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1 | MOTIVATION

Deep generative models (DGM) are neural networks with many hidden layers trained
to approximate complicated, high-dimensional probability distributions using a large
number of samples. When trained successfully, we can use the DGMs to estimate
the likelihood of each observation and to create new samples from the underlying
distribution. Developing DGMs has become one of the most hotly researched fields
in artificial intelligence in recent years. The literature on DGMs has become vast and
is growing rapidly. Some advances have even reached the public sphere, for example,
the recent successes in generating realistic-looking images, voices, or movies; so-
called deep fakes. Despite these successes, several mathematical and practical issues
limit the broader use of DGMs: given a specific dataset, it remains challenging to
design and train a DGM and even more challenging to find out why a particular
model is or is not effective. To help advance the theoretical understanding of DGMs,
we introduce DGMs and provide a concise mathematical framework for modeling
the three most popular approaches: normalizing flows (NF), variational autoencoders
(VAE), and generative adversarial networks (GAN). We illustrate the advantages and
disadvantages of these basic approaches using numerical experiments. Our goal is
to enable and motivate the reader to contribute to this proliferating research area.
Our presentation also emphasizes relations between generative modeling and optimal

transport.
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Applications of deep generative models (DGM), such as creating fake portraits from celebrity images, have recently made head-
lines. The advent of these so-called deep fakes poses considerable societal and legal challenges, but also promise new beneficial
technologies!!l. Those include new scientific applications of DGMs, for example, in physics and computational chemistry [>-1.

Fueled by these headlines and the potential applications across scientific disciplines, there has been an explosion in research

activity in generative modeling in recent years. Due to the high volume and frequency of publications in this area, this article
does not attempt to provide a comprehensive review. Instead, we seek to provide a mathematical introduction to the field, use
an in-depth discussion of three main approaches to show the potential of DGMs, and expose open challenges. We also aim

0Abbreviations: DGM, deep generative model; DNN, deep neural network; ML, machine learning; OT, optimal transport, NF, Normalizing Flow; CNF, Continuous
Normalizing Flow; VAE, variational autoencoder; GAN, generative adversarial network; DCGAN, deep convolutional GAN; WGAN, Wasserstein GAN; KL, Kullback-
Leibler divergence; ML, maximum likelihood; SGD, stochastic gradient descent; PDE, partial differential equation; HIB, Hamilton Jacobi Bellman equations; ELBO,
evidence lower bound; MAP, maximum a posteriori estimate
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at illustrating similarities between generative modeling and other fields of applied mathematics, most importantly, optimal
transport (OT)>~7). For a more comprehensive view of the field, we refer to the monographs on deep learning [#°!, variational
autoencoders (VAE)!%-121 and generative adversarial nets (GAN)[!3!, To enable progress in this area, we provide the codes
used to generate examples in this paper as well as interactive iPython notebooks in our Github repository at https://github.com/
EmoryMLIP/DeepGenerativeModelinglntro.

Deep generative models are neural networks with many hidden layers trained to approximate complicated, high-dimensional
probability distributions. In short, the ambitious goal in DGM training is to learn an unknown or intractable probability distribu-
tion from a typically small number of independent and identically distributed samples. When trained successfully, we can use the
DGM to estimate the likelihood of a given sample and to create new samples that are similar to samples from the unknown dis-
tribution. These problems have been at the core of probability and statistics for decades but remain computationally challenging
to solve, particularly in high dimensions.

Despite many recent advances and success stories, several open challenges remain in the field of generative modeling. This
paper focuses on explaining three key mathematical challenges.

1. DGM training is an ill-posed problem since uniquely identifying a probability distribution from a finite number of samples
is impossible. Hence, the performance of the DGM will depend heavily on so-called hyperparameters, which include the
design of the network, the choice of training objective, regularization, and training algorithms.

2. Training the generator requires a way to quantify its samples’ similarity to those from the intractable distribution. In the
approaches considered here, this either requires the inversion of the generator or comparing the distribution of generated
samples to the given dataset. Both of these avenues have their distinct challenges. Inverting the generator is complicated
in most cases, particularly when it is modeled by a neural network that is nonlinear by design. Quantifying the similarity
of two probability distributions from samples leads to two-sample test problems, which are especially difficult without
prior assumptions on the distributions.

3. Most common approaches for training DGMs assume that we can approximate the intractable distribution by transforming
a known and much simpler probability distribution (for instance, a Gaussian) in a latent space of known dimension. In
most practical cases, determining the latent space dimension is impossible and is left as a hyperparameter that the user
needs to choose. This choice is both difficult and important. With an overly conservative estimate, the generator may not
approximate the data well enough, and an overestimate can render the generator non-injective, which complicates the
training.

To increase the accessibility of the paper, we will keep the discussion as informal as possible and sacrifice generality for clarity
where needed.

The remainder of the paper is organized as follows. In Section 2 we describe the generative modeling problem mathematically.
In Section 3, we present finite!!*!3 and continuous normalizing flows !¢ In Section 4, we introduce variational autoen-
coders %121 In Section 5, we introduce Generative Adversarial Networks?!-??1. In Section 6, we provide a detailed discussion
and comparison of the three approaches. In Section 7, we conclude the paper and highlight a few important directions of future
research.

2 | MATHEMATICAL FORMULATION AND EXAMPLES

This section establishes our notation, defines and illustrates the deep generative modeling problem, presents two numerical
examples used to demonstrate the different approaches, and provides a high-level overview of the DGM training problem.

2.1 | General Set Up

The key goal in generative modeling is to learn a representation of an intractable probability distribution X defined over R”,
where n typically is large, and the distribution is complicated; consider, for example, a multimodal distribution with disjoint
support. To this end, we can use a potentially large, but typically finite, number of independent and identically distributed (i.i.d)
samples from X that we refer to as the training data. Unlike standard statistical inference where a mathematical expression for
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FIGURE 1 A deep generative model, gy, is trained to map samples from a simple distribution, Z, (bottom right) to the more
complicated distribution g,(Z) (top right), which is similar to the true distribution & (top left). Finding an objective function that

quantifies the discrepancy between the generated samples and the original examples is the key obstacle to training generative
models. This is particularly difficult in the absence of point-to-point correspondences between data samples and latent variables.

the probability is sought, the goal is to obtain a generator
g RIS R" @))

that maps samples from a tractable distribution Z supported in R? to points in R” that resemble the given data. In other words,
we assume that for each sample x ~ X there is at least one point z ~ Z, such that g(z) ~ x. We denote the transformation
of the latent distribution Z as g(Z). Having a generator that can map points from the simple distribution, Z, to the intractable
distribution, X, allows us to generate samples from the complicated space X, which is desired in many applications.

Since the vector z that results in a given vector x is generally unknown, it is common to refer to it as the latent variable and
call Z the latent space. As is common, we will assume that Z is a univariate Gaussian in R?. This is without loss of generality
and in principle, Z can be any tractable distribution; that is, we require the ability to sample from Z and, in some cases, compute
the probability p>(z). We illustrate our notation in Figure 1 .

It is important to note that the latent space dimension, g, will generally be different from the dimension of the data space, n.
For example, high-resolution images with millions of pixels do not really "live" in such a high-dimensional space since their
content mostly gets preserved when reducing the resolution. Instead, there is a hidden manifold of typically unknown dimension
in which the images reside. This further complicates the problem, and we discuss this point later in the paper.

Assuming the generator g is known, we can generate new data points by sampling z ~ Z and computing g(z). In many
applications, ranging from deep fakes to Bayesian statistics, generating new samples is the only goal. In addition, the generator
can also be used to compute the likelihood or evidence of a particular sample x using marginalization

px(X) = / py(X|2)p;(z)dz, @

where the likelihood p,(x|z) measures how close g(z) is to x. Note that the exact computation of (2) is, in general, intractable
due to the high-dimensionality of the integral. The choice of the likelihood function depends on the properties of the data. For
real-valued data, it is common to use a Gaussian which leads to

pexlz) = Qo) exp (=5 llg() — xI?), )

where the choice of o > 0 controls how narrow the likelihood is around the samples. For binary data, one typically assumes a
Bernoulli distribution, which leads to

pxl2) = [[e@} (1-2@,)" ™. )
i=1
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Deriving g from first principles is impossible or infeasible for most data sets of interest. For example, it may be challenging
to model the process that transforms a sample from a univariate Gaussian to an image of a celebrity. Therefore, it has become
common in recent years to use generic function approximators such as neural networks with many hidden layers. This is the
fundamental design concept in deep generative models (DGM), where g is modeled using a feed-forward deep neural network
(DNN). Advantages of DNNs include their ability to approximate functions in high dimensions effectively. We denote the DNN
generator by g, and its weights by @ € R™e.

Defining the DNN architecture that defines g, that is, choosing the number of layers and the operations involved in each
layer, is a topic in its own right that we will not discuss in detail here. Instead, we will review a few examples from the literature
in our numerical experiments below and refer the reader to the excellent introduction ! and the comprehensive textbook [®! for
in-depth discussions and more options. Our choice is made for conciseness and should not divert from the fact that choosing an
effective architecture is critical and complicated by the lack of theoretical guidelines. For example, the quality of the architecture
impacts our ability to model the generative process and our ability to solve the learning problem, that is, to train the parameters
of the generator.

2.2 | Testbed Examples

We use two examples to illustrate and compare the different approaches to deep generative modeling. Our goal is not to improve
the state-of-the-art on those common benchmark problems but to keep the models and their implementation as simple as pos-
sible and closely match the presented derivations. We encourage the reader to look under the hood and perform more in-depth
experiments and provide our implementation at https://github.com/EmoryMLIP/DeepGenerativeModelingIntro.

Example 1 (Moons). We use a two-dimensional example to help visualize the deep generative modeling problem, the data
and latent distributions, and the intermediate steps of the generation process. Here, we consider the moons example from the
scikit-learn package?*!. The implementation provides an infinite number of (pseudo) random samples from a complicated
distribution whose support is split into two disjoint regions of equal mass shaped like half-moons; see Figure 2 for a visual-
ization. The user can control the width of the half-moon shapes. For the setting used in our plot, the width is sufficiently wide
such that the support of the underlying distribution has non-zero volume in R2. Hence, we use a ¢ = 2 dimensional latent space
and seek to find a generator that maps the standard normal distribution to the data distribution. It is important to note that if
we reduced the width of the moon shapes considerably, their intrinsic dimension would reduce to one, and we would expect
this approach to fail or at least provide suboptimal results. Even though the optimal generator is discontinuous, one common
approach to generative modeling where g = n is to restrict the search to smooth and invertible models; see Section 3. This mod-
eling choice allows us to efficiently compute and optimize each sample’s likelihood since we can determine the latent variable
associated with each sample. Still, we expect large derivatives of the generator in parts of the latent space as we try to transform
a uni-modal Gaussian to a bi-modal distribution; for more insight on this issue and ways to stabilize the generator using a mix-
ture model as latent distribution, see?*!. As we will see, upon suitable construction of the generator, this results in a relatively
straightforward training problem compared to the more advanced methods needed when g # n.

Example 2 (MNIST). As a high-dimensional example in which the data’s intrinsic dimensionality is clearly less than n, we
consider the well-studied MNIST dataset[>3!; see Figure 3 . The dataset consists of gray-valued digital images, each having
28 x 28 pixels and showing one hand-written digit. The dataset provides a finite number of images that are divided into 60,000
training and 10,000 test images. To train the generator, we do not require labels; however, we demonstrate in Figure 8 that the
embedding of the data points into the latent space in this example roughly clusters the samples based on the digit shown.

The first obstacle to setting up the DGM training is that the intrinsic dimension of the MNIST dataset is unknown, which
renders choosing the dimension of the latent space non-trivial. While each image contains n = 784 pixels, the support of X will
likely lie in a subset of a much lower dimension. Also, since the images are grouped into ten different classes, one can expect
the support to be disjoint with a substantial distance between the different clusters.

Despite these conceptual challenges, we will demonstrate that DGMs can be trained effectively and at modest computational
costs to create realistic-looking images. In our example, we seek to train a DGM such that it maps samples from the two-
dimensional standard normal distribution to realistic images. This choice is made so that we can easily visualize the latent space;
however, we note that using a larger latent space dimension may improve the quality of the generated images. Similar to!?!, we
define the generator as a three-layer convolutional neural network (CNN) that transforms an input sample z € R? to a vectorized
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FIGURE 2 Visualizing the training data of the two moons dataset in Example 1. Here, the data distribution (samples represented
by blue squares in right subplot) form two disjoint half moon shaped clusters. As the dataset does not live on a lower dimensional
manifold, we assume an intrinsic dimension of two and try to find a generator from the ¢ = 2 dimensional normal distribution
(left subplot) to the data. In practice, it is common to model the generator as an invertible transformation, which simplifies the
training; see Section 3.

image go(z) € R7®* using the following three steps
W(z) = O-RCLU (.M (K(2)W(1) + b(z))) ’ (5)
go(z) = O-sigm (K(3)W(2) + ﬂ) .

Here, K, K® K® are linear operators, b, b®, g are bias terms, N denotes a batch normalization layer, oy ;(x) =
max{x,0} is the rectified linear unit, and o, (x) = (1 + exp (=x))~! is the sigmoid function. The activation functions, oy,
and o, are applied element-wise. For ease of notation, we collectively denote the parameters of the model as 6; that is, 6 is
a vector containing the parameters of KV, K@, K® b1, b@, g.

We now describe our generative model in more detail. The matrix K" in the first layer is of size (64 - 7 - 7) X 2, that is, it
transforms the input z € R? into 64 images of size 7 X 7, also called channels. We add the bias vector b’ € R® channel-
wise and apply batch normalization?”! the output of the affine transformation before, finally, using the activation function. The
matrix K@ in the second layer is of size (32 - 14 - 14) x (64 - 7 - 7). It maps the input images w") to 32 images with 14 x 14
pixels each by computing the transpose of strided convolutions whose stencils are 4 X 4. As in the first layer, the bias b® € R
shifts each channel separately. In the final layer, the matrix K® is of size 784 x (32 - 14 - 14); that is, it provides a single image
with 28 X 28 pixels by computing a linear combination of transposed, strided convolutions applied to all the channels. The bias,
p is a scalar. Due to the sigmoid activation function, the entries of g,(z) are all between zero and one.

Overall, the generator has N, = 42,913 trainable weights that we initialize randomly and then train by minimizing an
objective function. The specific construction of the objective function is the main difference between the approaches. Note that
we cannot assume the generator to admit an inverse, unlike in the two-dimensional example.

2.3 | Training the Generator: A High-level Overview

In the remainder of the paper, we will discuss three main approaches for training the DGM g, using samples from X. Their
common goal is to learn a parameter 6 such that new samples, go(z) where z ~ Z, are statistically indistinguishable from samples
from the training data. In other words, we train 0 so that g, transforms the latent probability distribution, Z, to the probability
distribution of the data, X. Determining the distance between two distributions is a two-sample hypothesis test problem, which
is very difficult, especially for complicated distributions in high dimensions. Therefore, we will also judge the quality of the
generator visually.

We will see correspondences between the latent variables and the data samples can help avoid the two-sample test problem.
One key obstacle to this goal is the unsupervised nature of the problem; that is, we do not have pairs (x,z) of corresponding
samples from the data and latent distribution, respectively. Instead, we have many samples from the data space, &, and the
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FIGURE 3 Illustration of the MNIST image generation process in Example 2. Here, the intrinsic dimension of the dataset
(right) is unknown but assumed to be much less than the number of pixels per image, n = 784. In our example, we define the
latent variable to be distributed according to the ¢ = 2-dimensional standard normal distribution (left). Compared to the moons
example (see Figure 2 ), the generator cannot be assumed to be invertible. This complicates the density estimation and the
training process.

function, g, that we can use to create new samples. Therefore, if we want to avoid the challenging two-sample problem, we need
to establish correspondences, for example, by inverting g, or using statistical inference techniques.

We seek to exemplify these challenges using numerical experiments with the examples from Section 2.2. The three state-of-
the-art approaches, which are built on different assumptions on the data, modeling choices, and numerical techniques, are:

o In Sec. 3, we describe two ways to construct an invertible DGM g, and apply them to the moons dataset from Example 1. In
the first one, we concatenate a finite number of invertible functions. In the second one, we model g, as a trainable dynam-
ical system. These approaches have become known as normalizing flows and continuous normalizing flows, respectively.
When g, and its inverse are continuously differentiable, we can avoid the integral in (2) and compute the likelihood of
a sample using the change of variables formula. Hence, this assumption simplifies the training and also enables links to
optimal transport (OT). The invertibility of the model assumes that ¢ = n, which is limiting in many real-world datasets.
Still, we can use (continuous) normalizing flows as building blocks in more powerful approaches; for example, we try to
reduce the space dimension and then use the flow in the latent space.

o In Sec. 4, we discuss variational autoencoders (VAEs)[!?! that use a probabilistic model to establish relations between
the latent variables and data samples for non-invertible generators g,. VAEs are broadly applicable, for instance, in the
realistic case where ¢ < n. The key component in VAEs is a second neural network that approximates the intractable
posterior density Py, (z|x), which we will denote by py(z|x) in the following. We use this distribution to derive the objective
function required to train the generator. In our case, the objective function turns out to be a lower bound of the likelihood.
VAE training then consists of minimizing the objective with respect to the weights of the generator and the approximate
posterior simultaneously. A challenge in training VAESs is to maximize the overlap between the approximate posteriors
and the latent distributions while minimizing the reconstruction loss.

e In Sec. 5, we consider the framework of generative adversarial networks (GAN) that, instead of attempting to invert
the generator, tackles the two-sample test problem in the data space. Hence, GANs neither infer the latent variable nor
compute approximate likelihoods. One way to distinguish GAN approaches is the distance used to compare the actual
distribution, represented by the samples, and the distribution implied by the generator, g,. We parameterize this distance
using a second neural network called the discriminator. There exist several choices for this network, and we will discuss
the classical approach based on a binary classifier and a common transport-based approach using a Wasserstein distance.

Before we dive into more details, it is important to note some of the similarities and differences. Normalizing flows apply
only to the small set of problems in which the latent space dimension equals the intrinsic dimension of the data. Nonetheless,
when these assumptions are justified, normalizing flows map X to Z and vice versa and allow direct estimation of the distances
between g,(Z) and X and between g(;' (X) and Z. VAEs have less restrictive assumptions since they use a probabilistic model to
infer the latent variable. However, this inference problem is not straightforward, given the nonlinearity of the generator. It is also
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non-trivial to ensure that the samples from the approximate posterior overlap sufficiently well with the latent distribution. Finally,
GANS skip the challenges associated with estimating the latent variable and sample immediately from the latent distribution
Z. However, since we have no correspondence between the generated samples and the data points, quantifying the similarity
between g(Z) and & is highly non-trivial.

3 | FINITE AND CONTINUOUS NORMALIZING FLOWS

The key idea in normalizing flows is to model the generator, g, as a diffeomorphic and orientation-preserving function.! To this
end, normalizing flow models assume that the latent space dimension, ¢, is equal to the dimension of the data space, n. While
this is a significant restriction in practice, normalizing flows can be used as an add-on in other approaches that overcome this
restriction. Under these assumptions, we can use the change of variables formula and approximate the likelihood of a given data
point x in (2) by

Px(X) % pol) = pz (85'(0) det Vg5 (v
= @nF exp (—5lg; IF) det Vg ). ©)

In contrast to (2), no integration is needed, and we can evaluate py exactly when Z has a sufficiently smooth density, and we
can efficiently compute both g;l and its Jacobian determinant. In order to sample from p,, we further require an efficient way
of evaluating gy(z) to push forward samples from the latent distribution Z. These requirements inform our modeling choices of
the generator.

3.1 | Maximum Likelihood Training

Given the parametric model for the generator, g,, we need to pick 6 so that we approximate the true likelihood function well, that
is, that ideally equality holds in (6). One way to compare the two densities is to minimize the Kullback-Leibler (KL) divergence
between p and py

(x) (x)
KL(pX||p9)=/pX(X)10g1;X(X dx =E_ [log f;:(x) ] )

While computing the KL divergence requires the unknown likelihood p,(X) and is thus intractable, minimization with respect
to 6 only requires samples from &'. Note that the KL divergence has a unique minimizer when p, = py but is not symmetric,
that is, KL(p»||pg) # KL(pgyl|px)- Also, note that optimizing KL(py||p,) is intractable as it would require the true density.

Assuming ggl is available, we seek to maximize the likelihood samples from & under p,, which is known as maximum
likelihood training. Practically, we choose to minimize the negative log-likelihood

> 2 .
v (0) = Ey v [—log pp(x)] » % Z (% ” g;' (x?) ” —logdet Vg, ! (x?) + glog(27t)> , ®)
i=1

where xV,x®, ... x® are i.i.d. samples from X and s is also called the batch size. We also note that KL(py||pg) = Jy.(0) +
E,.» [— log py (X)] and since the second term is constant with respect to 6, minimizing Jy;; (8) is equivalent to minimizing the
Kullback-Leibler divergence in (7).

The terms in Equation (8) can be also interpreted by a more classical regularized approach. The first term is minimized
when g;l(x) = 0 irrespectably of x, that is, it prefers transformations that shrink the space. The second term can be viewed as
mapping the volume around x and it has the exact opposite effect. It prefers transformations that are volume preserving. A plot
of the function for a transformation in a single dimension is plotted in Figure 4 . The approximation in (8) comes through the
sampling of the distribution in &’ it is important to understand that the quality of the minimizer is only as good as the quality of
this approximation, which for complicated, high-dimensional distributions can be poor.

The asymmetry of the KL divergence has important implications for the generators resulting from maximum likelihood
training; see also!?8. On the one hand, the objective function will assign large values for points x at which the actual likelihood
exceeds that implied by the generator; that is, p,(X) > py(x). Hence, when trained well, the support of the density of the
generator should cover the samples. On the other hand, the generator may produce samples with small likelihood since the KL
divergence becomes small when p,(X) < py(X).

I'A function g : R" — R” is diffeomorphic if it is invertible and both g and g~! are continuously differentiable. If g is also orientation-preserving, det Vg(z) > 0.



8 Ruthotto and Haber

10" & E

FIGURE 4 The objective function for a simple affine function g;l(x) = Ox for a single example.

To approximately minimize Jy;; , we use stochastic approximation methods such as stochastic gradient descent (SGD) and
its variants; see the excellent survey?°!. In short, their iterations minimize the objective using gradients that are estimated from
the current minibatch, which is re-sampled at every step. By avoiding using the entire dataset, SGD type methods seek to save
computational costs and, empirically, often provide meaningful neural network models.

Let us now turn to the question of how to design the function g,. We assumed that it is a reversible diffeomorphic function
that preserves the orientation of the data. In the following, we discuss how to build such a generator.

3.2 | Finite Normalizing Flows

A finite normalizing flow %11 is constructed by concatenating diffeomorphic transformations with tractable Jacobian determi-
nants, which leads to the generator

8o(z) = fgofg_10 - of1(2). )]
In deep learning it is common to call f; the layers of the network and K the depth of the network. Assuming that efficient
expressions for the inverses of the layer functions f; are available, we can compute the maximum likelihood loss (8) using

1
g x)=flof o of'(x) and logdethgl(x)zZlogdetij_l(yU)). (10)

=K
Here, y&), y&=D__ y) are the hidden features, y* = z = g;'(x), and we have
yu=b = fj_l (ym) , forj=K,K-1,...,1, with y® =x

Note that we can perform maximum likelihood training as long as we can compute the inverse of the generator and the log-
determinant of its Jacobian. However, efficient sampling, which is our goal, requires efficient forward calculations as well.
The key trade-off in normalizing flows is designing the layers f; to be expressive while also leading to tractable Jacobian
determinants, and ideally same cost for evaluating f; and its inverse. These considerations allow us to group existing approaches
by their ability to compute g, g;l, or both:

e Examples of normalizing flows that can evaluate both the generator and its inverse efficiently are non-linear independent
components estimation (NICE)3 and real non-volume preserving (real NVP) flow !, which we present in more detail
below. A key idea in these approaches is that the layers partition the variables into two blocks and use components that
are easy to invert. Both of these approaches belong to the more general class of invertible neural networks; see, e.g., the
excellent literature review and application to inverse problems in3!1,

e Examples of normalizing flows that can compute g, efficiently but not its inverse include the planar and radial flows!'#!

and inverse autoregressive flows321, These approaches lack a closed-form expression for the inverse, which is needed
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to train the generator using the maximum likelihood objective function. Instead, they are commonly used in variational
autoencoders, which we will discuss next.

e An example of a normalizing flow that can compute ge‘1 efficiently but not the generator is the masked autoregressive
flow 33!, While these models can be trained straightforwardly using maximum likelihood training and provide efficient
density estimates, their use to produce new samples is limited.

Numerical Example: Real NVP For Moons Dataset

We apply the real-valued non-volume preserving (real NVP) flow '3 to our moons problem presented in Example 1. Our archi-
tecture and implementation is adapted from the excellent tutorial **!. The jth layer splits its input y“) € R? into its components
yij ) and yg). When j is an even number, f; keeps the first component unchanged and transforms the second component using
an affine transformation parameterized by y(lj ), that is,

(0)]
5 () = lii; cexp (s, (v)) +1, <y§j>>] : (11)

where s;,1; : R — R are neural networks that model scaling and translation, respectively. We collect the trainable weights from
all the layers in 0. The Jacobian of the jth layer reads

1 0
W= [ G5 6) o5 68) ool 60) |
which simplifies the Jacobian determinant to
det Vf; () =exp (s; (y)) . (12)
We also note that, independent of the specific choice of the networks s; and 7;, the inverse of the layer is
0))

Seon |
;) = l (v =1, (59)) o xp (=5, (7)) ] : (13)

When j is an odd number, the roles of the components of y are interchanged. We note that this leads to a well-conditioned flow
as long as the magnitude of the scaling remains bounded to a small number.

In our example, we use a normalizing flow with K = 6 real NVP layers. For every j = 1,2, ..., 6 the neural networks that
parameterize the scaling and translation of the layers (s; and 7;, respectively) each consist of three affine layers with a hidden
dimension of 128. The first two layers use a leaky ReLLU nonlinearity with a slope parameter of 0.01. Overall, the flow network
has 205,848 trainable weights, which we train using the stochastic approximation scheme ADAM 33, We perform 20,000 steps
of maximum likelihood training, each approximating the gradient of the objective function using a minibatch containing 256
points sampled from the true distribution X.

We show the result of the training in Figure 5 .

The real NVP approach has also been applied to higher dimensional examples!!. Here, the partitions of the variables are
more involved, and a certain depth of the network is required to ensure full coupling between the variables.

3.3 | Continuous Normalizing Flows

While we can compute finite normalizing flows efficiently only for a specific choice of layers, we can obtain more flexibility in
the framework of continuous normalizing flows (CNF). In a CNF!'®!, we define the generator as gy(z) = y(T') where T > 0 is
some terminal time and y : [0, T] — R” satisfies the initial value problem

0,y(1) = vp(y().1),  where  y(0) =z. (14)

Here, vy : R"XR — R" is an arbitrary neural network parameterized by the weights @ € R™e. For a sufficiently regular vy, the
mapping z — y(T) is invertible and in principle, one may define the inverse as ggl(x) = p(0) where p : [0,T] — R” satisfies
the final value problem

—0,p(t) = ve(p(¥),1), where p(T)=x. (15)
Here, we integrate backward in time as indicated by —d,. While this process is straightforward in theory, it is important to
note that the generator’s stability and its inverse depends crucially on the design of vy, choice of weights, and the numerical
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FIGURE 5 Normalizing flow results for the moon problem described in Example 1. Here, we use a real NVP approach with
six hidden layers to transform samples from the standard normal distribution (red dots) to match the given data (blue squares).
In the first subplot from the left, we show one batch of the training data. In the second subplot, we show the likelihood estimate
superimposed by generated samples (blue square). Here, it is worth noting that, due to the flow model’s smoothness, the two
half-moons appear to be connected. In the third subplot, we show the generator’s hidden layers for six randomly chosen latent
variables as inputs (red dots). Due to the alternating fashion of the layers, the transformation for every layer is limited to one of the
coordinates. In the fourth subplot, we show a two-dimensional histogram of the inverse transformation applied to 50,000 samples
from the moon data set, superimposed by a few randomly chosen examples. As expected, the latent variables do approximately,
but not perfectly, match a Gaussian distribution; see, for example, a narrow blue line passing approximately vertically through
the origin that separates the parts associated with each cluster of the dataset.

integration used to solve (15). Simple integrators such as the commonly used forward Euler or even higher-order Runge-Kutta
schemes without step size control can be prone to large errors when integrating backward; especially when the velocity in (14)
changes rapidly along the curve y(-).

There are several ways to avoid such issues. First, one may use symplectic integrators that can be reversed analytically up
to machine precision. Second, as we will demonstrate in our experiment, we can favor curves y(-) that are simple (ideally,
straight lines) by regularizing the velocity. This simplifies the integration and improves the inverse consistency. When using a
non-conservative integrator we recommend also monitoring the inverse errors ||g;1(g9(z)) —z|| and ||g9(g51(x)) —x||.

To compute the logarithm of the determinant of g, we employ the Jacobi identity also used in!!®!"! and obtain

T

1%®W%®4=/4mqw%MQMm. (16)
0
In practice, this computation can be combined with the numerical approximation of the characteristics (15).

Relation to Optimal Transport
To shed more light into the CNF problem, we point out its similarities and differences to optimal transport>~71. To this end, we
take a macroscopic view on the acting of the generator defined in (14) on the latent distribution Z.

Let us denote the density function associated with Z by p,, that is, p, is the density function of a univariate Gaussian. Then,
the push forward of p,, under the transformation that maps z to y(z) by integrating (14) until some 7= € [0, T'] is given by p(-, 7),
the solution to the continuity equation

0ip(X,1) + V- (p(X, Dvg(x, 1) =0,  p(X,0) = py(x). a7

Here, we see that the neural network v, takes the role of an non-stationary velocity. We also note that (14) computes the
characteristic curve originating in z forward in time and, similarly, (15) computes the same curve backward in time from point x.
We can now formulate the CNF problem as a PDE-constrained optimization problem

rpth%MTﬂsMwm(m. (18)
P

Since the objective function solely depends on the density at the final time, the above problem does not attain a unique solution.
To be precise, all velocity fields with the same initial and endpoints of the characteristics are assigned the same function value.
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Noting that (14) and (15) are trivial to solve when the velocity does not change along the characteristics, motivates us to add
the L, transport cost and consider the regularized problem

min / %||U9(x,t)||2p(x,t)dxdt+aIEXNX [-logp(x,T)|  subjectto (17), (19)
v.p

where a > 0 is a regularization parameter that balances between minimizing the transport costs and maximizing the log likeli-
hood. We view this problem as a relaxed version of the dynamic optimal transport formulation 3% or more precisely as a mean
field game 7], The key difference to standard optimal transport settings is that the target density is unknown. From the optimal
transport theory, it follows that (19) attains a unique solution for which the characteristics are straight lines. We note (19) can be
reformulated into a convex optimization problem and can be solved efficiently using PDE constrained optimization techniques
in dimensions n < 3138,

Several approaches that add transport costs to the CNF problem have been proposed recently [17-2%-3%1 While these approaches
differ in some factors, including the definition of the objective function, network design, and numerical implementation, they
provide ample numerical evidence to suggest that optimal transport techniques improve the training of the CNF. Since the
methods are applied to machine learning benchmark datasets of tens or hundreds of dimensions, all numerical schemes rely on
neural network parameterizations of the velocity and compute an approximate solution to (19) using stochastic approximation
techniques. There is some numerical evidence that penalizing violations of the Hamilton-Jacobi-Bellman (HIB) equations, which
are the necessary and sufficient first-order optimality conditions of (19), improves the practical performance 18201,

Numerical Example: OT-Flow for Moons Dataset

We apply the OT-Flow approach introduced in/?"! to the moons problem; see Example 1. This approach involves a Lagrangian
PDE solver to solve the continuity equation (17) in a mesh-free manner, which renders the scheme scalable to high dimensions.
Following the optimal transport theory, the approach defines the dynamics of the flow as the gradient of a potential, that is,
Ve(X,1) = —=VD,(x, ). Further, it has been shown empirically that adding a penalty function that enforces the Hamilton-Jacobi-
Bellman (HJB) equations along the characteristic curves improves performance.

We parameterize @, as the sum of a quadratic form and a two-layer residual network whose second layer has 32 neurons;
see20] for details. This model has 1,229 trainable parameters, around two orders of magnitude fewer than the real NVP model
used above. During the training, we compute the characteristics using a fourth-order Runge-Kutta scheme with equidistant time
steps. As in the real NVP example, we train the network using 20,000 training steps of the ADAM scheme, each based on a
minibatch containing 256 randomly sampled points.

We show the training results in Figure 6 . Here, the trained flow provides meaningful samples from the dataset as well as
realistic density estimates. Due to the penalization of transport costs, the characteristics are almost straight, which also helps
reduce the inverse error nearly to machine precision.

4 | VARIATIONAL AUTOENCODERS

In most practical situations, we cannot assume that the latent space dimension and that of the data space are equal. This prohibits
a direct use of the flow models from the previous section since the generator is not invertible and the KL divergence may be
unbounded or not well-defined??!. Variational Autoencoders (VAE)!'%12! are a popular framework to overcome this limitation
and, typically, use a latent space of much smaller dimension than the data space, that is, ¢ < n. They also allow better control of
the latent space dimension as we see next. Since the generator, g, is not invertible, we cannot compute the negative log-likelihood
loss using (8) directly.

Recall that we denote likelihood of a sample x ~ X (also called its evidence) implied by the generator as p,(x). Note that,
using Bayes’s rule, the likelihood can be re-written as
_ pe(x,2) _ py(X|2)p;(2)

Pe(z|X) Po(z[X)
Recall the idea of maximum likelihood training from the previous section; that is, maximizing this likelihood with respect to 6.
We note that directly maximizing the likelihood using the above expression is infeasible: while computing conditional probability
of a data sample given a sample from the latent space, p,y(x|z), is straightforward, the opposite direction is non-trivial. That
is, the posterior distribution py(z|x), which quantifies the likelihood of a particular latent variable z to produce the given data

Po(X) for, z~2Z. (20)
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FIGURE 6 Continuous normalizing flow results for the moon problem described in Example 1. Here, we use the OT-Flow
approach!?! to transform samples from the standard normal distribution (red dots) to match the given data (blue squares). In
the first subplot from the left, we show one batch of the training data. In the second subplot, we show the likelihood estimate
superimposed by generated samples (blue square). Despite the smoothness of the model, the two half-moons appear almost
disconnected. In the third subplot, we show the hidden layers of the generator for six randomly chosen latent variables as
inputs (red dots). Since the training is regularized by the transport costs, the characteristics are almost straight lines, which
allows to invert the flow by integrating backwards in time. In the fourth subplot, we show a two-dimensional histogram of the
inverse transformation applied to 50,000 samples from the moon data set, superimposed by a few randomly chosen examples.
As expected, the latent variables do approximately, but not entirely, match a Gaussian distribution. In particular, note the narrow
gap in the center of the domain that separates the parts associated with each cluster of the dataset.

sample x, is generally intractable. This is particularly true when the generator is non-linear and non-invertible, which is the idea
in deep generative modeling where g, is a deep neural network.

In VAE, we use a variational inference approach to approximate the posterior p,y(z|x) within a family of parameterized prob-
ability distributions that are tractable; that is, we can sample from the distribution and compute probabilities efficiently. In
practice, the parameters of that distribution are given by the output of a second neural network. This allows us to define the
approximate posterior

e, (2]X) ~ py(z]X). 2n
Here, y € R are the weights of the neural network that provides the parameters of the approximate posterior. This network
takes x as its input and yields the parameters of the approximate posterior, usually its mean, covariance and/or other parameters
that determine a particular distribution. To enable efficient training, we must be able to evaluate the approximate posterior and
draw samples efficiently. As is common, we use the same network weights, y for all x, which is also called amortized inference.

We briefly remark that e,, acts similarly to an encoder in traditional autoencoders in that it maps from the data space X to the
latent space Z. However, a crucial difference to autoencoders is that this mapping is probabilistic; that is, rather than providing
a single point in Z, e,,(z|x) defines a probability distribution. One can view a point in this distribution, for example, the mean,
as the result of an encoder. This construction is motivated by the non-invertibility of the generator caused by the difference
between the data and latent space dimensions and its nonlinearity.

The importance of the posterior distribution, p,(z|x), and its approximation also provides links to Bayesian inverse problems.
Here, given a sample from the dataset, x, the goal is to characterize the distribution of z in the latent space. Since VAE approaches
seek to determine which latent vectors likely gave rise to the observation and use a deep network to approximate the posterior,
they are also called deep latent variable models. In contrast to some applications of Bayesian inverse problems, there is a clear
choice of the prior distribution in a VAE; namely, the prior distribution is Z.

4.1 | Evidence Lower Bound Training

Instead of maximizing the likelihood (20), we consider a tractable surrogate problem that we obtain by replacing the true poste-
rior, pg(z|x) with the approximation e,, (z|x). For this approach to be meaningful, we have to accomplish two goals: maximize
the approximate likelihood and reduce the approximation error in (21). As we illustrate now, the surrogate problem satisfies
these two objectives since the approximate posterior yields a lower bound on the evidence py(X) and its maximization tightens
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the bound by reducing the approximation error in (21). We follow the argument in'?! to see that

logpe(x) = [EZNew(z|x) [logpe(x)]

_ [ (po(x.2)
- IEZNew(z|x) _IOg <P9(1|X) >]

= Epe o [log <P9(x, z) e,,,(zlx)>]

e, @X)  polx)

_ [ Po(X,Z) ew_(zlx)
= Boney o _log <ew(zlx) >] * Freya [log <Pe(Z|X) >]

Here, the second term is the KL divergence between the approximate posterior and the true posterior, KL(e,, (z|X)||pg(z]x)).
Recall that the KL divergence is non-negative and zero only when equality holds in (21). Due to its non-negativity, dropping the
KL divergence provides a lower bound on the evidence p,y(x). Therefore, the first term is also known as the variational lower
bound or evidence lower bound (ELBO). To learn the weights y and 0 from samples, we minimize the negative of the ELBO
and define the loss

JeLpoW> 0) = —Ex xEyre v [log pp(x,2) — log e.,,(Z|X)]

= [EXNX[EZNeW(le) [— log py(x|z) — log pz(z) + log e,l,(zlx)] 22)
~ l E =1 D17y =1 1 @) 23
~ = 2 Bre iy [~ 108 po(x|2) — log p(2) + loge,, (zIx )], (23)
i=1
with i.i.d. samples x,x@, ..., x® from X. To avoid the intractability associated with Eyme, (alx)> WE minimize Jg; po using

stochastic approximation schemes, where the expected value is approximated using a few (in practice only one) sample from
the approximate posterior.

It is important to note that minimizing Jg; g With respect to y improves the tightness of the bound as it simultaneously
reduces the KL divergence between the approximate and true posterior. However, it is also worth noting that it is impossible to
determine the tightness of the lower bound in practice due to the intractability of p,(z|x) and unknown py(X).

To gain further insight into the objective function in the VAE, we re-write (22) equivalently as

JeLso(y, 0) = [EX~X[EZ~EW(Z|X) [_ log Pe(x|z)] + [EX~X[Ez~eW(z|X) [log e, (z|x) — log Pz(z)]
= [Ex~X[Ez~ew(z|x) [_ IOg pg(Xll)] + [EXNX [KL (EW(Z|X)| Ipz(z))] .

Minimizing the first term reduces the approximation error in the data space that is introduced by restricting the dimension of
the latent space and the approximation error introduced by the approximate posterior. Improving the approximate posterior, for
example, reduces this term by providing samples z such that gy(z) is more likely to be close to the given x. Similarly, ensuring
that generator’s image contains x will help reduce this term provided a reasonably accurate approximation of the posterior. The
second term can be seen as a regularizer that biases the approximate posteriors toward the distribution of the latent variable. In
our examples, when Z is a univariate Gaussian, this term favors approximate posteriors whose samples (for a randomly chosen
x) are close to the origin.

The above discussion exposes a conflict between minimizing the reconstruction error and biasing the approximate posteriors
toward the latent distribution. When minimizing solely the reconstruction error, which is similar to the training of autoencoders,
samples from the (approximate) posterior will generally not be normally distributed in the latent space. Therefore, new data
points generated by sampling z ~ Z and applying such generator g,(Z) are expected to be of low quality. Similarly, minimizing
the second term, which in the extreme will make all approximate posteriors equal to the latent distribution, is expected to result
in a substantial reconstruction error.

In the Bayesian framework used to derive VAESs here and in most parts of the literature, the only way to balance between
minimizing the reconstruction error and regularity of the approximate posteriors is by choosing the likelihood function, py(x|z).
Consider, for example, the Gaussian likelihood function (3). Here, we can choose ¢ to balance the reconstruction error and the
regularity of the samples from the approximate posteriors. For the Bernoulli likelihood function (4), there is no obvious way
to increase or decrease the importance of the reconstruction error in the VAE training in the Bayesian setting. To overcome
this limitation, one can leave the Bayesian world and interpret Jg; 5, only as a regularized loss function. In this interpretation,
one can use different reconstruction losses (including loss functions not related to probabilities) and various penalty terms that
measure the discrepancy between the approximate posteriors (or their samples) and the latent distribution. While this venue
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provides exciting opportunities to improve upon standard VAE:s, it is not clear a-priori that the regularized loss function will be
a lower bound to the evidence.

4.2 | Example: Gaussian Posterior

In the MNIST problem, we chose to approximate the posterior distribution with a Gaussian for computational convenience, that
is,
e, (Z|x) = N (1, (x),exp(E,, (X)) . (24)
The subscripts indicate that the value of the mean u and the logarithm of the covariance matrix X depend on the weights y and
the input vector x. It is common to model both using the same neural network that differs only in its last layer. Although one
would expect a multi-modal posterior distribution given the nonlinearity of the generator, this simple model has been shown to
be effective in some cases.
To enable learning the weights y using derivative-based minimization, a difficulty that arises is the differentiation of a sample
z ~ e, (z|x) with respect to the weights y. This obstacle can be overcome using the so-called reparametrization trick, where we
write
z(€) = p,, +exp(T,(X)e, €~ N(0,I). (25)
This allows replacing the expectation E,_, (,x) With the expectation E,_,, and enables the use of Monte Carlo estimation
during the training. We compute

Vi JesoW.0) = =V, E. +E. o [log po(x. 2(€)) — log e, (z(€)[x)] . (26)

This re-parameterization provides an unbiased estimate of the gradient when the latent variable is continuous and the encoder
and decoder are differentiable; see 1% 5¢¢-24] for details.

Numerical Example: VAE for MNIST Example

We train the generator for the MNIST problem in Example 2 using the VAE approach. Recall that we defined the latent space to
be two-dimensional. Since the image intensities are in [0, 1], we measure the reconstruction quality using the Bernoulli likeli-
hood (4); see also!1%- Appendix C.11 e yse the same architecture of the neural network used to compute the mean and covariance
of the approximate posterior as in the excellent VAE tutorial **!, but note that our generator is different.

For a given MNIST image x we use two convolution layers for feature extraction

D _ ()] ()]
h? = 6p (CVAEX + CVAE>
(@] 2 @7
@ — @
h® = gy (COLh? +¢0 ).

Here, C(\}iE and C@‘E are convolution operators with 4 X 4 stencils and strides of two, that is, they reduce the number of pixels
by a factor of two in each axis. The first layer has 32 hidden channels and the second layer has 64 hidden channels. The bias
vectors CSAE and C%E apply constant shifts to each channel. Given the feature h®, we compute the mean and the diagonal of

the covariance of the approximate posterior, e, (z[x), using

#,(x) =D{) h® +d))

AR Ol and  diag(E, (x)) =D\ h@ +d$) (28)

VAE’

where diag(Z,,(x)) denotes the diagonal entries of the matrix. The vector y collects all the trainable parameters in
CS;E, C%E, c(\})\E, C%E, D(\}ZE, D%E, d(\}iE, and dg&E. The number of trainable weights in this network is 45,924.

We initialize the network weights using the default option in pytorch and then train the weights using the ADAM optimizer
with a fixed learning rate of 10~ for 50 epochs? with minibatches of size s = 64. We approximate the integrals for [Ez~e,,,(z|x)
using Monte Carlo quadrature of a single sample. To regularize the weights, we use weight decay with parameter 107.

In Figure 7 , we visualize the approximation error for four randomly selected images. While the approximate posterior is
relatively close to a mode of the true posterior in both cases, the reconstruction quality in the top row is substantial, even
showing an incorrect digit. These plots also suggest that the lower bound on the log-likelihood given by (22) is not very tight.
Further improving the tightness of this bound may be possible with non-Gaussian models for e,,. One approach that increases

the expressiveness of the approximate encoder using a continuous normalizing flow in the latent space is presented in''®!. As can

2 An epoch is one pass through the entire training data set
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_
FIGURE 7 Illustrating the error caused by the approximated posterior (21) in the variational autoencoder for two example
images from the MNIST dataset (row-wise). For the images in the left column, we compute the log posterior (up to a constant
shift) on a rectangular grid and depict its maximum a posteriori (MAP) estimate with a blue square (second column). The third
column shows the reconstruction associated with the MAP estimate, which looks comparable to the true image in both cases.
For these examples, the approximate posteriors and their MAP points (red dots in the second and fourth column) are slightly
different from the true posterior. The impact of this error is different in both cases. In the example shown in the first row, we
observe a substantial reconstruction error (right column) leading to an incorrect digit. The situation is slightly better for the

example in the bottom row, where the reconstruction error is minimal. However, we note that the true posteriors in both cases
are far from being Gaussian. This motivates the use of more sophisticated approximate posteriors.

N

N
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be seen from Figure 7 , the true posteriors vary drastically for each example. Hence, the weights of the flow typically depend
on X, for instance, introducing a third neural network.

We investigate the distribution of samples drawn from the approximate posteriors e,, (z|xY) for all x¥) in the test set in the
left two subplots of Figure 8 . The left subplot shows the mean of the approximate posteriors colored by the class label of the
underlying image. Although we did not use the information about the digit shown in the image, this plot shows that the embedding
performs a rough clustering for some classes. The second plot from the left is a two-dimensional histogram of samples from
the approximate posteriors. For each test image, we sample ten points from the approximate posterior. This plot shows that the
approximate posteriors collectively do not overlap with a Gaussian and that there are regions in the center of the domain with
relatively few samples.

While the goal in VAE is to train the generator g, such that it maps samples from the latent distribution to the data distribution,
we note that we sample the latent variable from the approximate posteriors, e, (z|x) during training. For these samples, we train
the generator to minimize the reconstruction error, which should provide realistic images. This raises the concern that the quality
of images generated from points Z at which p;(Z) > e,, (z|x) will be poor. To investigate this further, we use the histogram plot
shown in the second subplot of Figure 8 as an approximate density and compare it to the prior density. Of the 2000 points
with the largest difference, we randomly choose 64 (indicated as red dots) and visualize the generated images in the rightmost
subplot. We order the images by the first component of the latent variable, z;, from the top left to the bottom right. While we
do not expect all images to look realistic since the generator rarely visited these points during training, overall, the quality of
the samples is comparable to completely random samples. In this batch, the sample quality does not appear to correlate with
z,, which is surprising given the sparsity of samples in the fourth quadrant. Even though the generator seems to be effective in
regions not visited during training for this example, we recall that MNIST is known to be a relatively simple dataset. Hence, we
do not entirely reject the concern about the difference between the distributions used during training and evaluation.
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FIGURE 8 Visualizing the structure of the VAE latent space for the MNIST example. The first subplot from the left shows
the means of the approximate posteriors for the 10,000 test images color-coded by their class label. Some classes are clustered
even though we did not use the labels during training. The second subplot shows a two-dimensional histogram of samples from
the approximate posteriors (10 samples each), which shows striking differences to samples from a standard normal distribution.
In the third subplot, we superimpose the histogram with red dots that mark 64 randomly chosen points for which the prior
probability is large but where few samples from the approximate posteriors are located. The fourth subplot shows the generated
images from those points ordered increasingly by their Z, component (starting in the top left, ending in the bottom right).

In the left column of Figure 9 , we show a few random samples from the dataset (top) and from the generator trained using
the VAE approach (bottom). The most striking difference between the true and the generated images is the apparent blur in the
latter ones. Despite the blur, one can recognize a hand-written digit in most of the generated images.

In the top row of Figure 10 , we use the trained generator to interpolate images along the line segment from —e = (=1, —1)"
toe = (1, 1) in the latent space in equidistant steps. While the images appear slightly blurred, we can recognize most of them
as hand-written digits. It is noteworthy that the generator produces images showing different digits, which are far apart in the
data space.

S | GENERATIVE ADVERSARIAL NETWORKS

In generative adversarial networks (GAN), we train the weights of 8 by minimizing a loss function that measures the distance
between g,(Z) and X’; that is, GANs compare the distributions in the data space, unlike CNFs and VAEs. Recall that & is
represented by the training data and samples from gy(Z) obtained by transforming samples of the latent distribution. GANs
are considered likelihood-free models since they neither use the samples’ likelihood (as in the normalizing flows discussed in
Section 3) nor using a lower bound of the likelihood (as in the variational autoencoder presented in Section 4). Another difference
to the previous approaches is that GANs do not attempt to infer the latent variables that underlie the samples. Many promising
results*1#2 have contributed to GANSs’ increasing popularity, and several excellent works that go beyond our short presentation
are[13.21,28]

A key challenge in GAN training is to define a loss function that effectively measures the distance between g,(Z) and X from
samples that have no known correspondence. The objective function must also allow effective approximation using minibatches
of small or modest size to enable efficient optimization. In the following, we discuss two standard options to define the distance
function in a GAN. Both involve a second, scalar-valued neural network, often called the discriminator, that introduces another
set of weights to the training problem. In both cases, training the weights of the generator and discriminator results in a saddle
point problem that, not surprisingly, is challenging to solve. The saddle point problem can be interpreted as a two-player non-
cooperative game between the generator and the discriminator network.

5.1 | Discriminators based on Binary Classification

GANs were popularized by the seminal work of Goodfellow et al.[?!! that casts GAN training as a two-sample test problem.
Here, the discriminator, dy @ R" — [0, 1], is trained to predict the probability that a given example was part of the training
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FIGURE 9 Comparison of true MNIST images (top left) to randomly drawn samples from the trained VAE, DCGAN, and
WGAN (first, second, and third column, respectively). While most samples from the generator trained using the VAE framework
clearly show hand-written digits, the images tend to be blurry. While the best images generated using the GAN approaches are
indistinguishable from the true MNIST images, there are more samples in which no hand-written digit is shown. The human
eye can easily detect those as fakes.

dataset. This leads to a binary classification problem for the discriminator; that is, we seek to choose ¢ such that dy(x) ~
when x ~ X and d(x) ~ 0 when x ~ go(Z). Here, it is important to recall that we only sample from go(Z) but do not attempt
to estimate the likelihood py(x). Clearly, the training of the discriminator is coupled with the training of the generator whose
goal it is to provide samples that are indistinguishable from the true dataset.

Due to the relation to binary classification, it is common to train the GAN’s generator and discriminator using the cross-entropy
loss function

Joan(6. 9) = Ey_y [log(dy(x))] +E,.; [log (1 — dy(ge(2)))] - (29)

The discriminator seeks to maximize this function (indicating low classification errors) while the generator seeks to minimize
this function (corresponding to a confused discriminator). In other words, training the weights of the generator and discriminator
using the loss function is equivalent to finding a Nash equilibrium (6, ¢*) such that

¢* € argmax Jun(0",¢p) and 6" € argmin J;,N(0, PF). (30)
¢ 0

To gain some appreciation for the difficulty of this problem, consider, for example, that 8* are the weights of the optimal
generator, that is, go-(Z) = X. In this case, the discriminator will be maximally confused, and d 4+ would predict % for all samples.
However, note that saddle points (as opposed to minimizers) are unstable and very difficult to approximate numerically. Hence,
for a slightly suboptimal generator, the discriminator can significantly increase the objective by learning to distinguish between
the training data and generated samples and vice versa. Since the expressiveness of both the generator and discriminator are
limited by their parameterization, the effectiveness of a GAN is almost impossible to predict a priori; for more detailed theory
on this and other issues, we refer to[28],
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interpolation, gg(—(1 — A)e + Ae)
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FIGURE 10 Interpolation across the latent space for the MNIST example. For the VAE, DCGAN, WGAN, we interpolate
between —e = (—1,—1)" and e = (1, 1)" in 20 equidistant steps. While the images from the VAE example (top row) are blurred,
a digit can be recognized in most of them. While the GAN samples appear sharper, not all of them resemble MNIST images,
that is, some do not resemble any digit.

In practice, it is common to solve problem (30) approximately in an alternating fashion. The choice of the iterative method
crucially impacts the performance. As a simple example, consider a stochastic gradient scheme whose kth step reads

1 N . .
) = ¢® 4 y;j"; Y [Vglog@dym (x2)) + Vg log (1 = dy (g z)] . 31
i1
1 v .
e+l = gk _ yék); Z Vo log (1 — dyuen(gen(@))) (32)
py
where the samples x,x@®, ..., x® and z», 2@, ...,z are i.i.d. and re-sampled in every step and we have dropped the term

(k) (k)

associated with the true examples in the second line as it is independent of 6. Here, v~ and y,~ are learning rates that are
typically chosen a priori by the user. Empirically, SGD variants such as ADAM 33!, and RMSProp ) are typically more efficient
and lead to better solutions than the plain stochastic gradient scheme shown above.

The critical hurdle during training is balancing between the two subproblems in (30). Consider, for example, the beginning of
training, when it is relatively easy to distinguish the actual and generated samples. On the one hand, training the discriminator
to optimality would make it impossible for the generator to improve, since the gradient V,J;,n(0, ¢*) would be close to zero.
On the other hand, not training the discriminator well enough would make it challenging to update the weights of the generator.

Another common problem that also presents theoretical challenges to the GAN formulation is known as mode collapse. To
gain some intuition, consider the extreme case when the generator maps the entire distribution Z to a single data point, say
x ~ X, that is,

8o(z) = xU" foralmostall z~ Z.
In this case, the optimal discriminator would yield d 4 (x")) = % and d s (x) = 1 forall j > 1 and the training would terminate.

It is important to note that we can easily detect the above example of mode collapse by inspecting a few samples from the
generator, which will all be identical. A more difficult case would be when the generator mapped almost no point from Z close
to xV. If the data set contains a few thousand data points or more, such failure is almost impossible to detect by analyzing a
finite number of generated samples. Several heuristics have been proposed to reduce the risk of mode collapse; for example, one
can add distance terms that compare the statistics of the minibatches or apply one-sided label smoothing [,

Numerical Experiment: DCGAN for MNIST

We continue our MNIST Example 2 and seek to train the generator along with a discriminator whose architecture is similar
to the one used in Deep Convolutional GAN (DCGAN)*4!. To be specific, we define the discriminator using two convolution
layers and one fully connected layer: that is, given the input feature x € R”, we predict the probability that x is sampled from
the true dataset using

1 Y] (Y]
v =6pau <N (CGANX + cGAN>)
2 (2) 1 (2)
VD = o (N (Cov + €0y ) ) (33)

n
dy(X) = Ogigm <(dGAN) v+ 5GAN>
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(1)
GAN’

)

cGAN >

1 2 . . . . o
Here, C) and C are convolution operators, dg 1S a vector, € SN are bias terms, A is a batch normalization

GAN GAN
layer, and o, ; is the leaky ReLU activation

x x>0

Orrau () = 0.2 else

1) C(3) (1) (2)

anan® Coane 46ans Coane Coane Scan in the vector ¢.

The first two layers contain the convolution operators ng)w and Cg{lN, whose structure is identical to the operators C(\})\E
Cg/)u«: used in the VAE example. In addition to the different convolution stencils, the main difference here is the behavior of the
activation function for negative entries in the feature vector. As in the VAE example, the output of the second layer is a vector
of length 7 - 7 - 64, which we multiply with dg,y € R%*° and shift by the scalar 55,5 € R before using the sigmoid function
to obtain the final value.

In training, we perform the steps in (31) with gradients approximated using minibatches of size 64 and using the ADAM
scheme. We use fixed learning rates of 0.0002 and, as proposed in'*#!, a momentum of 0.5. We observed that the training
performance is highly dependent on these parameter choices and that, for instance, changes in the batch size can quickly lead to
complete failure of the training. We perform a fixed number of 50,000 training steps.

We compare two ways of initializing the weights. First, we use the default random initialization implemented in pytorch for all
the generator and discriminator weights. Second, we initialize the discriminator randomly as above but use the optimal weights
from the VAE example in the generator.

We show random samples and samples obtained by interpolating across the latent space in the second column of Figure 9
and the middle row of Figure 10 , respectively. The similarity of the samples to true MNIST images varies considerably. The
best images are almost indistinguishable from the actual distribution, but many images do not appear to contain any of the digits.

As the GAN training seeks to find a saddle point of J;,y in (29), monitoring its value during training does not provide use-
ful insight into the quality of the generator. Often the best option is to inspect a few generated samples at some intermediate
steps visually. As described above, this can be misleading, for example, due to mode collapse. To obtain some insight into the

To abbreviate the notation, we collect the trainable parameters in C
and

convergence of the method, we estimate the distance between X and go(Z) using the multivariate ¢ test for equal distributions
suggested in™, As can be seen in Figure 11 , this distance is reduced during the GAN training both from the random initializa-
tion (blue dashed line) and when initializing the generator with the weights from the VAE training (solid blue line). The latter
considerably reduces the number of training steps needed and obtains a better score overall.

5.2 | Discriminators based on Transport Costs

The idea of Wasserstein GANs [*?! is to use an approximation of the earth mover distance (EMD) to measure the distance between
g¢(Z) and X. The EMD distance, also known as Wasserstein-1 distance, can also be seen as the cost of the optimal transport
plan that moves gy(Z) to X. The Wasserstein-1 distance can be written as

Wi(86(2), X) = inf Eg-, [IIX = xI] (34)

where IT denotes the set of all distributions y (X, X) whose marginals are X and 8¢(2), respectively. The value of 7(X, x) indicates
how much mass is moved between the two locations, and the distance is measured using the Euclidean norm.
Instead of the formulation (34), most practical implementations of GANSs use the equivalent formulation

Wigo(2). %)= max E, [/ (8(2)] = Exx [F (01, (35)

which is also known as the Kantorovich and Rubinstein norm; see!” for more details. Here, the maximum is taken over all
functions f : R"” — R that are Lipschitz-1 continuous. Computing such f is far from trivial, especially in high dimensions. In
the context of GANS it has become common to approximate the function f with a neural network f, Py We note, however, that
ensuring the Lipschitz continuity of the neural network approximation is difficult.

Wasserstein GANs have several appealing theoretical advantages over the discriminator-based GANSs, including the ones
found in??!. For example, the loss function is continuous as long as g, is continuous and differentiable almost everywhere
when g, is locally Lipschitz continuous. However, it is unclear which of these advantages can be realized or is even desirable
in practical applications. In fact there are examples in which training f, and thus approximating W, (g¢(Z), X) more accurately
can reduce the performance of the generator 4%,
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FIGURE 11 Estimating the distance between X and g,(Z) for the MNIST example using the multivariate € test for equal distri-
butions *!. A lower value suggests an improved performance of the generator. The DCGAN (blue) and WGAN (red) approaches
reduce this distance measure effectively when initialized randomly (dashed) and when starting from the VAE solution (solid).
According to this measure, starting from the VAE solution improves the results overall and the WGAN slightly outperforms the
DCGAN.

Numerical Experiment: WGAN for MNIST

We continue the MNIST example and train the generator described in Example 2 using a WGAN approach. The architecture
for the potential f, is equal to the one used as the discriminator in (33) except that the sigmoid in the last layer is removed.
Following ?? we impose bound constraints on ¢ to regularize f - This will, in general, not be sufficient to ensure the Lipschitz
continuity. More promising (but also more involved) ways to incorporate this constraint is using gradient penalty methods®”!
or spectral normalization 3!,

We train the network using 50 iterations of RMSprop. As before, we perform two experiments. One uses the default random
initialization in pytorch and one starts from the solution obtained by the VAE.

We show random samples and interpolated images, respectively, in the third column of Figure 9 and the bottom row of
Figure 10 are qualitatively similar to the DCGAN images. The sharpness of the images resembles that of the true images, and
many samples are very realistic. However, many images do not contain a hand-written digit and are thus easy for the human eye
to be recognized as fakes.

Both for the random and the VAE initialization, the WGAN approach outperforms the DCGAN in terms of the multivariate €
test¥]; see Figure 11 . Again, initializing the generator with the VAE solution leads to a quicker and overall larger reduction of
this metric. It has to be noted that this test, like any other statistical test, may not agree with the human assessment of the samples;
compare middle and right column in Figure 9 . The lack of a useful metric is one of the main difficulties in training GANs. In
contrast to normalizing flows and variational autoencoders, no information about the likelihood or the latent space is available.

6 | DISCUSSION OF THE THREE MAIN APPROACHES

This paper provided an introduction to deep generative modeling and the three currently dominating classes of training
approaches. The goal of DGM training is to learn to generate examples that are "similar" to those obtained from an intractable
distribution. This is done by approximating a complicated and generally high-dimensional probability from samples. The idea
is to transform a known and simple distribution (for example, a univariate Gaussian) using a deep neural network that acts as a
generator. A key challenge in training is the lack of correspondence between points in the latent space and the data space. This
difficulty results in choosing an effective design and training of the generator. We focused most of our attention on different
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options to derive objective functions that help train the generator. We see this as the critical difference between today’s most
commonly used DGM approaches. Our goal is to establish a mathematical and practical understanding of these approaches and
motivate the reader to explore this topic further.

Finite and Continuous Normalizing Flows

Continuous normalizing flows (CNF) have several advantages over the variational autoencoder (VAE) and generative adversarial
network (GAN) approaches. First, by assuming a diffeomorphic generator, CNFs can directly compute and optimize the likeli-
hood of the data samples, which alleviates the difficulty of quantifying the similarity of X and go(Z) based on samples. Second,
also due to the invertibility of the generator, one can compute and monitor the distribution of the data in the latent space, g;l (X)
directly, and have a direct impact on the quality of the approximation on the X space. Ensuring sufficient similarity of this dis-
tribution and the latent distribution is vital to obtain meaningful samples. Third, it is possible to regularize the CNF problem
using techniques from optimal transport (OT), which allows one to leverage theoretical results and accelerate the accuracy and
efficiency of training algorithms. Fourth, OT-regularized CNFs can leverage recent advances made toward efficiently solving
high-dimensional optimal transport problems using neural networks17-20-37],

NF and CNF approaches’ key limitation is their underlying assumptions, which are rarely satisfied in practice. Their appli-
cability is limited to cases in which the intrinsic dimensionality of the dataset equals n, and there is a smooth and invertible
transformation. In practice, one may experiment with NFs and CNFs even if it is unclear whether or not these assumptions,
which are almost impossible to verify, hold. Suboptimal results could be due to inaccurate training or inadequate modeling but
also could indicate the violation of one or both assumptions and motivate the use of VAE or GAN techniques.

Variational Autoencoders

The crucial advantage of VAEs over NFs and CNFs is their ability to handle non-invertible generators and arbitrary dimension of
the latent space. In the Bayesian setting, the training objective provides a lower bound on the likelihood that becomes tighter when
the approximate posterior converges to the posterior implied by the generator. The training objective includes a reconstruction
error, which can provide useful information about the latent space dimension. For example, if we observe a large error for
expressive models, we may conclude that the data set’s intrinsic dimension is larger than the latent space dimension. In our
experience, the VAE training is more involved than that of NFs and CNFs due in part to the necessity to train a second network
that parameterizes the approximate posterior.

Compared to GANs, which can handle the same class of generators, we found the training problem in VAEs to be less
complicated. One reason for this is that VAE training requires minimizing a loss function and not solving a saddle point problem.
Another reason is that we can use the understanding of the latent space to monitor the model’s effectiveness; for example, by
computing the reconstruction loss and the similarity of the samples from the approximate posterior to the latent distribution.

Our discussion also identified the different choices of sample distributions during the training phase and generation phase as
one disadvantage of VAEs. During training, the latent variables are sampled from the approximate posterior and not from the
latent distribution. Even though the objective function penalizes the KL divergence between these distributions, in our example,
the samples are generally not normally distributed; see Figure 8 . This means that the generator may receive inputs it was
not trained on during the sampling phase, which may lead to undesired effects. Since such generalization can generally not be
expected from machine learning models such as neural networks, the lack of control of the latent samples remains a concern.
It is important to note that it is possible to improve VAEs by modeling more complicated approximate posteriors, for example,
using normalizing flows in the latent space!'®!.

Generative Adversarial Networks

The training of GANs does not rely on estimates of the likelihood or latent variable. Instead, the training objective compares
samples provided by the generator to those from the dataset without any correspondence. To this end, GANSs introduce a second
neural network, the discriminator, which we can construct in different ways to mimic binary classification or transport-based
metrics. Despite considerable mathematical challenges, the popularity of GANSs has been increasing dramatically in recent years.
One reason for the surge in interest is their ability to produce visually indistinguishable samples from real data points and can
be of higher quality than those predicted by generators trained using the VAE approach; see, for example, Figure 9 .

The most apparent disadvantage of GANs is the difficulty of the training problem, which involves a saddle point problem
and not, like in CNFs and VAEs, a minimization problem. Without theoretical advances that help guide the choice of hyperpa-
rameters, training GANS is likely to remain more of an art than a science. Along these lines, experimental evidence suggests
that most GAN approaches can, after successful and cumbersome hyperparameter tuning, achieve similar results with respect



22 | Ruthotto and Haber

to existing metrics*”1. The nonlinearity of the problem can cause various failure modes, including mode collapse or diverging
iterations. In our experiments, we found that the performance is highly dependent on choosing the right hyperparameters such
as batch size, learning rates, regularization parameters, and the architectures of the networks. In practice, this requires a repeated
solution of a very costly training process. Therefore, we expect the computational costs of training a GAN in most cases to be
considerably larger than training CNFs or VAEs. We found that initializing the generator using the weights from VAE training
helped improve the training. Recent works that propose to base the training on variational inequalities "> promise a more
reliable solution, but we have not included these in our experiments.

In our example, the transport-based Wasserstein GAN (WGAN) performed slightly better than the GAN based on binary
classification. The theory of WGAN also has several key advantages, for example, reduced risk of mode collapse. However,
there is a significant challenge of approximating the Wasserstein distance in high-dimensions efficiently using small batches. The
formulation considered here requires optimizing a scalar-valued neural network subject to a constraint on its Lipschitz continuity
and constant. This is a non-trivial endeavor, and developing rigorous methods that enforce this constraint could provide relevant
improvements.

7 | OUTLOOK

As advances in machine learning and particularly deep learning enable the training of more powerful generative models, many
remaining questions and challenges will almost surely lead to continued activity in deep generative modeling. In the following,
we seek to identify some directions for future work related to but slightly beyond the topics covered by our paper.

At the core of deep generative modeling is the requirement to reliably and efficiently compare complicated, high-dimensional
probability distributions. This has been a core problem of statistics for decades (if not longer), and bringing recent advances to
bear in generative modeling is a fruitful direction of future research. Closing the gap between theory and practice is critical to
improve the reliability of DGM training and reduce the immense computational costs. This paper has demonstrated the sampling
problem in VAEs and enforcing the Lipschitz constraint in WGAN training.

While most existing DMG approaches use black-box neural networks as generators, there is a lack of models for incorporating
domain-specific knowledge. This is a significant limitation, for example, in scientific use cases.
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