Gs)Vd,E_(zZS), hence:

b, = =Vl (0,)TGp(0,) VoW (0,)V s L(1s).
It is easy to see that VoW~ (¢h,) = (V, ¥~ (1),)) ! by definition of ¥ and 1), hence

by Lemma 82 one can conclude that:

by = —Gp(Ps) IV L(Dy).

Hence, 1;5 satisfies the same differential equation as 1),. Now keeping in mind that
Yo = {/;o = W (fy), it follows that 1py = 1;0 = W(fy) by uniqueness of differential

equations. ]

Lemma 82. Under conditions of Propositions 74 and 75, the informations matrices

Gw () and G (¢) are related to Gy (0) and G (0) by the relation:

Gw(¥) = VU (¥) Gw (0)Vy T (¥)

Gr() = VU (¥) Gr(0) Ve ()

Proof. Let v € R? and write u = VU~ (¢))v, then by the dual formulations of
Gyw (0) and G (0) in Proposition 74 we have that:

%Nwml(zp)TGF(e)wxpl(w)v

1
= s V)V @) 5 [ f@f dale) do,
e (@)
J f(z) dpg(x)=0
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Now recalling that V0, = Vaps V¥~ (1) by Lemma 83, it follows that:

1
§UTV¢‘I’71(w)TGF(H)Vw‘Ier)U
1
= s VeplDTo - [ Fe dp(o) e
feCee ()
J f(z)dpe(x)=0

Using again Proposition 74 for the reparametrized model p,,, we directly have that:

1 1
L= s Vepulf)Tv— = / F(x)? dps(x) de,
2 f€C°°( ) 2

J f(z) dpe(x)=0

The result follows by equating both expression. The same procedure can be applied

for the case the Wasserstein information matrix using Proposition 75. ]

Lemma 83. The distributional gradients V ,py, and NV gpy are related by the expres-

sion:
Ve = VopaVy¥ (1)

Proof. The proof follows by considering a fixed direction » € R? and a test function

f € C°(Q) and the definition of distributional gradient in Definition 11:

Vool) T = lim * / [(@) dpgsenla / F(2) dpya

e—0 €

eaO €

Now by differentiability of U1, we have the following first order expansion:
U+ eu) = UH)) + VU H() Tu + ev(e)

where v(€) converges to 0 when € — 0. Now using again the definition Definition 11
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for pyv one has:

% /f(m) d (p-1(yew) — Pu-1()) () =Vpu-1 (/) VI() "u
+ev(e) + (e, f, (VI (4)u+ v(e)))

The last two terms converge to 0 as € — 0, hence leading to the desired expression.

]

Proposition 84. When py admits a density that is continuously differentiable w.r.t 0
and such that x — ¥ py(z) is continuous, then the distributional gradient is of the

form:

Vof) = [ f@Tm(o)ds, v e C@
where V py(x) denotes the gradient of the density of py(x) at x.

Proof. Lete > 0 and u € RY, we define the function v(e, u, f) as follows:

vewnd) = [ 1) G(mm) e vpgu) "

we just need to show that v(e, u, f) — 0 as ¢ — 0. This follows form the differ-
entiation lemma [Klenke, 2008, Theorem 6.28] applied to the function (0, z) —
f(z)pe(z). Indeed, this function is integrable in x for any ¢’ in a neighborhood U of
6 that is small enough, it is also differentiable on that neighborhood U and satisfies

the domination inequality:

[f(@)Vpo(x) ul < [f(x)]  sup  Vpy() ul.

z€Supp(f),0€U

The inequality follows from continuity of (6, )V py(z) and recalling that f is com-

pactly supported. This concludes the proof. ]

We fist provide a proof of the dual formulation for the Fisher information matrix.
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Proof of Proposition 74 . Consider the optimization problem:

T 1
sup ( / f(x)Vpe(fv)dx) u—3 [1erm@ar a2
feCE(Q)

J f(z) dpe(x)=0

Recalling that the set of smooth and compactly supported functions C'2°(c0) is dense
in Ly(pe) and that the objective function in (7.22) is continuous and coercive in
f, it follows that (7.22) admits a unique solution f* in Ls(py) which satisfies the

optimality condition:

/ F(2)(Vpo(z)) Tudz = / f@) @ psa)de VF € Ly(ps)

Hence, it is easy to see that f* = (Vpg)Tu / pe and that the optimal value of (7.22) is

given by:
[,
2 po()
This is equal to u" G'z(8)u by Definition 9. O

The next proposition ensures that the Wasserstein information matrix defined in

Definition 10 is well-defined and has a dual formulation.

Proposition 85. Consider the model defined in (7.6) and let (es)1<s<4 be an or-
thonormal basis of R1. Under Assumptions (B) and (C), there exists an optimal

solution ® = (¢s)1<s<q with ¢ in La(pg)? satisfying the PDE:

aspé = —div (p9¢s)

The elliptic equations also imply that L™V hy = LT (® o hy). Moreover, the Wasser-
stein information matrix Gy (0) on Pe at point 0 can be written as Gy (0) = ' ®

where the inner-product is in Ly(pg)? and satisfies:

1 1
—u'Gw(@u=  sup  Vpo(f) u—= / IV f(ho(2))|* du(2).
2 FECE(Q) 2

[ f(z)dpg(x)=0

forall u € RY.
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Proof. Let (e;)1<s<, be an orthonormal basis of R?. Forall 1 < s < ¢, we will

establish the existence of an optimal solution ¢, in Lo(pg)? satisfying the PDE:

Ospo = —div(peds) (7.23)

Consider the variational problem:

1
sup [ G(ha(:))" 00 ho(2) — 3161 (7.24

pES

where S is a Hilbert space obtained as the closure in Lo (pg)¢ of functions of the

form ¢ = V., f with f € C(Q):

S=1{Vof | [eCZ D},

We have by Assumption (C) that:

/ O(ho(2)) T Oa, ho(2) di(z) << 0<9>\/ / (1+ [|2)?) duz) / 16 22(on)

Moreover, by Assumption (B), we know that \/f(l + ||z||?)dv(z) < oo. This
implies that the objective in (7.24) is continuous in ¢ while also being convex.s It

follows that (7.24) admits a unique solution ¢} € S which satisfies for all ¢ € S:
/ 3(ho(2))" 2 (ho(2)) dv(2) = / ¢(ho(2))" Op,he(2)) dv(2)
In particular, for any f € C'2°(€2), it holds that:
/fo(he(Z))WZ(he(Z)) dv(z) = /sz(he(Z))Tﬁeshe(ZD dv(z)

which is equivalent to (7.23) and implies directly that LV hg = LT ® o hy where

® := (¢%)1<s<q- The variational expression for %uTGWu follows by noting that
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(7.24) admits the same optimal value as

1
sup — VpulP)u =5 [ IV el dv(a)
fFece(Q)

J f(x) dpg()=0
That is because S is by definition the closure in Lo(pg)?¢ of the set of gradients of

smooth and compactly supported functions on 2. ]

Proof of Proposition 75. This is a consequence of Proposition 85. [

B .2 Expression of the Estimator

We provide here a proof of Proposition 77

Proof of Proposition 77. Here, to simplify notations, we simply write D instead of

D(0). First consider the following optimization problem:
_ 2 SR
AL Z IVFIP + M+ RN TDRU) + 2R(7) D VLE)

with R(f) given by R(f) = + Zi:f Vf(X,)"B(Z,). Now, recalling that any
f € Hyp can be written as f = Z _; @0;,,k(Y,y,, .), and using the reproducing
property 0; f(z) = (f, 0;k(x,.))3 [Steinwart and Christmann, 2008, Lemma 4.34] ,

it is easy to see that:

N
%Z\w = (3 0 Do (Vi X))

1<n<N m=1
i<i<d

1715 = Z W Qi 0y, 04k (Yo, Yot )

1<m,m/<M

R(f) =+ > 0, 0isak (Y, X0) Bi( Z,)
==
1<m<M

The above can be expressed in matrix form using the matrices defined in Proposi-
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tion 77:
1 N
T IV =aTCCTa; |l =aTKa;  R(f)=a'CB.
n=1

Hence the optimal solution f* is of the form f* = "M a* 8, k(Y;,,.), with a*
obtained as a solution to the finite dimensional problem in R :

min o' (eCCT +eAK +CBD'B"CTa + ZQTCBD_IV/L:\M)

acRM

It is easy to see that a* are given by:

o = —(eCCT + eAK + CBD 'BTCTY\CBD VL (B).

~

Now recall that the estimator in Proposition 77 is given by: Vm) = 1D Uy(f).

Hence, 1D~V L(9) — B'CT«*) The desired expression is obtained by noting that
C' B = T using the chain rule.

B .3 Consistency Results

Well-specified case. Here, we assume that the vector valued functions (¢;)1<;<4
involved in Definition 10 can be expressed as gradients of functions in ‘H. More

precisely:

Assumption 4. For all 1 < 1 < g, there exits functions f; € H such that ¢; =
V fi. Additionally, f; are of the form f; = A%v; for some fixed o > 0, with

v; € H and A being the differential covariance operator defined on H by A : f —

IS0 0ik(ho(2), )0if (he(2)) du(2).

The parameter o characterizes the smoothness of f; and therefore controls the
statistical complexity of the estimation problem. Using a similar analysis as Suther-
land et al. [2018] we obtain a convergence rate for the estimator in Proposition 77

the following convergence rates for the estimator in Proposition 77:
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Theorem 86. Let § be such that 0 < 6 < 1 and b := min(1,a + %) Under
Assumption 4 and Assumptions (A) to (G) listed in Section A .2, for N large enough,
M ~ (dN#+1 log(N)), A ~ N~ %1 and ¢ < N~ %41, it holds with probability at

least 1 — 6 that:
VW L(0) — VW L) = o(zv—#il).

In the worst case where a@ = 0, the proposed estimator needs at most M ~
(dv/N log(N)) to achieve a convergence rate of N~2. The smoothest case requires
only M ~ (dN3log(N)) to achieve a rate of N~5. Thus, the proposed estimator
enjoys the same statistical properties as the ones proposed by Sriperumbudur et al.
[2017], Sutherland et al. [2018] while maintaining a computational advantage' tNow
we provide a proof for Theorem 86 which relies on the same techniques used by

Rudi et al. [2015], Sutherland et al. [2018].

Proof of Theorem 86 . The proof is a direct consequence of Proposition 87 under

Assumption 4. O

Proof of Theorem 79. The proof is a direct consequence of Proposition 87 under

Assumption 3. [

Proposition 87. Under Assumptions (A) to (G) and for 0 < § < 1 and N large
enough, it holds with probability at least 1 — §:

VWL — VW) = O(N =)

provided that M ~ AN 71 log N, A ~ N#+1 and e < N™21 where b =

1

min(1,« + 3) when Assumption 4 holds and b = e

when Assumption 3 holds

instead.

Proof. Here for simplicity we assume that D(#) = I without loss of generality and

we omit the dependence in ¢ and write V'V £ and V£ instead of VWV £(6) and VL(0)

! The estimator proposed by Sutherland et al. [2018] also requires M to grow linearly with the
dimension d although such dependence doesn’t appear explicitly in the statement of [Sutherland et al.,
2018, Theorem 2].
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and V'V L(). We also define G. = el +Gy v and G, = el +Gyy. By Proposition 81,

we know that V/\WL = G’;lﬁ. We use the following decomposition:

IVWEL — VY L|| <||GZNVE - VL) + €| G Gy VL
+ |G (Gan — Gw) Gy VL]

~ ~ _1 _1
To control the norm of G ! we write G_' = G 2(H + I)7'G. %, where H is given
1
2

_1
by H := Ge *(Gynv — Gw)Ge 2. Hence, provided that pi := A\pax(H), the highest

eigenvalue of H, is smaller than 1, it holds that:
I(H+ D)7 < (=)~

Moreover, since G'yy is positive definite, its smallest eigenvalue 7 is strictly positive.
Hence, |G| < (n+ €)~*. Therefore, we have |G| < (1 + €)(1 — )", which
implies:

IVL —vL|

|9V -9V L) <(n+e)! ( -

+6771HV£H>

+1 '+ &) VLIIGux — Gl

Let 0 < § < 1. We have by Assumption (G) that Hﬁ — VL|| = O(N~2) with
probability at least 1 — . Similarly, by Proposition 88 and for NV large enough, we
have with probability at least 1 — § that |Gy v — Gw || = O(N _ﬁ) where b is
defined in Proposition 88. Moreover, for NV large enough, one can ensure that p < %

so that the following bound holds with probability at least 1 — §:
IVVE-"L| S (e (283 5 VLN 4+ 6)).

b
Thus by setting e < N~ 241 we get the desired convergence rate. ]

Proposition 88. For any 0 < 6 < 1, we have with probability as least 1 — ¢ and for
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N large enough that:
b
|Gy — Gwll = O(N™=7T).
provided that M ~ dN ey log N where b := min(1, o + ) when Assumption 4

holds and b = 2%6 when Assumption 3 holds instead.

Proof. To control the error |Gy — Gw || we decompose it into an estimation error

|Gy — G || and approximation error |Gy — Gw ||:
Gy = Gwll < NGy = Gwll + [[Gar = G|

were (G, is defined in (7.21) and is obtained by taking the number of samples N to
infinity while keeping the number of basis points M fixed.
The estimation error ||G s —G s || is controlled using Proposition 89 where, for

any 0 < ¢ < 1, we have with probability at least 1 —¢ and as longas N > M (1, \,):

B A+ K 1
||GM,N - Gul < \%V—[\(azv,a + /2K + 271ﬁ) + ma?\w.

In the limit where N — oo and A — 0, only the dominant terms in the above
equation remain which leads to an error |Gy nv — G| = O((N A)~"2). Moreover,
the condition on N can be expressed as A "' log A=t < V.

To control the error approximation error |G — Gy || we consider two cases:

the well-specified case and the miss-specified case.

» Well-specified case. Here we work under Assumption 4 which allows to use
Proposition 91. Hence, forany 0 < § < 1 and if M > M(d, \,J), it holds

with probability at least 1 — §:

HGM N GW“ 5 )\min(l,a-&-%)

* Miss-specified case. Here we work under Assumption 3 which allows to use

Proposition 90. Hence, for any 0 < § < 1 and if M > M (d, \, ), it holds



B . Proofs 284

with probability at least 1 — §:

G — Gw | S Az

Let’s set b := min(1, « + %) for the well-specified case and b = 2%0 for the miss-
specified case. In the limit where M — oo and A — 0 the condition on M becomes:
M ~ d\'log A=t. Hence, when M ~ dA~tlog A\~ and A=t log A=t < N it holds

with probability as least 1 — ¢ that

N

|Gy — G| = O\ + (AN)2).

One can further choose )\ of the form A\ = N~Y. This implies a condition on M
of the form dN?log(N) < M and N%log(N) < N. After optimizing over 6 to
get the tightest bound, the optimal value is obtained when 6 = 1/(2b + 1) and the
requirement on /V is always satisfied once /N is large enough. Moreover, one can
choose M ~ dN=zwt log N so that the requirement on M is satisfied for N large

enough. In this case we get the following convergence rate:

Gy — G| = O(N~%%1),

Proposition 89. For any 0 < § < 1, provided that N > M(1,\, ), we have with
probability as least 1 — §:

IB| Abw, 1

+—a2 .
/_NA) N N,§

2 2alog?2
an.s ::@/20%10g5+ \/Ng(;

Proof. For simplicity, we define £ = ITT?? — LT B. By definition of G wm.n and Gy

IGun — Gull <

(2ans + /2716 + 27

3

with:
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we have the following decomposition:

Gun— Gy = EgM( )E+ETgM( )LTB+BTLQM(AA)E

@0 E: @2
- \BTLQM(A)\)PM(A - A>PMQM(A)\)LTBI
&

The first three terms can be upper-bounded in the following way:

I€ll = BT A, A5G0 (A0 A; A, 2 |

~L ~ ~L
<NEI? | 1R Gar(A2) A
S——N ~~ d
<1/A <1
T4t atg agabacioT
1€ = 1€ = |1 Ay * AXGu (AN) AT AP L B

< IBIIEN A3 2 A5 Gu (AN A 1A
——

(. . J/

<1/VA <1 <1

For the last term &3 , we first recall that by definition of Gy, (A, ) we have:
Gar(Ax) Par(A = A) ParGar(Ay) = Gar(An)(A — A)Gar(Ay).

1.1
Therefore, one can introduce the matrices A3, A3 and their inverses in the expression

of ||&;|| and write:

| &3]l

=|B"LGu(A )(A—A)QM( ML B

<||BIIP[|ILA,?|? HA G (An)AZ [ [[ A5 (A AVA 2| A2 Gu (A AZ | 1A AZ 12
“"Q 1 h pa ’

< BIPIA; A 21457 (A - A)AL 2

We recall now [Rudi et al., 2015, Proposition 7.] which allows to upper-bound
1.1 1 A1
|AZA2|| by (1 —n)"2 where ) = Amax(A2(A — A)AZ) provided that n < 1.
1
Moreover, [Rudi et al., 2015, Proposition 8.] allows to control both 7 and || A, ? (A —

A)A, ?|| under Assumption (F). Indeed, for any 0 < § < 1 and provided that
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0 < XA < ||A]| it holds with probability 1 — ¢ that:

1 1 1+ k/A 2v1K 279 2v2k
A 2(A—-A)A 2| <2 . < 22
A, 2( )ALV <2 v TV 1S3y TV

where v, and v, are given by:

"= log(STzéA) ); Yo = log(4T;§A))~

Hence, for N > M(1, \, §) we have that (1 —)~2 < 2 and one can therefore write:

1+ k/A N 291K

< 4| BJ]?

sl < alBIn oA 4 2y
2\|B

el = e < 22y

The error || E|| is controlled by Proposition 94 where it holds with probability greater
or equal to 1 — ¢ that:
1 2 2alog 2 1
1Bl < —= (/203 10g 5 + —=5) =

VN 0T TUN TN

Finally, we have shown that provided that N > M (1, A, d) then with probability

greater than 1 — § one has:

| B Ak 1
|Gun — Gul| < W(QGN,(S + V2K + 271m) + N_)\a?w'

O

Proposition 90. Ler 0 < \ < ||A|| and define M (d, \,8) := 128 log XA (g1 +

1). Under Assumption 3 and Assumption (F), for any 6 > 0 such that M >
M (d, \, §) the following holds with probability 1 — §:

|Gy — Gw | S Az

Proof. We consider the error |G — Gy ||. Recall that Gy is given by Gy = &7 ®

with @ defined in Proposition 85. Let x be a positive real number, we know by



B . Proofs 287

Assumption 3 that there exists F'* := (fI)1<s<, With f¥ € H such that || —
F™||Ly(py) < Ck and || f£ ||z < Cr™¢ for some fixed positive constant C'. Therefore,
we use F* to control the error |Gy — Gw||. Let’'scall E = ® o hy — LF* We

consider the following decomposition:

Gy — Gw =(L"® o hy) ' Gpr (AL @ o hy — &' D

— ETLgM(VAA)LTbj— E'E
¢ ¢

+ F (L"LGm(AN) —I) L' ® o hy+ E'L (Gu(AN)L'L — 1) F*

J/

-~ -~

¢, ¢,

First we consider the term €, one simply has:

_1 1 1 _1
1€, < K*||LA,> [ AXGar (AN) AT ]| A, QLTl < K’
1 p<] <]

The second term also satisfies ||&, || < x? by definition of F,. For the last two
terms ¢, and €, we use Lemma 92 which allows to control the operator norm of
L(Gn(A\)LTL — I). Hence, for any 6 > 0 and M such that M > M (d, \,§) and
for x < 1 it holds with probability 1 — ¢ that:

&1 S VAT 18] S VAR

We have shown so far that |Gy — Gy || < (k% +2K7¢V/)). One can further optimize
over x on the interval [0, 1] to get a tighter bound. The optimal value in this case is
k* = min(1, (c)\%)ﬁ). By considering A > 0 such that (c)\%)ﬁ) < 1, it follows

directly that |Gy — Gw || < A7+ which shows the desired result. O

Proposition 91. Let 0 < X\ < ||A|| and define M (d, X, 6) := 128 log 4T;((5A) (drA™t +
1). Under Assumption 4 and Assumption (F), for any § > 0 such that M >
M (d, \, §) the following holds with probability 1 — §:

||GM i GW“ SJ )\min(l,a—k%)
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Proof. Recall that Gy is given by Gy = ®'® with ® defined in Proposition 85.
By Assumption 4, we have that & = V(A*V) with V' := (v)1<s<, € H?. Hence,

one can write

Gy —Gw=(L"®ohy)"Gr(A\)L " ®ohy —d'd
= VT (AY(AGy (AN A — A) AV

we can therefore directly apply Lemma 92 and get |Gy — Gy || < Amin(Lats) with
probability 1 — § for any § > 0 such that M > M (d, A, 6). O

Lemma 92. Let 0 < X < ||A|, « > 0 and define M(d,\,0) :=
28 Jog %(dlﬁ)\_l + 1). Under Assumption (F), for any 6 > 0 such that
M > M(d, X\, §) the following holds with probability 1 — §:

“L(gM(A)\)LTL — ])AaH 5 )\mz‘n(l,oH.%)

Proof. We have the following identities:

L(Gu(ANLTL — INA™ =L(Gar(Ax) Ay — I — AGpr(Ay))A”
= LA AL (Gu(Ay) Ay Py — D A°

-

¢,
— ALA,2A2Gy (Ay)AZ A, 2 A°
¢,
+ LA 2 AZGu(A))AZAZ(I — Pyy) A~

¢,

For the first €, we use [Sutherland et al., 2018, Lemma 1 (ii1)] which implies that

Gr(AN)ArPy = Py Thus €, = LA, 2 A3 (Py — I)A®. Moreover, by Lemma 93
1

we have that || A3 (I — Py)|| < 2v/\ with probability 1 — § for M > M (d, \, ).

Therefore, recalling that (I — PM)2 = [ — Py, since Py, is a projection, one can
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further write:

-

1

1 1 _1
€1 < ILAL (] IAS (Par = DI | Ay A%
N 7\ g

~~
<1 <A

€[] < LA AR Ga (AN AR | AR (Par = DI |4, A%
—— g y

TV
<1 <1 <4X

-
-

1&50 < AJILAL 21| 143 Gar (A2 A2 145 A%
——

(. s

{a%

<1

_1 _1
It remains to note that || A, 2A%|| < \*"z when 0 < a < 5 and that ||A, 2 A% <

| Al|*~2 for o > + which allows to conclude. O

B .4 Auxiliary Results

Lemma 93. Ler 0 < \ < ||A||. Under Assumption (F), for any § > 0 such that
M > M(d, X, 6) := 2 log %g’q)(m\_l + 1) the following holds with probability
1—0:

143 (1 = Pap)ll < 2V

Proof. The proof is an adaptation of the results in Rudi et al. [2015], Sutherland
et al. [2018]. Here we recall @), defined in (7.20). Its transpose Q]TJ sends vectors
in RM to elements in the span of the Nystrom basis points, hence Py and @}, have
the same range, i.e.: range(Py;) = rcmge_(QTM). We are in position to apply [Rudi
et al., 2015, Proposition 3.] which allows to find an upper-bound on A% (Py—1)in

terms of () y:

1A% (Par = D)l < VAIAZ (@1, Qus + M) 72 .
For simplicity we write Ay := Q1,Q and By := A, ?(A — Ay)A, 2. We also
denote by 5 = A4 (F>) the highest eigenvalue of E;. We can therefore control
1.
| A% (An + AI)~2|| in terms of 3 using [Rudi et al., 2015, Proposition 7] provided

that 5 < 1:
1

143 (Par = DIl < VA
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Now we need to make sure that 5 < 1 for M large enough. To this end, we will
apply [Rudi et al., 2015, Proposition 8.] to Ay, Denote by v, = \/E@imk‘(Ym, ).
Hence, by definition of A 1t follows that A M= % Z%zl Um @ U,y,. Moreover,

(Um)1<m<n are independent and identically distributed and satisfy:
q
Bl @ o) = [ 30 0k(3..) © Bk(y. ) dpa(y) = A
i=1

We also have by Assumption (F) that (v,,, A;lvm) < dT”“ almost surely and for all
A > 0. We can therefore apply [Rudi et al., 2015, Proposition 8.] which implies that
for any 1 > ¢ > 0 and with probability 1 — ¢ it holds that:

27 2vdk
<
s 3M + M

with v = log —~ 4TT A brovided that A < ||A|). Thus by choosing M > B (drA14+1)

we have that 3 < 3 5 with probability 1 — ¢ which allows to conclude. O]

Proposition 94. There exist a > 0 and o1 > 0 such that for any 0 < § < 1, it holds

with probability greater of equal than 1 — ¢ that:

— 2a log 2 202 log 2
LTB-L'"B|| < —>2 ke
H | < 28 [P

Proof. denote by v, = S 9;k(X,,.)Bi(Z,), we have that E[v,] = LT B. We

will apply Bernstein’s inequality for sum of random vectors. For this we first need

to find @ > 0 and oy > 0 such that E[||z, — LT B||%,] < iplotaP~2. To simplify
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notations, we write x and 2’ instead of hy(z) and hy(z"). We have that:

E[||z, — LT B|%] = - / Z@ik(:v’,.)B,-(z’) dv ()| dv(z)
<or-t — Oik(2',.)) Bi(z) dv(2")|| dv(z)
o 1/H/Z@k (2) = B(#)) du(2)|| dv(2)

We used the convexity of the norm and the triangular inequality to get the last line.
We introduce the notation ;(x) := d;k(x,.) — [ ik(he(2’),.) dv(2’) and by I'(z)
we denote the matrix whose components are given by I'(x);; := (vi(x),v;(2))n.

The first term &; can be upper-bounded as follows:

P
2

Moreover, weavethat Tr(1(+)")} = (Sscs,ca0). 030t < S ol
We further have that ||y;(z)|| < 8;0iak(z, )2 + [ 0;0i+ak( ho(2), he(2))2 du(z)
and by Assumption (F) it follows that ||v;(z)|| < 2+/k. Hence, one can directly
write that: €, < (2v/kd)? [ || B(2)||” dv(z). Recalling Assumptions (B) and (C) we

get:
&1 < 2 VRdPCOP(L+ i)

Similarly, we will find an upper-bound on &,. To this end, we introduce the matrix

Q(«',2”) whose components are given by Q(z',2”);; = 0;0;14k(2',2”). One,
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therefore has:

M|

¢, = / ’ / / Tr((B(z) — B(z')) (B(2) — B(z"))" Q(a',2”) dv(2) dw(2”)| dv(z)

VS|

</ \ [ [ 186 = BB - BEITrQ. ) dvl) du() | a2

Once again, we have that
TT(Q(x x” %S Zac‘hdkx 33 %Zaﬁerdkx ,I'))%Sd
=1 =1

thanks to Assumption (F). Therefore, it follows that:

& < (Vary [ 1 [18() - B v dv(a)

< 3 (VARPCOP (@ + / oty avte) + [ 1al )
<3 (VA Core + e o+ ( [l an >) )

The second line is a consequence of Assumption (C) while the last line is due
to Assumption (B). These calculations, show that it is possible to find constants
a and o such that E[||z, — L B|}] < iplofa?~2. Hence one concludes using
Bernstein’s inequality for a sum of random vectors [see for instance Rudi et al., 2015,

Proposition 11]. O

C Connection to the Negative Sobolev distance

To obtain the Wasserstein natural gradient, one can exploit a Taylor expansion of 11/
which is given in terms of the Negative Sobolev distance ||pg1. — pgl|r-1(p,) as done

in Mroueh et al. [2019]:

W3 (Po: Po+) = llPou = Pollir-1(p) + o(llull?)-

Further performing a Taylor expansion of ||pg1., — pal| rr-1(,,) in u leads to a quadratic

term u' Gy (6;)u where we call Gy (6;) the Wasserstein information matrix. This



C. Connection to the Negative Sobolev distance 293

two steps approach is convenient conceptually and allows to use the dual formulation
of the Negative Sobolev distance to get an estimate of the quadratic term u ' Gy, (6;)u
using kernel methods as proposed in Mroueh et al. [2019] for learning non-parametric
models. However, with such approach, ||pg1.. — pgl|z-1(,,) needs to be well defined
for u small enough. This requirement does not exploit the parametric nature of the
problem and can be restrictive if py,, and py do not share the same support as we

discuss now.

As shown in [Villani, 2003, Theorem 7.26] and discussed in Theorem 71
and Proposition 72, the Wasserstein distance between two probability distributions p

and p’ admits a first order expansion in terms of the Negative Sobolev Distance:

o1
lim =Ws(p, p+e(p' = p)) = llp = P'lla-100)
€ €

when p’ admits a bounded density w.r.t. p. When such assumption fails to hold, there
are cases when this first order expansion is no longer available. For instance, in the
simple case when the parametric family consists of dirac distributions 4 located at a

value 6, the Wasserstein distance admits a closed form expression of the form:
Wa(0o, 9 + €(dr — 09)) = Ve[| — &'

Hence, 1 W>(dg, 8 + (0 — 0p)) diverges to infinity. One can consider a different
perturbation of the model dy.,, for some vector v which the one we are interested
in here. In this case, the Wasserstein distance admits a well-defined asymptotic
behavior:

1
lim —W5 (g, Opteu) = ||u]|.
€E— €

On the other hand the Negative Sobolev Distance is infinite for any value of €. To

see this, we consider its dual formulation as in Mroueh et al. [2019]:

1 , , 1
Slle=plla-1p) = sup /f(x)d(p—p)(l") - —/||fo($)||2dp(x)
2 FECE(9) 2

J F(@) dp(z)=0
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Evaluating this expression for dy and dg, ,, for any value € > 0 and for any w that is

non zero, on has:

1 1 1
1100 = Srecull 15 = sup  =(f(0) — f(O+eu)) — [V FO)F  (7.25)
2€ FEC2(Q) € 2

f(6)=0

One can always find a function f such that Vf(0) = 0, f(6) = 0 and —f(0 + eu)
can be arbitrarily large, thus the Negative Sobolev distance is infinite. This is not the

case of the metric u' Gy ()u which can be computed in closed form:

1 1
iuTGW(H)u = sup Vf(O) u-— éHVIf(H)HQ (7.26)
fece(9)
f(0)=0
In this case, choosing f(f) = 0 and V f(#) = u achieves the supremum which is
simply given by 3 [|u||?. Equation (7.26) can be seen as a limit case of (7.25) when

e — 0:

1 1 1
Su' Gw(0)u = sup lim—(f(0) = f(0 +eu)) — S|V f(O)|
2 fece(@) <0 € 2

7(6)=0

However, the order between the supremum and the limit cannot be exchanged in this
case, which makes the two objects behave very differently in the case of singular

probability distributions.

D Expression of WNG for the Multivariate Gaussian

Multivariate Gaussian. Consider a multivariate gaussian with mean p € R? and
covariance matrix ¥ € R? x R? parametrized using its lower triangular components
s = T'(X). We denote by 3 = T1(s) the inverse operation that maps any vector
s € R™5™ to its corresponding symmetric matrix in R? x R?. The concatenation
of the mean y and s will be denoted as 6 : 6 = (u, s). Given two parameter vectors

u = (m,T(S)) and v = (m/,T(S")) where m and m’ are vectors in R? and S and
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S’ are symmetric matrices in R? x R the metric evaluated at u and v is given by:
u G0 =m"m +Tr(ASA)
where A and A’ are symmetric matrices that are solutions to the Lyapunov equation:
S =AY+ YA, S =AY+ BA.

A and A’ can be computed in closed form using standard routines making the
evaluation of the metric easy to perform. Given a loss function £(6) and gradient
direction VyL(0) = V,L(0), V,L(0), the corresponding natural gradient V)" £(6)

can also be computed in closed form:
VI L) = (V,.L(0), T(S(A + diag(A)) + (A + diag(A))%)),

where A = T71(V,L£(6)). To use the estimator proposed in Proposition 77 we take
advantage of the parametrization of the Gaussian distribution as a push-forward of a

standard normal vector:

X~ NWwY) = X =37+ u,7 ~N(0,I)
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In this chapter, we summarize our contributions and propose directions for

future research.

Conditional score estimation

In Chapter 3, we have proposed a framework for conditional density estimation using
a non-parametric class of models. These models take the form of an exponential
family with natural parameters belonging to a vector-valued RKHS. We then ex-
tended the score matching procedure from Sriperumbudur et al. [2017] to estimate
these natural parameters by solving a finite-dimensional convex problem. Finally,
we provided convergence rates of the resulting estimators in the well-specified set-
ting where the data distribution belongs to the class defined by the model. This
work resulted in a general and flexible framework for estimating joint densities that
factorize according to a graph, and has a clear computational advantage when the
graph is space. When the graph is dense, this framework can still exploit a smooth
dependence on the conditional variables, often resulting in an improved empirical
performance over direct estimation of the joint density. In the following, we discuss

two extensions of this framework.

Future works

Scalable conditional score estimation. To approximate a conditional density
p(y|x), the proposed estimator requires solving a linear system of size N x d,, with
d, being the dimension of y. Hence, the memory and time complexities are N2 x dz
and N3 x dg’,, which is still prohibitive for large sample size N and even moderate
dimensions d,. This cost could be reduced without compromising the convergence
rate using Nystrom method as done in Chapter 7 and Sutherland et al. [2018]. This
method would reduce the complexity in memory and in time to O(N M dz) and
O(NM ng). The dependence in the dimension d,, results from evaluating all partial
derivatives of the kernel. Using an approach similar to Chapter 7, this dependence in
the dimension d, can become linear by randomly subsampling the partial derivatives
with respect to the M Nystrom points. We expect these improvements to come

without compromising the convergence rate, provided the number of basis points M
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scales with the sample size as a suitable optimal rate, usually between N 2 and N3

in the well-specified setting.

Learning graphical structure under sparsity constraints. The framework of
Chapter 3 assumes the graphical structure to be known. Moreover, unless the
graph is directed and acyclic, the procedure doesn’t guarantee that estimating each
conditional density independently results in a consistent probability distribution. A
possible extension is to learn a graphical structure by imposing sparsity constraints
similarly to Sun et al. [2015]. In this case the logarithm of the density can be

decomposed as a sum of a constant term C' and unary and pairwise terms:

logp(z) =C+ Y Ti(z)+ Y Tylai ).
1<i<d 1<i,j<d
i#]
The unary function 7; would belong to an RKHS H,;, while the pairwise function
xj — T; (., z;) would belong to a particular vector-valued RKHS taking values in
‘H,;. Hence, similarly to Chapter 3, it is possible to fit each conditional distribution
using the conditional score. However, instead of the usual ridge regression, using a
joint sparsity-inducing penalty as in Rakotomamonjy et al. [2011] would encourage
only a small number of non-trivial functions 7;;(z;, z,;) while setting the others to 0.
Independently learning each conditional would still result in a computational gain
compared to Sun et al. [2015]. However, further investigation is needed to provide

guarantees for the estimation and recovery of the sparsity structure.

Structuring and Regularizing implicit models

We considered the problem of estimating distributions under a low-intrinsic dimen-
sion assumption and using Implicit Generative models (IGMs). To address the
stability problem in IGMs, we introduced a self-regularizing loss for learning these
models using the Maximum Mean Discrepancy in Chapter 4. We then provided
practical conditions on the kernel’s parametrization that ensure continuity of the
loss in the models’ parameters. We empirically showed that this loss increases

training stability and yields state-of-the-art results in image generation tasks. This
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method resulted in a robust and generic approach to learning IGMs. In Chapter 5,
we introduced a new model that augments IGMs with an explicit model using an
importance sampling strategy. This hybrid model enables the use of expressive latent
noise distributions at the same training cost compared to IGMs. We have shown how
to train the explicit component using a generalized maximum likelihood relative to
the support of the IGM, thus taking advantage of a stronger topology of convergence
during training. We then proposed a simple MCMC scheme in latent space to sample
from such models. This resulted in a flexible class of models generalizing both
IGMs and Energy-Based Models, that is suited for modeling data with low intrinsic

dimension.

Future work

Regularity of the loss. We have shown in Chapter 4 the self-regularizing loss
to be continuous in the weak topology of convergence of measures when viewed
as a divergence between probability distributions. However, when using gradient
methods during optimization, this condition is insufficient to guarantee convergence
towards a local optimum. In Chapter 5, we established the loss to be L-Lipschitz and
weakly convex under practical conditions on the critic functions and IGM models.
The resulting regularity of the loss is enough to guarantee convergence of gradient
methods to local optima. However, this weak regularity of the loss can result in
slower convergence compared to losses that are L-smooth.

The recent work of Chu et al. [2020] proposed a general framework for regu-
larizing the discriminator used for adversarial training so that the loss used to learn
the IGM is L-smooth. This framework guarantees local convergence of gradient
descent methods provided the optimal discriminator is computed exactly. Most of
the proposed regularizations can be practically achieved using existing methods such
as spectral normalization Miyato et al. [2018]. However, one of these conditions
in [Chu et al., 2020, Section 6] requires the set of critic functions to belong to a
smooth RKHS space such as the one defined by a gaussian kernel and to control
their RKHS norm. Unfortunately, this condition is rarely satisfied in practice when

the critic function is parameterized by a Deep Neural network, as often done in
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practice. Identifying more practical conditions to ensure the L-smoothness of the
loss would result in faster convergence guarantees. The work of Bietti et al. [2018],
Bietti and Mairal [2017] provides a first insight on this question by viewing deep
neural networks as functions in an abstract RKHS space whose smoothness can
be controlled by their RKHS norm. Further investigation is required to understand
if such RKHS penalty could yield L-smooth losses for IGMs and devise efficient

methods for estimating it.

Model miss-specification. The support defined by an IGM is, in general, a rec-
tifiable set Federer [2014], a notion that extends smooth manifolds to piecewise
smooth sets and thus also possesses a tangent structure defined almost everywhere.
However, it remains unclear whether this notion can correctly represent the support
of distributions such as images for which the geometrical properties are not yet fully

understood [Bartholdi et al., 2012, Introduction].

Generalization in implicit models. We focused on developing models for data
with a low intrinsic dimension and methods for learning them without accounting
for their generalization capabilities. The work of Uppal et al. [2019] considered the
question of generalization under Integral Probability Metrics. It provided a minimax
optimal statistical rate of convergence that depends on both smoothness of the target
distribution and the smoothness of the critic functions. However, their analysis
deals only with distributions with a well-defined density. Therefore, extending it to
distributions with a low intrinsic dimension would better reflect the practical setting.
In the context of regression using Deep Neural Networks, the encouraging result in
Nakada and Imaizumi [2020] shows their proposed estimator to converge at rates
that depend only on the Minkowski dimension of the data support. Extending such

result to the case of IGMs or GEBMs is a promising avenue for future research.

Optimization of implicit generative models

We now discuss the contributions in Chapters 6 and 7 along with possible future

work directions.
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Wasserstein Gradient flow of weak divergence functionals

Contribution. We considered the Wasserstein gradient flow of the MMD functional
as a simplified setting for analyzing the optimization properties in the context of
learning IGMs. Our study showed that even this simplified setting is highly non-
convex and convergence to a global solution can fail dramatically. We provided
a criterion on the smoothness of the optimization trajectories that ensured global
convergence of the flow and introduced an algorithm based on noise-injection to

improve convergence.

Trajectory-independent criteria for convergence. Further investigation is re-
quired to understand if the trajectory dependent criterion for global convergence can

be relaxed into a criterion depending only on the initial condition:

If po € P* = py — V7,

here, P* would represent a basin of attraction by analogy to finite dimensional
optimization. To the best of our knowledge, identifying such a set is still an open

question.

Choice of the kernel. As shown in the experiments of Section 5 .2, using an MMD
with a Gaussian kernel yields optimization trajectories that are likely to fail reaching
the global solution. Hence, another interesting question would be to identify well-
behaved characteristic kernels for which the Wasserstein gradient flow has better

convergence properties.

Wasserstein natural gradient

Contribution. We introduced a scalable estimator of the Wasserstein natural gradi-
ent in Chapter 7. To the best of our knowledge, this is the first time a practical and
consistent estimator of the Wasserstein Natural Gradient is derived. This estimator is
scalable to large models and allows to exploit the Wasserstein geometry. This work
results in optimization methods that are robust to the model’s parametrization and
that do not require a well-defined density, thus making them particularly well suited

for IGMs. We discuss below a few avenues for future work.
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High dimensional distributions. We provided convergence rates in Section 3 .4 for
the estimator of the Wasserstein natural gradient that is adaptive to the smoothness
of the transport map. However, it remains open what regularity assumptions on the
model can guarantee a smooth transport map.

The effect of the dimension on the estimator’s quality also appears in the
minimal number of basis points and samples that yield a consistent estimator. Such
a number exhibits a polynomial dependence on the dimension regardless of the
smoothness of the transport map. A possible research direction is to mitigate this
dependence when an additional structure in the model is available, such as conditional

independence between the dimension as done in Chapter 3.

Significance.

We showed the benefit of using the WNG to be even more crucial when the opti-
mization problem is ill-conditioned, as illustrated in an artificial setting (Section 4 ).
An important question is to identify more natural settings where WNG is beneficial.
Recent developments already hint to use cases in the context of Reinforcement
Learning in Moskovitz*, Ted et al. [2021]. However, a precise quantification of the

speed of convergence of the optimization remains open.

Wasserstein Natural gradient for Reinforcement Learning. In [Moskovitz*, Ted
et al., 2021], we proposed a framework for using the Wasserstein natural gradient
in the context of reinforcement learning. This framework takes inspiration from
Pacchiano et al. [2019] and introduces a Policy Optimization algorithm based on
the Wasserstein Natural gradient to capture the *behavioral’ geometry of a policy.
This approach resulted in improved learning efficiency compared to well-established
algorithms such as TRPO Schulman et al. [2015] or Proximal Policy Optimization
Schulman et al. [2017] both based on the Kullback-Liebler divergence between
policies as a proximity measure. The proposed method relies on a pre-defined
representation of the ’behavior’ of a policy to compute the natural gradient. Defin-
ing general principle for learning such representations could result in improved

efficiency.
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