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Abstract

This thesis comprises a series of publications that contribute to the emerging field
of mathematical analysis of deep learning. The term deep learning refers to ma-
chine learning methods that use gradient-based optimization techniques to fit the
parameters of deep neural networks to given data. Over the past decade, such
approaches have catalyzed unprecedented advances across a wide range of applica-
tions. While a comprehensive mathematical explanation for their success remains
elusive, this work provides fundamental insights that improve the theoretical un-
derstanding of deep learning. To facilitate a rigorous analysis, we focus on learning
problems with known regularity properties, as frequently encountered in the con-
text of differential equations. Specifically, we analyze deep learning algorithms
for the numerical solution of a class of partial differential equations, known as
Kolmogorov equations, employing representations based on stochastic differential
equations. It is demonstrated that empirical risk minimization over deep neural
networks efficiently approximates the solutions of families of Kolmogorov equations,
with both the size of the neural networks and the number of samples scaling only
polynomially in the underlying dimension. Furthermore, we introduce variance-
reduced loss functions and identify settings in which local minima of corresponding
optimization problems are nearly optimal. On the other hand, we also address the
shortcomings of deep learning and establish fundamental constraints on learning
neural networks from samples. Extensive numerical experiments corroborate the
potential of deep learning to overcome the curse of dimensionality while reveal-
ing its inherent limitations. This comprehensive investigation contributes toward
principled and reliable applications of deep learning in the natural sciences.






Zusammenfassung

Diese Arbeit umfasst eine Reihe an Publikationen, welche einen Beitrag zum auf-
kommenden Gebiet der mathematischen Analyse des tiefen Lernens leisten. Der
Begriff | tiefes Lernen® (engl. deep learning) bezeichnet Methoden des maschinellen
Lernens, bei denen gradientenbasierte Optimierungsverfahren eingesetzt werden,
um die Parameter von tiefen neuronalen Netzen an gegebene Daten anzupassen. In
den letzten zehn Jahren haben solche Ansétze in einer Vielzahl von Anwendungen
zu beispiellosen Fortschritten gefiithrt. Wéahrend eine umfassende mathematische
Erklarung fiir diesen Erfolg weiterhin aussteht, liefert die vorliegende Arbeit grund-
legende Erkenntnisse, welche ein besseres theoretisches Verstdndnis des tiefen Ler-
nens ermoglichen. Um eine rigorose Analyse zu ermoglichen, konzentrieren wir uns
auf Lernprobleme mit bekannten Regularitatseigenschaften, wie sie oft im Kontext
von Differentialgleichungen vorkommen. Insbesondere analysieren wir Algorithmen
aus dem Bereich des tiefen Lernens fiir die numerische Losung einer Klasse partieller
Differentialgleichungen, bekannt als Kolmogorov-Gleichungen, unter Verwendung
von Reprasentationen, welche auf stochastischen Differentialgleichungen basieren.
Es wird gezeigt, dass empirische Risikominimierung iiber tiefe neuronale Netze die
Losungen von Familien von Kolmogorov-Gleichungen effizient approximiert, wobei
sowohl die Grofle der neuronalen Netze als auch die Anzahl an Datenpunkten nur
polynomiell in der zugrunde liegenden Dimension skaliert. Dariiber hinaus fithren
wir varianzreduzierte Verlustfunktionen ein und identifizieren Bedingungen, unter
denen lokale Minima der entsprechenden Optimierungsprobleme nahezu optimal
sind. Andererseits gehen wir auch auf die Unzulénglichkeiten des tiefen Lernens ein
und stellen grundlegende Schranken fiir das Lernen neuronaler Netze aus Daten auf.
Ausfithrliche numerische Experimente bestatigen das Potenzial des tiefen Lernens,
den Fluch der Dimensionalitdt zu tiberwinden, wobei zugleich dessen inhérente
Grenzen deutlich werden. Diese umfassende Untersuchung trégt zu fundierten und
verlasslichen Anwendungen von tiefem Lernen in den Naturwissenschaften bei.
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1 Introduction

"In short, success in creating Al, could be the biggest event
in the history of our civilization. But it could also be the last,
unless we learn how to avoid the risks."

Stephen Hawking, 2016

In recent years, the field of artificial intelligence (Al) has experienced unprece-
dented advances in areas such as computer vision, speech, natural language pro-
cessing, and the natural sciences. Machine learning algorithms have been able to
solve complex tasks that were previously unattainable with conventional, explicitly
constructed algorithms. This progress is largely driven by the emergence of deep
learning, a machine learning technique based on deep neural networks.

Loosely inspired by the functioning of the human brain, neural networks are
models composed of interconnected artificial neurons, as shown in Figure 1.1. The
first computationally applicable artificial neurons were already developed decades
ago (McCulloch and Pitts, 1943; Rosenblatt, 1958). However, deep learning only
gained significant traction following a breakthrough performance in an annual
image classification challenge in 2012 (Krizhevsky, Sutskever, and Hinton, 2012).

The late rise of neural networks can be attributed to the development of specialized
architectures, i.e., arrangements of artificial neurons. A significant change among
architectures has been the transition from parallel to layered arrangements of
neurons, resulting in so-called deep architectures. The breakthrough was also
facilitated by the rapidly growing amount of available computational resources
and digitally stored data. Substantial engineering efforts coupled with advances in
high-performance computing on graphics processing units (GPUs) made it possible
to train deep neural networks on massive amounts of data using gradient-based
optimization techniques.

Despite their remarkable performance, deep learning algorithms, which are pre-
dominantly data-driven, remain largely opaque and lack theoretical guarantees.
While a considerable amount of mathematical research on neural networks had
been conducted before their empirical success, the paradigm shift and the aston-
ishing performance of deep learning have raised a number of new questions and
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Figure 1.1: Computational graph of an artificial neuron with Heaviside activation
function and parameters wy, ..., ws,b € R. This represents a model of a biological
neuron, which outputs an action potential, i.e., y = 1, at its azon if the weighted
sum Z?Zl wjz; of the input signals (z;)7_, from dendritic spines surpasses a certain
threshold —b, see also Géron (2017).

challenges. This thesis aims to formulate these questions and provides answers and
insights for selected questions and applications.

Particular emphasis is placed on the application of deep learning to scientific tasks
with underlying physical models that can be mathematically formalized. Such
models are often governed by partial differential equations (PDEs), arguably the
most important modeling tool in the natural sciences. Despite a long history of
research in the area of PDESs, the numerical solution of many highly relevant prob-
lems remains challenging or even completely out of reach. Recently, however, deep
learning has also led to major breakthroughs in this area, opening up unimagined
possibilities for practitioners. The present work shows how neural networks can
be used to numerically solve certain classes of PDEs and demonstrates that the
resulting algorithms can overcome complexity barriers of classical methods.

In summary, this work aims to define and summarize the emerging field of mathe-
matical analysis of deep learning. It presents numerical algorithms based on deep
learning and contributes toward their theoretical understanding. The primary
focus is on applications in the context of PDEs, in particular so-called Kolmogorov
equations, highlighting the potential of deep learning in solving complex scientific
problems and ultimately advancing our understanding of the natural world.
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2 Preliminaries

We start by giving a slightly abstract definition of deep learning and refer to
Chapter [ for further details. In a learning problem, one seeks a model which best
explains observations from an underlying, typically unknown, data distribution.
We assume that the data is represented by a Z-valued random variable Z and that
the set of admissible models is given by M. We measure the performance of a
model f € M on a realization z € Z using a loss function L: M x Z — [0, 00).
The corresponding learning problem’

min BIL(/, Z)] (2.1)

asks for a minimizer f* € M of the expected loss, the so-called risk,
E(f) =E[L(f,2)], [feM.

For instance, in a regression task with quadratic loss function and data Z = (X,Y)
taking values in Z := X x R, we have the loss function

£quadr(f7 Z) = (Y - f(X))27 f € M? (22)

where we can choose M to be the space of measurable functions f: X — R. The
goal is to find a function f € M that predicts the labels Y of given features X.
In the case where Y has finite variance, the tower property of the conditional
expectation ensures that

ElLquaa(f, Z)] = E[E[Y]X] = f(X))*] + E[(Y — E[Y]X])?]. (2:3)

This decomposition shows that the optimal solution f* € M to the regression task
satisfies almost surely that

f7(X) = E[Y|x]. (2.4)

However, most learning problems as defined in (2.1) turn out to be infeasible. In
particular, the data Z is generally unknown and one is only given realizations of
samples (Z@)™ | typically assumed to be mutually independent and drawn from
the distribution of Z. Moreover, the set M might also be too large to be optimized

We work on a filtered probability space satisfying the usual conditions and denote by E[X]
and V[X] the expectation and variance of a random variable X. For details on measurability and
regularity assumptions that guarantee well-defined learning problems, we refer to Chapter I11.

17



over. A common approach to finding an approximate solution to the learning
problem in (2.1) is to consider the empirical risk minimization problem

m

1 .
in— Y L(f, 2" 2.5
min ; (.2 (25)
over a suitable hypothesis set H C M. In this approach, one picks a model
f € H that minimizes the average loss on the given samples (Z®)™  the so-called

empirical risk
. ] ,
— 7() )
&(f)=— ;:1 L(f,Z7), feM

Then, we can also define the best approzimation f;;, € H in the hypothesis set H
as a minimizer of

I}éi{tl]E[ﬁ(f, 2)).

In the context of deep learning, the hypothesis set is given by a parametric family
H=R(O)={R(): 6 € O} (2.6)

with a suitable parameter space © and realization map R: © — M. Assuming
that the mapping 0 — (€ o R)(0) is differentiable, the empirical risk minimization
problem in (2.5) is typically tackled using variants of gradient descent. In their
most basic form, gradient descent schemes are given by the parameter update

oD = o) _ AV(£ 0 R)(0™), 6O € o, (2.7)

where A € (0,00) is some step size, also known as learning rate. In practice, one
usually considers stochastic gradient descent, where only a random subset of the
samples (Z)™  a so-called mini-batch, is used in the empirical risk & for each
update in (2.7). For a sufficiently large number of steps N € N, the model R(8™V))
serves as a candidate for an approximate solution to the learning problem, as
illustrated in Figure 2.1.

In deep learning, the realization map R in (2.6) is generally defined as a composition
of simple functions R : © — C(R%-1,R%), so-called layers, such that’

R(O) =RP(@)o---cRMV(), #eO, (2.8)

2In view of (2.6), this definition implies that % C C(R%,R%%), implicitly assuming a suitable
set of admissible models M D H.
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Figure 2.1: Illustration of the risk &£, the solution to the learning problem
f* € argmingc\ E(f), the hypothesis set H C M, the best approximation

fi; € argmingy E(f), the em;zirical risk & (forA a given realization of samples),
the empirical risk minimizer f € argmin;., £(f), and a sequence ofA models
(R(0™))N_, obtained by applying gradient descent to the mapping 6 + (£ o R)(6).

where a = (a,)l, € NI is a given architecture with depth L € N. Models of the
form R(6), 6§ € O, are then commonly referred to as neural networks’. Based on
analytic expressions of the derivatives of the simple functions in (2.8), the chain
rule allows for an efficient and accurate evaluation of the gradients V(£ o R)(8™)
needed in (2.7) on a computer by means of automatic differentiation, a specific
form of which is often called the backpropagation algorithm (Rumelhart, Hinton,
and Williams, 19806).

We mostly focus on classical, fully-connected feed-forward neural networks, where
the outputs of the simple functions R are affine-linear mappings composed with
univariate functions which are applied componentwise. Specifically, we choose

L
O C X (RU**-1 x R™),
=1

3By common abuse of notation, we use the term neural network to denote functions of the
form R(#), as defined in (2.8). However, it is important to note that typical realization maps
R are not injective. In order to talk about the parametrization 6 € © of a neural network R(6),
one would need to define the neural network as a tuple (R, 6).
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Figure 2.2: Computational graph of a fully connected feedforward neural network
R(0): R® — R with architecture a = (3,4,6,1), depth 3, and parameters § =
(W® ®))3_,. In accordance with Figure 1.1, we refer to W® and b as the
weights and biases in the (-th layer. We call R(6) a ReLU network if oM (x) =
0?(z) = max{x,0} and o®(z) = z for v € R.

S
o]
oo

and for every ¢ € {1,..., L} we define
RY: 0 —» CR™ 1, R™), 0= (WD,09NE, — 0“0 Apw 0.
In the above, the functions
Ao o R0 5 R™ 3 WOz + 50,

denote affine-linear mappings and, by common abuse of notation, the activation
functions o) € C(R) are applied componentwise, see Figure 2.2. In this context,
the number of parameters of the architecture a = (ay)L, is given by

L

dim(©) = Z arap_1 + ap

/=1

and a, denotes the width, i.e., the number of artificial neurons, in the /-th layer.
A frequently utilized activation function, which is also used for the majority of
results in this thesis, is the so-called Rectified Linear Unit (ReLU) given by

09(z) = og(r) = max{z,0}, xz€R,

20



— ogr(z) = max{z,0}

Qs(ﬂf) — Tfe--°

Figure 2.3: Two commonly used activation functions. In this thesis, we focus on the
ReL U activation function or. For binary classification tasks, where the labels Y
take only two values, the sigmoid activation function os can be used as activation
function o™ in the last layer to interpret the output as the probability of a given
class in the range [0, 1].

as depicted in Figure 2.3. Depending on the desired output range, the last activation
function o(*) is often chosen differently. For instance, we will mostly use the identity,
i.e., oP)(z) = z. We further use the abbreviation ReL U networks to denote classical
neural networks with ReLLU activation functions in all layers except the last one.

Roughly speaking, the overarching question in the mathematical analysis of deep
learning can be formulated as follows:

How well does a neural network R(OW)) as defined in (2.8),
trained for N steps using a variant of gradient descent as in (2.7),
approzimate the solution f* of the learning problem in (2.1)?

Since this question cannot be answered in such generality, one often analyzes
learning problems with additional prior knowledge, such as those arising in the
context of PDEs. In this thesis, we repeatedly consider PDEs that admit stochastic
representations based on stochastic differential equations (SDEs), often referred
to as Kolmogorov equations. For simplicity, let us focus on linear, homogeneous
Kolmogorov (backward) equations defined by

(O + Fu)(z,t) =0, u(z,T) = p(z), (x,t) € R x[0,T], (2.9)

with spatial dimension d € N, terminal time 7" € (0, 00), and differential operator
F' given by

1
Fu = 5 Trace (oo " Hess, (u)) + p1 - Vyu.

In the above,
peCRYx[0,7],RY) and o e CR?x [0,T], R>?) (2.10)
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are suitable drift and diffusion coefficient functions, o € C(R?) is a given terminal
condition, and we are interested in finding the corresponding solution® u € C%*(R%x
[0,77) of the PDE in (2.9).

The class of Kolmogorov equations covers a broad spectrum of PDEs, for which
accurate and reliable solvers are of great importance to practitioners, see also Chap-
ter V for an overview. For instance, such PDEs frequently appear in physics for
the modeling of diffusion processes. Moreover, the class includes the Black-Scholes
equation and extensions thereof, used for pricing financial derivative instruments.
Via the Hopf-Cole transform, u — —log(u), Kolmogorov equations can also be
connected to Hamilton-Jacobi-Bellman equations, prominent in the fields of rein-
forcement learning and optimal control.

Kolmogorov equations naturally lead to learning problems, as defined in (2.1). To
see this, let ¢ be a random variable with values on a compact subset D C R% and
define S¢ = (Sf)te[o,T] to be a solution to the SDE

AS¢ = (S5 1) dt + o(S5, 1) dB,,  S§ =¢, (2.11)

with B denoting a standard d-dimensional Brownian motion. Under suitable
conditions, see Chapter [11, Itd’s formula shows that almost surely it holds that

p(S7) = u(S3, T)

:u(Sg,O)+/OT(atU+FU)(S§7t) dt+/0T (0" Vo) (S7,1) - dBy (9 19y

T
= u(&,0) —{—/0 (JTqu)(Sf,t) - dB;,

where we used the fact that u solves the Kolmogorov equation in (2.9). Noting that,
under mild regularity conditions, the stochastic integral in (2.12) has vanishing
expectation conditioned on &, we obtain a version of the Feynman-Kac formula,
i.e., it almost surely holds that

u(€,0) = E[p(S5)1€]. (2.13)

In view of (2.4), this shows that the solution to the Kolmogorov equation in (2.9)
evaluated at time t = 0, i.e.,

D >z u(z,0), (2.14)

4For ease of presentation, we assume that there exists a unique strong solution u € C%!(R% x
[0,T]) to the Kolmogorov equation in (2.9), which is twice continuously differentiable in the
spatial coordinate € R? and once continuously differentiable in the time coordinate ¢ € [0, T].
For conditions guaranteeing the existence and uniqueness of (viscosity) solutions u, we refer to
the work by Hairer, Hutzenthaler, and Jentzen (2015).
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Figure 2.4: Realization of the solution S¢ to the SDE in (2.11) and the associated
data (&, p(S5)) of the learning problem for the Kolmogorov equation in (2.9), where
o(z,t) = 6z, p(z,t) = 6%z, and p(z) == Y 1 ¢z’ for (z,t) € R x [0,T] with
i, n=2c¢=c =0,c= %, and T = 1. Using It6’s formula and the
Laplace transform of a Gaussian random variable, one can show that S% = £efBr
and f*(z) = u(z,0) = E[p(S7)|¢ = 2] = 30, c;e29)’ 3 see Berner (2018).

o =

is the unique’ solution f* € M = C(D) to the learning problem with data
Z = (&,¢(55)) and quadratic loss function Lquadr as in (2.2), see also Figure 2.4,
In Section 3.4, we will extend this framework to learn the whole time evolution of
u, i.e., the mapping D x [0,T] 3 (x,t) — u(z,t).

For the above learning problem, we can easily generate (approximate) samples
(ZO)m | of the data Z = (£,¢(S5)). Specifically, we can choose a suitable dis-
tribution for &, for instance, a uniform distribution on D, and simulate the SDE
in (2.11) relying on standard numerical solvers. For instance, one can discretize
the SDE solution gfk ~ ka onagrid 0 =t < --- <tg =T with K € N steps
using the Fuler-Maruyama approximation (ka)szo given by

Sff

tr41

= gti + M(S’tivtk)(thrl - tk) + U(S’tivtk) (Bthrl - Btk)? S«fo = f? (2'15)
—_———
~ N0, (tpr1 — t)la)

see Chapter [V and Kloeden and Platen (1992) for convergence results and further
numerical schemes. Given samples of the data Z, one can tackle the correspond-
ing empirical risk minimization problem in (2.5) over a hypothesis set of neural
networks H = R(©) with input dimension ay = d and output dimension aj = 1
using variants of stochastic gradient descent. Given that we can control the errors

ROM) ~ f =~ fi, ~ f* = u(-,0), (2.16)

5In general, the solution f* is unique up to sets of measure zero w.r.t. the distribution of £. In
the typical case where £ follows a uniform distribution, the solution to the Kolmogorov equation,
D > z — u(x,0), is the unique continuous solution.
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this results in an approximate solution R(6")) to the Kolmogorov equation, see
also Figure 2.1.

We emphasize that such learning problems represent a rare scenario for real-world
applications of deep learning. First, we have control over choosing the features
¢ and can generate independent and identically distributed (i.i.d.) samples at
will. Furthermore, we can leverage the underlying SDEs and PDEs to obtain a
priori estimates on the regularity of the data Z = (&, (S5)) and the solution to
the learning problem u(-,0). Such assumptions will be the basis for a rigorous
mathematical analysis of the errors occurring in (2.16). In the following Chapter,
we will summarize the publications included in this thesis and outline how they
contribute to such an analysis.
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3 Synopses of the Publications

This chapter presents the main concepts and findings of the publications that are
contained in this thesis, see Table 3.1 for an overview.

Title Reference
Ch. I The Modern Mathematics of Deep Learning Berner, Grohs, Kutyniok,
Sec. 3.1 and Petersen (2022).
CUP.
Ch. IT Towards a regularity theory for ReLU mnetworks— Berner, Elbréchter, Grohs,
Sec. 3.2 chain rule and global error estimates and Jentzen (2019).
SampTA.
Ch. 111 Analysis of the Generalization Error: FEmpirical Berner, Grohs, and
Sec. 3.3 Risk Minimization over Deep Artificial Neural Net-  Jentzen (2020).
works Overcomes the Curse of Dimensionality in the  SIMODS.
Numerical Approzimation of Black—Scholes Partial
Differential Equations
Ch. IV Numerically Solving Parametric Families of High- Berner, Dablander, and
Sec. 3.4 Dimensional Kolmogorov Partial Differential Equa-  Grohs (2020).
tions via Deep Learning NeurIPS.
Ch. V Robust SDE-Based Variational Formulations for  Richter and Berner (2022).
Sec. 3.5 Solving Linear PDEs via Deep Learning ICML.
Ch. VI How degenerate is the parametrization of neural net- Berner, Elbrachter, and
Sec. 3.6 works with the ReLU activation function? Grohs (2019).
NeurlIPS.
Ch. VII  Learning ReLU networks to high uniform accuracy Berner, Grohs, and
Sec. 3.7 s intractable Voigtlaender (2023).

ICLR.

Table 3.1: Overview of the publications included in this thesis.
In Chapter 4, we will discuss the results and highlight potential extensions. To

give a short outline, let us first state the research questions each of the publications
attempts to answer:
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1I.

I1I1.

IV.

VI

VII.

The Modern Mathematics of Deep Learning

What are the open questions in the field of mathematical
analysis of deep learning, and which results already exist?

Towards a Regularity Theory for ReLU Networks — Chain Rule
and Global Error Estimates

What can be said about the approximation capabilities of deep
neural networks, in particular with respect to Sobolev norms?

Analysis of the Generalization Error: Empirical Risk Minimization
over Deep Artificial Neural Networks Overcomes the Curse of
Dimensionality in the Numerical Approximation of Black—Scholes
Partial Differential Equations

Given that the solution to the learning problem can be
efficiently approximated by deep neural networks, can it
also be learned by means of empirical risk minimization?

Numerically Solving Parametric Families of High-Dimensional Kol-
mogorov Partial Differential Equations via Deep Learning

Can neural networks efficiently learn the solutions
of parametric families of Kolmogorov equations?

Robust SDE-Based Variational Formulations for Solving Linear
PDEs via Deep Learning

Can we reduce the variance of the gradients, which
are used in gradient descent schemes for solving the
corresponding empirical risk minimization problem?

How Degenerate is the Parametrization of Neural Networks with
the ReLU Activation Function?

How suited is the empirical risk minimization problem
to the application of gradient descent based on prior
knowledge about the reqularity of the learning problem?

Learning ReLU Networks to High Uniform Accuracy is Intractable

Do there exist fundamental lower bounds on the
learnability of neural networks from samples?
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3.1 The Modern Mathematics of Deep Learning

Over the past few decades, a substantial amount of research has been conducted
to mathematically analyze machine learning methods and neural networks in par-
ticular. In this survey, we first summarize classical results in the field of learning
theory. In particular, this includes the approximation and interpolation capabilities
of so-called shallow neural networks with depth L = 2, the framework of probably
approximately correct (PAC) learning based on VC-dimensions of hypothesis sets,
and the convergence of variants of stochastic gradient descent for convex objectives.
However, despite the plethora of results, recent applications of deep learning still
pose a number of open questions. We further identify these newly emerging ques-
tions and define the field of mathematical analysis of deep learning. In addition, we
give an overview of modern approaches, yielding partial answers to these questions.
The questions concern the following topics:

1. Generalization of overparametrized neural networks: Successful ap-
plications of deep learning often use overparametrized neural networks R(6),
0 € ©, where the number of parameters dim(©) is significantly larger than
the number m of given training samples (Z()™ . Classical learning the-
ory suggests that such expressive models R(#) would overfit, i.e., depict
random fluctuation of the samples, and not generalize well, meaning that
their risk £(R(0)) is significantly larger than their empirical risk &(R(0)).
Specifically, corresponding hypothesis sets R(O) typically contain models
that can interpolate the samples, and their VC-dimensions, which scale with
the number of parameters, yield vacuous bounds on the generalization error.
We summarize modern attempts to extend and reconcile classical learning
theory for overparametrized models. For instance, we describe the double
descent phenomenon suggesting that the risk of models can also decrease
when their expressiveness surpasses the interpolation threshold. Moreover,
we present complexity measures for neural network hypothesis sets based on
norms of the parameters rather than their number. We also show that, under
suitable assumptions, neural networks behave like linear models operating
on nonlinear features (given by the so-called neural tangent kernel) in the
infinite-width limit aq,...,ar,_1 — oo. Finally, we investigate the depen-
dence of the generalization performance on the optimization scheme and, in
particular, the implicit bias of gradient descent.

2. Success of gradient descent: In typical applications, the empirical risk
minimization problem minge@(é o R) is non-convex (and non-smooth for ac-
tivation functions such as the ReLU). Thus, one would expect that (stochas-
tic) gradient descent gets stuck in local minima and does not converge
to parameters V) which approximately minimize the empirical risk, i.e.,
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E(R(OM)) ~ £(f). However, we present results showing that the loss land-
scape, i.e., the graph of 6 — (€ o R)(0), can be well-behaved for the use of
gradient descent. For instance, we describe scenarios where local minima
are almost optimal, see also Section 3.6, or where the empirical risk is only
slightly increasing on a suitable path from a local to a global minimizer. We
also show how the neural tangent kernel can be used to prove convergence
results for overparametrized neural networks.

3. Effects of different architectures: Classical results primarily investigated
the expressiveness of shallow feed-forward neural networks. Under mild
assumptions on the activation function, the universal approrimation theorem
guarantees that depth L = 2 suffices to approximate any continuous function
arbitrarily well on compact sets. However, commonly used architectures in
practice are typically very deep. As a theoretical explanation, we present
results showing that the efficient approximation of certain function classes,
such as radial functions or smooth functions, indeed requires sufficiently deep
architectures. Moreover, we list mathematical properties of commonly used
types of neural networks, such as convolutional, residual, and recurrent neural
networks, U-Nets, as well as batch normalization layers. The connections of
neural networks to other iterative or hierarchical methods (e.g., the scattering
transform or methods in sparse coding) further reveal potential invariances
and sparsity in the (intermediate) outputs of neural networks.

4. Applicability to high-dimensional problems: The complexity of grid-
based methods inevitably scales exponentially in the underlying dimension,
a phenomenon often referred to as the curse of dimensionality. We present
several settings where neural networks are able to overcome the curse of
dimensionality, possibly explaining successful applications of deep learning
to very high-dimensional problems in practice. These explanations build upon
assumptions on the structure of the learning problem, such as underlying
differential equations, stochastic representations, or the manifold hypothesis,
which assumes that the features X of a regression task have a high likelihood
of lying close to a low-dimensional manifold. The compositionality of neural
networks then allows us to emulate and combine classical methods, such as
Monte-Carlo methods and local Taylor approximations on manifolds, see also
Sections 3.2 and 3.3. Finally, we mention deep learning methods for solving
high-dimensional problems in the natural sciences, e.g., in the context of
inverse problems and PDEs, see also Sections 3.4 and 3.5.

The paper presents selected approaches in more detail to provide the reader with
fundamental ideas and intuition. As mentioned above, we will also shed light on
these questions in the following sections.

28



3.2 Towards a Regularity Theory for ReLU Networks —
Chain Rule and Global Error Estimates

This paper deals with the approximation capabilities of ReLLU networks, i.e., how
the architecture a = (a,)%_, needs to be chosen to ensure that

. _ <
inf [R(0) - f"| <«

for given € € (0,00) and norm || - ||. While the solution to the learning problem
f* is typically unknown, we can utilize regularity properties of f* and analyze the
worst-case error over a corresponding function class. For instance, one might know
a priori that f* is contained in a ball in the Sobolev space WP, which consists of
functions having weak derivatives up to order k£ € N belonging to the Lebesgue
space LP with p € [1,00]. Such estimates can, for instance, also be established for
(weak) solutions of Kolmogorov equations (Evans, 2010, Section 7.1).

Generally speaking, neural networks exhibit optimal approximation capabilities for
a variety of function classes (Elbrachter et al., 2021). The expressivity of neural
networks is largely induced by the fact that compositions and linear combinations of
neural networks can again be represented as a neural network. In contrast, classical,
dictionary-based approximation methods only employ linear combinations of simple
basis functions.

The compositionality of neural networks has, for instance, been used in a series of
approximation results for ReLU networks originating from a construction of Yarot-
sky (2017). The main idea is to combine very simple functions to gradually build
up approximations of complex functions. We start with the series representation

vy =Y 47 (h3"(x) + h"(y) — b (x +y)), =,y €[0,1], (3.1)

where h§" denotes the n-fold composition of the hat function

hs: R - R, hs(x) = 20r(x) — 4or (ac — g) , 0€(0,00), (3.2)
depicted in Figure 3.1. From (3.2) it is obvious that hs and, by compositionality, A"
can be represented as ReLLU networks. Together with the exponential decay of the
series in (3.1), this implies that the multiplication operation, i.e., (z,y) +— zy, can
be approximated on bounded domains by ReLU networks with depth and number
of parameters scaling only logarithmically in the reciprocal accuracy. Consequently,
by using linear combinations and compositions, the same holds for polynomials,
enabling efficient approximation of various types of regular functions.
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Figure 3.1: Composition of the hat function hs in (3.2) with itself.

To establish approximation results for the composition of functions f and ¢ in
such constructions, estimates on ||R(6,) — g|| and ||R(6f) — f|| are used to obtain
a bound on

IR(0) © R(0f) — g0 fl. (3.3)

While this has been successfully carried out for the £>-norm by Yarotsky (2017),
we consider the stronger Sobolev norm || -|| = || - [[jy1.00, measuring the simultaneous
uniform approximation of a function and its derivative. In particular, this requires
estimating the derivative of R(f,) o R(6) in (3.3). When using classical neural
networks with locally Lipschitz continuous activation functions (Q(Z))ZL:D the com-
position R(#,) o R(#y) is almost everywhere differentiable. However, the chain rule
can, in general, not be applied if o) exhibits points of non-differentiability, such
as the ReLU activation function. It might happen that the inner function maps

sets of nonzero measure to points where the outer function is non-differentiable.

We circumvent this issue by defining a derivative of ReLLU networks that coincides
almost everywhere with the classical derivative and obeys a version of the chain
rule. Moreover, we explain how this notion of derivative can lead to approximation
results for smooth functions, e.g., with bounded W*?-norm for k > 2 and p € [1, o0],
using a partition of unity and localized (averaged) Taylor polynomials, see also the
concurrent work by Giihring, Kutyniok, and Petersen (2020).

Finally, we demonstrate how to construct neural networks R(6;) globally approx-
imating functions f € C?(R%) with at most polynomially growing derivatives in
the sense that

[R(Op)(2) — f(@)] (1 +|lally), = €RY (3-4)
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Figure 3.2: An approximation of the characteristic function 1;_p pj» by the ReLU
network in (3.6) with d = 2.

and
IVR(0;)(x) — VF(@)|la S+ ||z]), = €RY (3.5)

for some v, € (0,00). The main idea is to adapt a neural network, which
approximates f on a sufficiently large domain, to be zero outside that domain. This
can be achieved using an approximative multiplication with the ReLLU network

T OR (% Z (QR(a:i + D +9) — or(z; + D) — og(z; — D)) — (d— 1)) , (3.6)

=1

which approximates the characteristic function 1;_p p of the hypercube [-D, D]?
with D € (0, 00) for sufficiently small § € (0, 00), as depicted in Figure 3.2. The
next sections show that estimates of the form (3.4) and (3.5) are, for instance,
demanded in the context of Kolmogorov equations.

3.3 Analysis of the Generalization Error: Empirical Risk
Minimization over Deep Artificial Neural Networks Over-
comes the Curse of Dimensionality in the Numerical Ap-
proximation of Black—Scholes Partial Differential Equations

The previous paper focused on estimating how well the solution to a learning
problem f* can be approximated by a hypothesis set of neural networks H based
on regularity assumptions on f*. This paper goes one step further and studies the
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error between the empirical risk minimizer f over H and f*. For a regression task

as in (2.2), we can leverage the decomposition in (2.3) to show that'

1f = Fllexeny = EF) = EFD) + 155 = Il (3.7)
genemliz?zt?‘on error appma:im?z?ion error

see also Figure 2.1. For f* that is sufficiently smooth, the approximation error
could be tackled with tools outlined in the last section, e.g., using local Taylor
approximation. However, note that such approximation results naturally underlie
the curse of dimensionality. This paper focuses on the specific application of
learning solutions f* = u(-,0) to Kolmogorov equations as defined in (2.14). In
this case, the features X = £ are typically chosen to follow a uniform distribution
such that the £2(IPx)-norms in (3.7) correspond to standard (scaled) £2(D)-norms.
Leveraging the structure of the underlying PDE and the Feynman-Kac formula
in (2.13), we refine the estimates of Grohs, Hornung, et al. (2020) to establish
approximation results that only scale polynomially in the spatial dimension d of
the corresponding Kolmogorov equation.

Specifically, for time-homogeneous, affine-linear coefficient functions p and o
in (2.10), one can prove the existence of random variables W and b, such that
for every € R? it holds almost surely that

2 = Apy(a) = Wa +b, (3.8)

where S* = (SF):co,r) denotes the solution to the SDE in (2.11) with initial
condition z € RY. We further assume that the terminal condition ¢ is bounded
and can be approximated by a neural network R(6,) in the sense of (3.4). Now,
let (W® p®))_ be independent samples drawn from the distribution of (W, b)
and define the (random) function

1 n
f= - Zl R(0,) 0 Ay - (3.9)

Then, we can use the Feynman-Kac formula in (2.13), combined with the repre-
sentation in (3.8) and uniform Monte Carlo estimates, to establish the bound

1 1
E[lf —u(-,0)lz2] <e|t+E[lAwalls]]| . + %HW[R(QW) o Awy]?|| - (3.10)

The monotonicity of the expectation implies that there is a realization of f in (3.9)
such that the bound in (3.10) still holds. As any realization of f can be represented

'For a measurable function f: X — R, we define ||f||’2p(IPX) = [|flPdPx, p € [1,00), and

| fllzoo ) = inf{c € [0,00): |f(X)] < c almost surely}, where Px denotes the distribution of
the features X. In the following, we further abbreviate || - [|zo == || - || zo(p x)-
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as a neural network, approximation of the terminal condition ¢ without the curse
of dimensionality carries over to the solution u(-,0) of the Kolmogorov equation.

Based on such bounds on the approximation error in (3.7), the paper develops a
general framework to establish bounds on the generalization error, which are also
not succumbed to the curse of dimensionality. Assuming that the functions in H
are uniformly bounded, we can show that

E(f) = E(f3) < 2r(Lin(€) + Lin(€) + 2max|E(fi) — €A, (3.11)

where (fi)f, is a covering of H with radius r € (0,00) and Lip denotes the
Lipschitz constant w.r.t. the || - [|ze-norm. Note that, by definition, it holds that

EE(f)] =E(f), k=1,...,K.

The last term in (3.11) can thus be bounded using a union bound and concentration
inequalities. The size K € N of a covering of neural network realizations H = R(O)
with compact parameter space © is obtained from the size of a covering of © and
estimates of the Lipschitz constant of the realization map R: © — H. The latter
can be estimated by a layer-wise induction argument. In summary, we show that,
with high probability over draws of data (Z)™,, the number of samples m, needed

(

to guarantee a given generalization error in (3.7), i.e.,

E(f)—E(f) <-e,

scales polynomially in the underlying dimension d and the reciprocal accuracy ™,
given that the size of the hypothesis set H required to achieve an approximation

error of ¢ in (3.7) also scales polynomially in d and 7.

Thus, we conclude that empirical risk minimization over deep neural networks can
overcome the curse of dimensionality for the numerical solution of Kolmogorov
equations with affine-linear coefficient functions whenever the terminal condition
@ can be efficiently approximated. This assumption is, for instance, satisfied for
Kolmogorov equations arising in option pricing problems from financial engineering,
where typical terminal conditions ¢ can be exactly represented by ReLU networks.

For time-homogeneous, affine-linear coefficient functions p and o, every realiza-
tion of S7 can be represented by an affine-linear function, see (3.8). However,
we can also obtain approximations to realizations of S7 by emulating SDE dis-
cretization schemes, such as the Euler-Maruyama method in (2.15), with deep
neural networks. Assuming sufficient regularity, this allows obtaining analogous
approximation and generalization results for more general Kolmogorov equations if
additionally p and o can be efficiently approximated in the sense of (3.4) and (3.5),
see also Jentzen, Salimova, and Welti (2021) and Reisinger and Zhang (2020) for
similar constructions.
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3.4 Numerically Solving Parametric Families of High-Di-
mensional Kolmogorov Partial Differential Equations via
Deep Learning

The results of the previous paper are supported by numerical experiments con-
ducted by Beck, Becker, et al. (2021), which show that the solution to the Kol-
mogorov equation in (2.9) at time ¢ = 0, i.e.,

D >z — u(z,0),

can indeed be efficiently learned in high dimensions. We generalize this work by
investigating the numerical solution of parametric families of Kolmogorov equations
on the whole space-time domain D x [0,T]. Specifically, we are given terminal
conditions (¢ )yea and coefficient functions (jt),ea and (o) ea, parametrized by
some parameter set A C RP with p € N, and we want to numerically compute
the solutions (u,),ep of the corresponding parametrized family of Kolmogorov
equations in (2.9). In other words, we want to learn the parametric solution map

: RYX[0,T) x A =R, (2,t,7) = uy(z,1), (3.12)

which we assume to be continuous. To this end, let & 7, and I' be random
variables distributed on compact space, time, and parameter domains D, [0, 7],
and A. Similar to (2.12), 1t6’s formula shows that, under suitable conditions, it
almost surely holds that

or(S3) = up(&, 1) + / (of Vour) (S, t) - dB;, (3.13)

where X = (¢,7,T) and S = (Sf’T’F)te[QT] satisfies the SDE
dSX = ur(SX,t)dt + or(S;¥,t)dB,, S¥ =¢. (3.14)

T

Using the vanishing expectation of the stochastic integral in (3.13) conditioned on
X, the corresponding version of the Feynman-Kac formula in (2.13) states that

Eler (S7)IX] = ur(€,7)

almost surely. In other words, the optimal solution f* € M = C(D x [0,T] x A)
of the learning problem with data

Z = (X,Y) = (&7 D), er(55™)) (3.15)
and quadratic loss function Lgyaqr is given by the parametric solution map

D x [0, T) x A3 (x,t,7) — u(x,t,7).
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Figure 3.3: Average empirical risk and relative £'-error (and corresponding stan-
dard deviations over four random seeds in light gray) w.r.t. the number of gradient
steps n when solving a parametric heat equation using the algorithm developed in
Section 3.4 (in black). We follow the settings described in Chapter [V with dimen-
sion d = 5, batch-size 8192, and N = 30000 steps, resulting in m = 8192/N samples.
In particular, we choose a parabolic terminal condition ¢, (z) = ||z||3 and coefficient
functions p(x,t) = 0 and o, (x,t) = 7, such that the reference solution is given by
[ (z,t,7) = uy(x,t) = ||z||5+ (T — t) Trace(yy ") for (z,t,7) € R? x [0,T] x R4
The loss function Lopust (in gray) will be presented in (3.22) in the next section.

One can now simulate independent samples ((X®,Y®))™  distributed according
to (X,Y) in (3.15) and minimize the corresponding empirical risk

S (YO KON feH, (316)

3=

é(f) = % Z ﬁquadr(fa (X(l)7 Y(Z))) =
=1

over a hypothesis set of neural networks H = R(©) with input dimension ay =
d+p+1 and output dimension a;, = 1 using variants of stochastic gradient descent.

Specifically, we propose a neural network architecture inspired by Multilevel Monte
Carlo methods (Berner, 2018; Giles, 2008), which significantly improves the numeri-
cal performance. In Figure 3.3, we present exemplary results for an implementation
of this method. Our extensive experiments in Chapter [V indicate that such ap-
proaches are capable of numerically solving parametric families of Kolmogorov
equations with only polynomial dependence on the input dimension. For selected
examples, this is supported by theoretical bounds on the approximation and gen-
eralization errors based on the techniques obtained in the previous sections.

Using a trained neural network R(6V)), satisfying that
R(OWM) ~ @, (3.17)
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one can easily compute partial derivatives of the form 9,R(6™) by means of
automatic differentiation. Assuming that the approximation in (3.17) also holds
for the derivatives’, this allows analyzing the sensitivity of the solution w., w.r.t.
the parameter v or fitting the parameter v to a given data set using variants of
gradient descent.

3.5 Robust SDE-Based Variational Formulations for Solv-
ing Linear PDEs via Deep Learning

This work aims to improve the method for learning solutions to (parametric families
of) Kolmogorov equations presented in the previous section. More precisely, we
propose variance-reduced versions of the loss function Lguaqr used in the empirical
risk € in (3.16). To this end, we define the stochastic integral

Iy = /T (of (S, )V f(SK,¢.T)) - dB; (3.18)

for suitable f € M. For instance, we can choose M to be the space of continuous
functions on R? x [0,7] x A which are continuously differentiable in the spatial
coordinate. Recalling It6’s formula in (3.13), it almost surely holds that

Y —a(X) = ¢r(S7) —ur(,7) = Ly (3.19)
Under suitable regularity assumptions, this establishes that for the optimal solution,
i.e., R(6*) = a, it holds that
v [(EoR)0)] = %W (¥ — ROO)(X))?] = %xv 2] (3.20)
and
v [V(é oR)(e*)} - %w [Zrio-) VoR(07)(X)] . (3.21)

While the variances of the empirical risk and its gradient in (3.20) and (3.21) can
be reduced by choosing a larger number of samples m, we observe that they are, in
general, not vanishing at the optimum #, see also Figure 3.4. Variants of gradient
descent as in (2.7) rely on the gradient V(€ o R) in (3.21) and might therefore not
stick to the optimal parameters 6*.

To counteract this issue, we propose to replace the quadratic loss function Lgyaar
in (3.16) with the loss function

['robust(fv Z) = (Y - f(X) - If)2> f € Ma (322)

2Such approximations can be proven to exist using the techniques described in Section 3.2. As
an easy example, we note that ReLU networks with O(d*log(d/e) parameters can approximate
the solution of the problem in Figure 3.3 up to precision € in the W (D x [0, T] x A)-norm.
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Figure 3.4: The variance of the empirical risk and the maximum variance of its
gradient for the experiment in Figure 3.3. As predicted by our theory in Section 3.5,
the variances are vanishing when converging to the minimum if one uses the loss
function L,ohust- To simulate the stochastic integral occurring in L,opust, we use the
Euler-Maruyama method, see (2.15), with number of steps gradually increasing
up to K = 150 at the last gradient step N = 30000. Compared to the quadratic
loss function Lgyaar, this increases the average time per gradient step from 0.02s
to 1.02s. However, Figure 3.3 and Figure 3.7 below show that the loss function
L obust can also lead to significantly improved accuracies.

where the stochastic integral Z; can be thought of as a control variate. Since the
definition of Z; in (3.18) depends on the same Brownian motion B as the SDE
in (3.14), we define our data as

Z = (¢, ,T),B)

such that both Y = p(S5™") and Z; in (3.22) can be computed” from Z. Us-
ing (3.19), we see that the corresponding learning problem can be rewritten as

ElLiobust (f, 2)] = E [(a(X) — f(X))*] + E [T5_] , (3.23)

which can be compared to the decomposition of E[Lquad:(f, Z)] in (2.3). The
representation in (3.23) shows that the solution f* to the learning problem with loss
function L,opust is still given by the parametric solution map u of the Kolmogorov
equation in (3.12). In addition, we note that the minimal risk for the loss function
Liobust €quals zero, as opposed to V [Z;] for the quadratic loss function Lqyadrs
see (2.3) and (3.23). This can also be observed in Figure 3.3 and the experiments
in Chapter V. More importantly, the identity in (3.19) implies that the variances

3To prove the existence of a mapping from the Brownian motion B to a corresponding SDE
solution, we refer to Le Gall (2016, Theorem 8.5). Note that we could have used the same
definition of the data Z also for the quadratic loss function in the previous sections.
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of the empirical risk £ , corresponding to the new loss function L,ophust, and its
gradient vanish at the optimal solution R(0*) = 1, i.e.,

v [(é o R)(e*)] —V [V(é o R)(e*)] —0. (3.24)
We further show that the variances in (3.24) are already reduced if

V. R(OWM) ~ V,u

in the sense of (3.5). This is supported by extensive numerical experiments in
Chapter V, see also Figure 3.4 for an illustration. While the reduced variance
significantly improves the accuracies in our numerical experiments, the stochastic
integral Z; in the loss function L,hus needs to be discretized and requires pointwise
evaluations of the gradient V,f. To find a trade-off between accuracy and com-
plexity, the paper presents other variants of the loss function L,opust, for instance,
using a separate neural network to parametrize the gradient V, f. Overall, we can
considerably improve the sample efficiency and accuracy of the method developed
in Section 3.4, even for a fixed time or memory budget.

3.6 How Degenerate is the Parametrization of Neural Net-
works with the ReLU Activation Function?

The previous sections presented deep learning-based solvers for Kolmogorov equa-
tions and ways of obtaining bounds on the approximation and generalization errors.
However, we implicitly assumed that we could find an empirical risk minimizer

f € argmin (‘:’(f),
feH

see also the error decomposition in (3.7). It remains unclear why gradient descent
should yield parameters V) € © for which the realization R(6™) has close to
minimal empirical risk, i.e.,

~

ER(EM)) = E(f).

In this paper, we consider a regularized hypothesis set of neural networks H =
R(©) N U, where U is a convex and bounded subset of M w.r.t. to a suitable
norm || - ||. For instance, U can be a ball in a Sobolev space known to contain the
solution to the Kolmogorov equation in (2.9). We further assume that U can be
well-approximated by corresponding regularized neural network parametrizations

eV ={lcO: R cU}
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Figure 3.5: Illustration of the loss landscape around a local minimum f. (with
radius r) and a global minimum f in the (regularized) realization space R(OY) C U,
where the empirical risk £ is convex and Lipschitz continuous on U.

in the sense that
sup inf ||R(0) — f]| <e. (3.25)
feu 9eel
For U consisting of functions with bounded W¥P-norm, we discussed estimates
on the size of the neural network architecture to guarantee such approximation
results in Section 3.2. Under natural® assumptions on the empirical risk £ , namely
that it is Lipschitz continuous and convex on U, this paper shows that every local
minimum on the realization space R(©Y) is either sharp or almost optimal. To
see this, let f be a global and f, be a local’ minimum of

A

féfg(iél[]) E(f). (3.26)

Now define o := nd

oNF—7 2
f=0-a)f.+afel,

where r € (0,00) is the radius of the local minimum. Due to (3.25), there is
6y € OV such that |R(0;) — f|| < e and, given that r > 2¢, it holds that

E(f.) < ER(9y)) < E(f) +Lip(€)e < (1 — a)&(f.) + a€(f) + Lip()e

4For instance, for a given realization of samples, the empirical risk w.r.t. the quadratic loss
function Lqyaar in (2.2) is convex and locally Lipschitz continuous on £°(X).

"We call f, € F a local minimum of inf e E(f) of radius 7 € (0,00) if E(f.) < E(f) for all
feFwith|f - £ <r.
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Figure 3.6: ReLU networks fi: [-1,1]> = R, z — kogr (kx,) — kor (kx1 — k%xQ),
which convergence uniformly towards the zero function R (0) for & — oo. However,
the norms of all parametrizations in R~*({ fx}) with architecture a = (2,2, 1) tend
towards infinity, see Chapter VI.

see also Figure 3.5. This implies that

E(1) - E() < 2 diam(U) Lip(&)e

r

i.e., every local minimum f, on the realization space R(OV) is either sharp (r < 2¢)
or optimal up to O(%).

However, in practice, gradient descent is applied on the parameter space © and a
local minimum of

min E(R()) (3.27)

does not necessarily correspond to a local minimum of (3.26). For this to hold,

proximity of neural network realizations needs to imply proximity of their para-
metrizations, i.e.,

inf |6 — 6,
9eR{SD)
can be bounded in terms of
1f = R0
for all f € R(OY). However, for all nonlinear activation functions, this so-called
inverse stability does not hold w.r.t. to the uniform norm |[|-|| = ||-|| z=, see Petersen,

Raslan, and Voigtlaender (2020, Theorem 4.2) and Figure 3.6.

We characterize further degeneracies preventing inverse stability for ReL.U networks,
i.e., unbalanced magnitudes of the parameters in different layers and redundant
neurons. Slightly enlarging a two-layer ReLLU network and factoring out such
pathologies, we end up with a parameter space O such that inverse stability w.r.t.
to the Sobolev Wh*-norm and R(©) C R(©) holds. In other words, the hy-
pothesis set R(O) is at least as expressive as R(0), but with certain degenerate
parametrizations excluded so that the quality of the local minima in (3.27) can
be estimated. In this sense, our results can also be viewed as principled ways of
regularizing ReLLU networks.
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Figure 3.7: The relative £ and £%-errors for the experiment in Figure 3.3. While
the £P-norms (w.r.t. to the probability measure Px) are by definition increasing in
p, there is a significant gap. As predicted by the learning theory in Section 3.3, the
L%-errors are reasonably small, however, the £~-errors stagnate at a rather large
value. Section 3.7 indicates that, without further prior knowledge, an intractable
number of samples m might be required to reach a small error in the latter norm.

3.7 Learning ReLU Networks to High Uniform Accuracy
is Intractable

Finally, we establish fundamental limits for learning ReLU networks from samples.
While classical learning theory provides bounds on the error in the £2-norm, see
also Section 3.3, we show that learning with uniform accuracy, i.e., measured in the
L>-norm, might be intractable for realistic scenarios. Without further knowledge
about the learning problem, we cannot guarantee high accuracies for all points in
the input domain. This observation poses problems for safety-critical or scientific
applications and sheds light on instabilities reported in the context of deep learning,
such as adversarial examples (Szegedy et al., 2014). Moreover, our results provide
theoretical evidence for the gap between the uniform accuracies guaranteed by
approximation results, see Section 3.2, and the performance of deep learning in
practice, as, for instance, observed by Adcock and Dexter (2021). In Figure 3.7,
we see that also for our learning problem in the context of Kolmogorov equations,
one can not always guarantee high uniform accuracies.

Let us sketch a simplified version of the result in the following. We assume that
we only know a priori that®

freucM:=0c(o1%

For ease of presentation, we work on the domain [0, 1]¢ and abbreviate £>° = £°°([0,1]%).
However, our results can readily be transferred to any bounded domain.
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for some set U containing a sufficiently large class of ReLLU networks. For instance,
it is reasonable to assume that our hypothesis set H = R(O) of neural networks is
contained in U. Specifically, we assume that there exists uy € U with

wo +RUOEO: 0]l <)) CU (3.28)

for some bound ¢ € (0,00) on the parameter magnitudes and an architecture
a=(d,3d,...,3d,1) € N-*! with L > 3 layers.

We want to compute the worst-case reconstruction error, i.e.,

e = sup || A(u) — ul| g, (3.29)
uelU

for an arbitrary algorithm A: U — L, which leverages m samples of the form
(X@ u(X@))™, . In particular, we consider all variants of gradient descent and
even potentially intractable algorithms, such as empirical risk minimization. We
further emphasize that the samples do not need to be i.i.d. and can even be chosen
in an adaptive fashion, as, e.g., done in active learning. In addition, we analyze
the favorable case where the labels (u(X®))™, do not contain any noise.

We first note that the assumption in (3.28) implies that U contains functions of
the form wug £ f, a7, where fy, 1 € C(]0,1]%) are bump functions given by’

fya(e) = g’LZ < Zh% (m — i+ %) —(d- 1)) . (3.30)

for z,y € [0,1]? and M € [1,00), as depicted in Figure 3.8. In the above, hz
denotes the hat function defined in (3.2). To see that (== fy v € U, we can write
fyar = R(0,.0r), where the parameters 6, 5, = (W® @)L are given by®

lixd ’ M '"14—y" T d-1 ’
(W, M) ( [ = 1d><d70dxd} 7C[+,—y 7mll><d] )>
@) =

(W(2 (¢ [Lsaxd> —13axa: —Lsaxd] > Osax1),

4 W) b ) (cl3dx3sd, 03dx1), ¢=3,...,L—1, and
(W b)) = (c1134,0).
We further note that the definition of the bump function in (3.30) implies that
1 171¢ " (3d)"2
spp(fuan) € o+ 7 57] and Marles = S50 @3

"The functions fy,m are Lipschitz continuous and compactly supported, see (3.31). Different
from other notions of bump functions, they are, however, not smooth, i.e., in C°°([0, 1]¢). We
also note that their construction is similar to the approximate characteristic function in (3.6).

8For k,d € N, we denote by 1,4 € R¥*4 and Orq € R¥*4 the matrices containing only ones
and zeros, respectively.
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Figure 3.8: The bump function f, )/ in (3.30) for d = 2, which can be represented
by a ReLU network R(6, /) with architecture a = (d,3d,...,3d,1) € N/ and
parameters 6, ), bounded by ¢ € (0, 00).

Now let ((X O ug(X (i)))le be the samples used by a given algorithm A for recon-
structing the function ug in (3.28). Due to (3.31), we can choose M = 4[m!/?]

and consider a grid of width ﬁ to find y € [ﬁ, 1-—- ﬁ}d such that

fy,M(X(i)) =0, 2=1,...,m.

As A only depends on the function values at the features (X @)™, we have that
A(ug) = A(ug £ fyar). Together with (3.31) and the triangle inequality, this
establishes that

e = sup [[A(u) — ul| g
uelU

> Ao + fyar) = (o + Fualle + 3 lAGw0 — fyar) — (o — fu)lle

> JIAGw0) — (w0 + Fyan)llew + 51 AC0) = (0 — fyan)le~

CL(3d)L—2 CL(3d)L—2
= ||fy,M)||[, IM — 16ml/d

As our choice of the algorithm A was arbitrary, we have shown that any algorithm
that only depends on point evaluations requires at least

1
m > ECclL(3d)cl(L—2)€—d
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samples to achieve a uniform accuracy of ¢ for all functions in U, as defined
in (3.29). In particular, the number of required samples depends exponentially on
the input dimension d and the depth L of the neural networks, which quickly renders
the problem intractable for realistic scenarios. While the expressivity of ReLLU
networks leads to efficient approximation results in the £>-norm, see Section 3.7,
it also allows realizing sharp bump functions f, s with relatively few bounded
parameters. The number of samples m required to learn the representations in such
approximation results can therefore massively exceed the number of parameters
dim(©) defining the hypothesis set. We note that other hypothesis sets, e.g.,
subsets of polynomials or certain reproducing kernel Hilbert spaces, show different
behavior and can realize their approximation rates from samples.

The paper further considers more general randomized algorithms A and provides
similar estimates for L£P-reconstruction errors subject to (4¢-regularization on the
neural network parameters, where p, ¢ € [1,00]. We also construct an asymptoti-
cally sharp upper bound based on piecewise interpolation of Lipschitz continuous
functions and corroborate the results with numerical experiments.
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4 Discussion

Let us recall the central question posed in the introduction regarding the theo-
retical performance of deep learning and, in particular, the analysis of the errors
in (2.16) for numerically solving Kolmogorov equations. In the previous chapters,
we formalized this question and provided corresponding theoretical guarantees, of-
ten by focusing on sub-problems concerning the approximation, generalization, and
optimization errors. Let us summarize our contributions to each of these problems
in the following:

1. Approximation error: How well does the best approximation

f7 € argmin E(f)
feH

in a hypothesis set H = R(O) of neural networks approximate the solution

f* € argmin £(f)
fem

to the learning problem?

If we know that f* obeys certain regularity properties, such as smoothness,
compositionality, or symmetries, there are a number of results on the re-
quired size of the neural network architecture needed to approximate f* up
to a desired precision, see Chapter [. For f* belonging to certain Sobolev
spaces, the simultaneous approximation of f* and its derivative has been
outlined in Section 3.2. Such approximation results are often obtained via
local polynomial approximation, which, however, suffers from the curse of
dimensionality. In specific scenarios, one can achieve approximation results
where the size of the neural networks scales only polynomially in the un-
derlying dimension, see Section 3.1 for an overview. For instance, we have
seen how we can frame the solution of parametric families of Kolmogorov
equations as a learning problem and how neural networks can approximate
the solution f* without the curse of dimensionality by emulating uniform
Monte Carlo approximations, see Sections 3.3 and 3.4.

2. Generalization error: How well does the empirical risk minimizer

f € argmin &£(f)
feH

generalize, i.e., minimize the risk € ¢
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One can compute certain intrinsic dimensions of the hypothesis set H, which,
together with concentration inequalities, can be used to bound the number of
samples m needed such that the risk of the empirical risk minimizer is almost
optimal, i.e., S(f) ~ &(f4,), see Chapter . For instance, using the Lipschitz
continuity of R and covering numbers of the parameter space ©, one can
compute covering numbers of neural network hypothesis sets H = R(O), see
Section 3.3. If f* can be approximated without the curse of dimensionality,
such bounds can be used to show that also the number of samples required

~

to bound the generalization error, i.e., £(f) — £(f,) < ¢, scales only poly-
nomially in the underlying dimension d and the reciprocal accuracy 7!, see
Section 3.3. Based on the approximation results established for Kolmogorov
equations, this implies that empirical risk minimization over deep neural
networks can overcome the curse of dimensionality in the numerical solution

of Kolmogorov equations.

. Optimization error: How well does (stochastic) gradient descent, applied
to the mapping

~

00— (EoR)(), (4.1)
minimaize the empirical risk E?

Several works show that the mapping in (4.1) can be well-behaved for the
use of gradient descent despite its non-convexity, see Chapter [. For instance,
reasonably large hypothesis sets of neural networks can be viewed as almost
convex, given that they can approximate well certain convex sets of functions
U C M. In particular, this guarantees that all sufficiently wide local minima
of the empirical risk minimization problem over the corresponding regular-
ized hypothesis set, i.e., minfer(e)nv é(f), are nearly optimal, see Section 3.6.
However, to estimate the quality of local minima for the practically relevant
minimization problem on the parameter space, i.e., minge@mR—l(U)(é oR)(0),
one needs to factor out a series of degeneracies from the parametrizations.
For two-layer ReLLU networks, we have successfully characterized these degen-
eracies in Chapter VI. Empirically, we found that neural networks are capable
of numerically solving high-dimensional (parametric families of) Kolmogorov
equations that are completely out of reach for classical methods, see Sec-
tion 3.4. In Section 3.5, we developed a loss function that further improves
performance by reducing the variance of the gradients of the mapping in (4.1).
However, we also noticed that it is generally hard to achieve high uniform
accuracies with neural networks. In Section 3.7, we showed that a hypothesis
set of ReLLU networks R(©) C M can contain sharp bump functions, such
that, without further knowledge about f* € M, an intractable number of
samples might be needed to identify f* with high uniform accuracy.
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Most of the aforementioned results make use of assumptions on the learning problem
which are hard to verify in practice, such as regularity properties of f* or i.i.d.
assumptions on the samples (Z®)™ . However, we showed how scientific machine
learning tasks, for instance, arising in the context of PDEs, provide suitable settings,
where such assumptions can be guaranteed. This leads to rigorous results on the
theoretical performance of corresponding algorithms, which is a rare scenario for
applications of deep learning, often regarded as black-box algorithms.

However, we also point out that there are still a few shortcomings in our analysis.
For the results on the optimality of local minima to be applicable in practical
settings, e.g., with subsets U of certain smoothness spaces, we need to investigate
the degeneracies of deep networks with smoother activation functions in order to
guarantee inverse stability. As outlined in Section 3.7, there is also a gap between
theoretically achievable approximation rates and the rates obtained in practice.
One can observe that the neural network parametrizations constructed in such
approximation results are often not robust w.r.t. perturbations and might thus
correspond to sharp minima in the loss landscape of the empirical risk minimization
problem. While our bounds are useful in an asymptotic sense, proving the absence
of the curse of dimensionality, they do not provide us with practical guidance on
how to choose the number of samples and the architectures of the neural networks
for a specific task.

As results from classical learning theory typically bound the generalization error
uniformly over the whole hypothesis set H, such bounds can also be completely
vacuous for certain real-world applications. In Section 3.1, we observed that the
performance of deep learning often depends on an intricate interplay between
the chosen neural network architecture and the optimization scheme, questioning
whether a separate analysis of approximation, generalization, and optimization
errors can lead to tight bounds. Nevertheless, we believe that our results provide a
solid starting point for a rigorous mathematical analysis of deep learning algorithms.
While we used Kolmogorov equations and their SDE-based representations as a
convenient exemplary application, many of the results in this thesis can be applied
to other settings and applications as well.

In this context, we want to mention a more general way of transforming the
numerical solution of PDEs into a learning problem, called Physics Informed
Neural Networks (PINNs), see Raissi, Perdikaris, and Karniadakis (2019). Instead
of leveraging SDE-based representations, PINNs directly minimize the pointwise
residual of the PDE. For instance, for the Kolmogorov equation in (2.9), one can
use the loss function

L(f.2) =1@f + FAEDI +f(ET) = 0@, feM, (4.2)
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where ¢ € (0, 00) is a penalty parameter, Z = (£, £, 7) is a suitable random variable
distributed on D x D x [0,T], and M C C%}(R? x [0,T]) is a set of sufficiently
regular functions. When using a hypothesis set of neural networks R(0) C M,
the derivatives appearing in the differential operator F' in (4.2) can, for instance,
be computed using automatic differentiation.

While the PINN framework can readily be applied to a wide range of PDEs, it can
be sensitive to the choice of penalty parameters, such as ¢ in (4.2), and potentially
unstable, as discussed by Krishnapriyan et al. (2021) and S. Wang, Teng, and
Perdikaris (2021). In addition, computing the loss in (4.2) requires the evaluation
of pointwise derivatives, which can be computationally expensive. For special
classes of PDEs, one can leverage SDE-based representations, as in the case of
Kolmogorov equations, or weak formulations of PDEs to mitigate these issues. The
work by Niisken and Richter (2021a) shows that one can also interpolate between
SDE-based formulations and PINNs, providing a unified view of these approaches.

For the solution of parametric PDEs, PINNs have been combined with neural oper-
ators (Li et al., 2021; S. Wang and Perdikaris, 2023). The latter architectures learn
a dlscretlzatlon invariant approximation to the operator mapping PDE coefficient
functions and boundary conditions, such as o, p, and ¢, to the corresponding
solution u. We note that analyses of the approximation and generalization errors,
similar to the ones in this thesis, have since then been carried out for PINNs (De
Ryck and Mishra, 2022), neural operators (Lanthaler, Mishra, and Karniadakis,
2022), weak formulations of elliptic PDEs (Y. Lu, J. Lu, and M. Wang, 2021), and
general neural network training (Beck, Jentzen, and Kuckuck, 2022).

We also want to highlight potential extensions of our work within the context of
Kolmogorov equations. First, note that there are also SDE-based representations
for nonlinear problems based on backward SDFEs (Beck, E, and Jentzen, 2019; Han,
Jentzen, and E, 2018) and for bounded domains and elliptic PDEs using stopping
times for the SDE solutions, see, e.g., Baldi (2017). Starting from the theoretical
analysis presented by Grohs and Herrmann (2022), a promising direction is to
leverage walk-on-spheres methods for the solution of elliptic PDEs on complex
domains. Another interesting extension would be the combination of SDE-based
formulations with neural operators.

Finally, we want to mention the importance of the PDEs considered in this work in
optimal control and generative modeling. Specifically, solutions to Hamilton-Jacobi-
Bellman equations, given as Hopf-Cole transforms of Kolmogorov equations, are
intimately connected to optimal control and sampling problems (Dai Pra, 1991;
Fleming and Soner, 20006; Niisken and Richter, 2021b; Pavon, 1989; Tzen and
Raginsky, 2019). Moreover, so-called diffusion models, which have established
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themselves as state-of-the-art in generative modeling of high-dimensional image
data, can be analyzed using reverse-time SDFEs, the density of which is governed
by Kolmogorov equations (Berner, Richter, and Ullrich, 2022; Huang, Lim, and
Courville, 2021). These connections allow transferring both the theoretical results
and the practical PDE solvers presented in this thesis to a variety of applications.

In conclusion, the present thesis provides a solid foundation for future research in
the field of mathematical analysis of deep learning. Special emphasis is placed on
the study and development of methods that reside at the interface of deep learning
and differential equations. As such, this effort represents a step toward a rigorous
and comprehensive analysis of deep learning for scientific problems, ultimately
culminating in well-founded algorithms that advance the natural sciences.
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Abstract

We describe the new field of mathematical analysis of deep learning. This field emerged around a list
of research questions that were not answered within the classical framework of learning theory. These
questions concern: the outstanding generalization power of overparametrized neural networks, the role of
depth in deep architectures, the apparent absence of the curse of dimensionality, the surprisingly successful
optimization performance despite the non-convexity of the problem, understanding what features are
learned, why deep architectures perform exceptionally well in physical problems, and which fine aspects
of an architecture affect the behavior of a learning task in which way. We present an overview of modern
approaches that yield partial answers to these questions. For selected approaches, we describe the main
ideas in more detail.
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1 Introduction

Deep learning has undoubtedly established itself as the outstanding machine learning technique of recent
times. This dominant position was claimed through a series of overwhelming successes in widely different
application areas.

Perhaps the most famous application of deep learning and certainly one of the first where these techniques
became state-of-the-art is image classification [LBBH98| |KSH12||SLJT15| HZRS16]. In this area, deep
learning is nowadays the only method that is seriously considered. The prowess of deep learning classifiers
goes so far that they often outperform humans in image labelling tasks [HZRS15].

A second famous application area is the training of deep-learning-based agents to play board games or
computer games, such as Atari games [MKST13|. In this context, probably the most prominent achievement
yet is the development of an algorithm that beat the best human player in the game of Go [SHM 116/ SSST17]—
a feat that was previously unthinkable owing to the extreme complexity of this game. Besides, even in
multiplayer, team-based games with incomplete information deep-learning-based agents nowadays outperform
world-class human teams BBCT19/|VBC'19].

In addition to playing games, deep learning has also led to impressive breakthroughs in the natural
sciences. For example, it is used in the development of drugs , molecular dynamics , or in
high-energy physics [BSW14]. One of the most astounding recent breakthroughs in scientific applications
is the development of a deep-learning-based predictor for the folding behavior of proteins [SEJ*20]. This
predictor is the first method to match the accuracy of lab-based methods.

Finally, in the vast field of natural language processing, which includes the subtasks of understanding,
summarizing, or generating text, impressive advances were made based on deep learning. Here, we refer
to for an overview. One technique that recently stood out is based on a so-called transformer neural
network [BCB15||VSPT17]. This network structure gave rise to the impressive GPT-3 model
which not only creates coherent and compelling texts but can also produce code, such as, for the layout of a
webpage according to some instructions that a user inputs in plain English. Transformer neural networks
have also been successfully employed in the field of symbolic mathematics .

In this article, we present and discuss the mathematical foundations of the success story outlined above.
More precisely, our goal is to outline the newly emerging field of mathematical analysis of deep learning. To
accurately describe this field, a necessary preparatory step is to sharpen our definition of the term deep
learning. For the purposes of this article, we will use the term in the following narrow sense: Deep learning
refers to techniques where deep neural network are trained with gradient-based methods. This narrow

1We will define the term neural network later but, for this definition, one can view it as a parametrized family of functions
with a differentiable parametrization.



definition is helpful to make this article more concise. We would like to stress, however, that we do not claim
in any way that this is the best or the right definition of deep learning.

Having fixed a definition of deep learning, three questions arise concerning the aforementioned emerging
field of mathematical analysis of deep learning: To what extent is a mathematical theory necessary? Is it
truly a new field? What are the questions studied in this area?

Let us start by explaining the necessity of a theoretical analysis of the tools described above. From a
scientific perspective, the primary reason why deep learning should be studied mathematically is simple
curiosity. As we will see throughout this article, many practically observed phenomena in this context are
not explained theoretically. Moreover, theoretical insights and the development of a comprehensive theory
are often the driving force underlying the development of new and improved methods. Prominent examples
of mathematical theories with such an effect are the theory of fluid mechanics which is an invaluable asset
to the design of aircraft or cars and the theory of information that affects and shapes all modern digital
communication. In the words of Vladimir Vapni “Nothing is more practical than a good theory”, [Vapl3|
Preface]. In addition to being interesting and practical, theoretical insight may also be necessary. Indeed, in
many applications of machine learning, such as medical diagnosis, self-driving cars, and robotics, a significant
level of control and predictability of deep learning methods is mandatory. Also, in services, such as banking
or insurance, the technology should be controllable to guarantee fair and explainable decisions.

Let us next address the claim that the field of mathematical analysis of deep learning is a newly emerging
area. In fact, under the aforementioned definition of deep learning, there are two main ingredients of the
technology: deep neural networks and gradient-based optimization. The first artificial neuron was already
introduced in 1943 in [MP43|. This neuron was not trained but instead used to explain a biological neuron.
The first multi-layered network of such artificial neurons that was also trained can be found in [Ros58].
Since then, various neural network architectures have been developed. We will discuss these architectures in
detail in the following sections. The second ingredient, gradient-based optimization, is made possible by the
observation that due to the graph-based structure of neural networks the gradient of an objective function
with respect to the parameters of the neural network can be computed efficiently. This has been observed in
various ways, see [Kel60|/Dre62||Lin70/[RHWS86]. Again, these techniques will be discussed in the upcoming
sections. Since then, techniques have been improved and extended. As the rest of the manuscript is spent
reviewing these methods, we will keep the discussion of literature at this point brief. Instead, we refer to
some overviews of the history of deep learning from various perspectives: [LBH15/|Sch15||GBC16|/HH19].

Given the fact that the two main ingredients of deep neural networks have been around for a long
time, one would expect that a comprehensive mathematical theory has been developed that describes
why and when deep-learning-based methods will perform well or when they will fail. Statistical learning
theory [AB99!|Vap99,/CS02||BBL03|| Vap13| describes multiple aspects of the performance of general learning
methods and in particular deep learning. We will review this theory in the context of deep learning in
Subsectionbelow. Hereby, we focus on classical, deep learning-related results that we consider well-known
in the machine learning community. Nonetheless, the choice of these results is guaranteed to be subjective.
We will find that the presented, classical theory is too general to explain the performance of deep learning
adequately. In this context, we will identify the following questions that appear to be difficult to answer
within the classical framework of learning theory: Why do trained deep neural networks not overfit on the
training data despite the enormous power of the architecture? What is the advantage of deep compared to
shallow architectures? Why do these methods seemingly not suffer from the curse of dimensionality? Why
does the optimization routine often succeed in finding good solutions despite the non-convexity, non-linearity,
and often non-smoothness of the problem? Which aspects of an architecture affect the performance of the
associated models and how? Which features of data are learned by deep architectures? Why do these methods
perform as well as or better than specialized numerical tools in natural sciences?

The new field of mathematical analysis of deep learning has emerged around questions like the ones listed
above. In the remainder of this article, we will collect some of the main recent advances to answer these
questions. Because this field of mathematical analysis of deep learning is incredibly active and new material
is added at breathtaking speeds, a brief survey on recent advances in this area is guaranteed to miss not only

2This claim can be found earlier in a non-mathematical context in the works of Kurt Lewin [Lew43].



a couple of references but also many of the most essential ones. Therefore, we do not strive for a complete
overview, but instead, showcase several fundamental ideas on a mostly intuitive level. In this way, we hope to
allow the reader to familiarize themselves with some exciting concepts and provide a convenient entry-point
for further studies.

1.1 Notation

We denote by N the set of natural numbers, by Z the set of integers and by R the field of real numbers.
For N € N, we denote by [N] the set {1,...,N}. For two functions f,g: X — [0,00), we write f < g, if
there exists a universal constant ¢ such that f(z) < cg(z) for all z € X. In a pseudometric space (X,dx),
we define the ball of radius € (0,00) around a point x € X by B*(z) or B,(z) if the pseudometric dx
is clear from the context. By || - ||p, p € [1,00], we denote the {P-norm, and by (-,-) the Euclidean inner
product of given vectors. By || - |lop we denote the operator norm induced by the Euclidean norm and by
| - || = the Frobenius norm of given matrices. For p € [1,0], s € [0,00), d € N, and X C R?, we denote by
W#P(X) the Sobolev-Slobodeckij space, which for s = 0 is just a Lebesgue space, i.e., WOP(X) = LP(X).
For measurable spaces X and Y, we define M(X,)) to be the set of measurable functions from X to ).
We denote by ¢ the Fourier transfor of a tempered distribution g. For probabilistic statements, we will
assume a suitable underlying probability space with probability measure P. For an X'-valued random variable
X, we denote by E[X] and V[X] its expectation and variance and by Py the image measure of X on X,
ie, Px(A) =P(X € A) for every measurable set A C X. If possible, we use the corresponding lowercase
letter to denote the realization x € X of the random variable X for a given outcome. We write I; for the
d-dimensional identity matrix and, for a set A, we write 14 for the indicator function of A, i.e., 1 4o(z) = 1 if
z € Aand 14(x) =0 else.

1.2 Foundations of learning theory

Before we continue to describe recent developments in the mathematical analysis of deep learning methods,
we start by providing a concise overview of the classical mathematical and statistical theory underlying
machine learning tasks and algorithms which, in their most general form, can be formulated as follows.

Definition 1.1 (Learning - informal). Let X', Y, and Z be measurable spaces. In a learning task, one is given
data in Z and a loss function L: M(X,Y) x Z — R. The goal is to choose a hypothesis set F C M(X,Y)
and construct a learning algorithm, i.e., a mapping

A | zm—F

meN

that uses training data s = (2)™, € Z™ to find a model f, = A(s) € F that performs well on the training
data s and also generalizes to unseen data z € Z. Here, performance is measured via the loss function L
and the corresponding loss L(fs,2) and, informally speaking, generalization means that the out-of-sample
performance of fs at z behaves similar to the in-sample performance on s.

Deﬁnitionis deliberately vague on how to measure generalization performance. Later, we will often
study the expected out-of-sample performance. To talk about expected performance, a data distribution
needs to be specified. We will revisit this point in Assumptionand Deﬁnition

For simplicity, we focus on one-dimensional, supervised prediction tasks with input features in Euclidean
space as defined in the following.

Definition 1.2 (Prediction task). In a prediction task, we have that Z = X X ), i.e., we are given training
data s = ((z@,y D)), that consist of input features 9 € X and corresponding labels y*) € Y. For
one-dimensional regression tasks with Y C R, we consider the quadratic loss L(f,(z,y)) = (f(z) —y)? and,

3Respecting common notation, we will also use the hat symbol to denote the minimizer of the empirical risk J?S in Definition|1.8
but this clash of notation does not cause any ambiguity.



for binary classification tasks with ¥ = {—1,1}, we consider the 0-1 loss L(f, (x,y)) = 1 (—sc,0)(yf(x)). We
assume that our input features are in Buclidean space, i.e., X C R¢ with input dimension d € N.

In a prediction task, we aim for a model f,: X — ), such that, for unseen pairs (z,y) € X x Y, fs(z) is
a good prediction of the true label y. However, note that large parts of the presented theory can be applied
to more general settings.

Remark 1.3 (Learning tasks). Apart from straightforward extensions to multi-dimensional prediction tasks
and other loss functions, we want to mention that unsupervised and semi-supervised learning tasks are
often treated as prediction tasks. More precisely, one transforms unlabeled training data z into features
2@ =Ty (2) € X and labels y©) = Ty(2V) € Y using suitable transformations Ty: Z — X, Ty: Z =Y. In
doing so, one asks for a model f; approximating the transformation Ty o Tfl: X — Y which is, e.g., done in
order to learn feature representations or invariances.

Furthermore, one can consider density estimation tasks, where X = Z, Y = [0,00], and F consists of
probability densities with respect to some o-finite reference measure p on Z. One then aims for a probability
density fs that approzimates the density of the unseen data z with respect to pi. One can perform L?(u)-
approzimation based on the discretization L(f,z) = —=2f(z) + ||fH2L2(N) or mazimum likelihood estimation
based on the surprisal L(f,z) = —log(f(2)).

In deep learning the hypothesis set F consists of realizations of neural networks ®,(-,0), 6 € P, with
a given architecture a and parameter set P. In practice, one uses the term neural network for a range of
functions that can be represented by directed acyclic graphs, where the vertices correspond to elementary
almost everywhere differentiable functions parametrizable by 6 € P and the edges symbolize compositions
of these functions. In Section@ we will review some frequently used architectures, in the other sections,
however, we will mostly focus on fully connected feedforward (FC) neural networks as defined below.

Definition 1.4 (FC neural network). A fully connected feedforward neural network is given by its architecture
a= (N,o), where L € N, N € N\t and o: R — R. We refer to o as the activation function, to L as the
number of layers, and to Ny, N, and Ny, £ € [L — 1], as the number of neurons in the input, output, and
{-th hidden layer, respectively. We denote the number of parameters by

L
P(N) = ZNeNe—1 + Ny
=1

and define the corresponding realization function ®q: RNo x RP(N) 5 RNt which satisfies for every input
z € RN and parameters

L
6= (09)y = (W6, € X RNXNe-t x RYr) = RP(V)
(=1

that ®q(x,0) = L) (x,6), where

W (z,0) = WMz 4+ M),
3 (z,0) = (@ (2,0)), (€[L-1], and (1.1)
oD (z,0) = WSO (2, 0) + pHD | pe L - 1],
and o is applied componentwise. We refer to WO e RNexNe-1 gnd b ¢ RN as the weight matrices and
bias vectors, and to ) and ®©) as the activations and pre-activations of the Ny neurons in the (-th layer.

The width and depth of the architecture are given by |N||oo and L and we call the architecture deep if L > 2
and shallow if L = 2.

The underlying directed acyclic graph of FC networks is given by compositions of the affine linear maps
x = WOz + b0 ¢ € [L], with the activation function p intertwined, see Figure Typical activation
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Figure 1.1: Graph (grey) and (pre-)activations of the neurons (white) of a deep fully connected feedforward
neural network ®,: R x R% - R with architecture a = ((3,4,6,1), o) and parameters 6 = (W b9)3_ .

functions used in practice are variants of the rectified linear unit (ReLU) given by og(x) := max{0,z} and
sigmoidal functions ¢ € C(R) satisfying o(x) — 1 for x — oo and g(z) — 0 for &z — —o0, such as the logistic
function g, (x) == 1/(14+e~") (often referred to as the sigmoid function). See also Tablefor a comprehensive
list of widely used activation functions.

Remark 1.5 (Neural networks). If not further specified, we will use the term (neural) network, or the
abbreviation NN, to refer to FC neural networks. Note that many of the architectures used in practice (see
Section@ can be written as special cases of Deﬁnition where, e.g., specific parameters are prescribed by
constants or shared with other parameters. Furthermore, note that affine linear functions are NNs with depth
L =1. We will also consider biasless NNs given by linear mappings without bias vector, i.e., b©) =0, £ € [L].
In particular, any NN can always be written without bias vectors by redefining

0 p®
r— [ﬂ . (WO p0y - [WO b

1}, Cell—1], and (WD,0) 5 WD 0],

To enhance readability we will often not specify the underlying architecture a = (N, o) or the parameters 0 €
RPN) and use the term NN to refer to the architecture as well as the realization functions ®,(-,0): RNo — RNz
or @y RNo x RPF(N) 5 RNt - However, we want to emphasize that one cannot infer the underlying architecture
or properties like magnitude of parameters solely from these functions as the mapping (a,0) — ®.(-,0) is
highly non-injective. As an example, we can set W) = 0 which implies d,(-,0) = bE) for all architectures
a= (N, o) and all values of (W b1,

In view of our considered prediction tasks in Deﬁnition this naturally leads to the following hypothesis
sets of neural networks.

Definition 1.6 (Hypothesis sets of neural networks). Let a = (N, ) be a NN architecture with input
dimension No = d, output dimension Ni, = 1, and measurable activation function o. For regression tasks the
corresponding hypothesis set is given by

Fo=1{®a(-,0): 0 e RPN
and for classification tasks by

1, ifz>0,

Fasn: (I)(z';e QGRP(N) ) h =
sen = {sgn(®a(-,0)) },  where segn(x) -1, ifz<0.



Name Given as a function of z € R by Plot
linear x e
Heaviside / step function 1(0,00) ()

logistic / sigmoid 1+i,$ /
rectified linear unit (ReLU) max{0,z}

power rectified linear unit

max{0,z}* for k € N

N

parametric ReLU (PReLU)

max{az,zr} fora>0,a#1

|

exponential linear unit (ELU)

X - IL[O,w)(x) + (ex - 1) : I[(—oo,O)(x)

|

softsign

1a]

)

inverse square root linear unit

- Lo,00) (2) + 7 - L(—oo,0)(2) fora>0

inverse square root unit

z fora>0

-
.
Vitaz? /
tanh % jif
arctan arctan(x) jﬁ
softplus In(1 + e*)
Gaussian e=2"/2 / \

Table 1:

List of commonly used activation functions.




Note that we compose the output of the NN with the sign function in order to obtain functions mapping
to Y = {—1,1}. This can be generalized to multi-dimensional classification tasks by replacing the sign by an
argmax function. Given a hypothesis set, a popular learning algorithm is empirical risk minimization (ERM),
which minimizes the average loss on the given training data, as described in the next definitions.

Definition 1.7 (Empirical risk). For training data s = (2(0), € Z™ and a function f € M(X,)), we
define the empirical risk by

Rlf) = - D L(f2),
i=1

Definition 1.8 (ERM learning algorithm). Given a hypothesis set F, an empirical risk minimization
algorithm A®™ choose for training data s € Z™ a minimizer fs € F of the empirical risk in F, i.e.,

A (5) € argmin R (f). (1.2)
feF

Remark 1.9 (Surrogate loss and regularization). Note that, for classification tasks, one needs to optimize
over non-differentiable functions with discrete outputs in . For NN hypothesis sets Fq sgn one typically

uses the corresponding hypothesis set for regression tasks Fq to find an approximate minimizer fS*'" € F, of
1 « :
- Z £su1rr(f7 Z(z))’
mis

where L3 M(X,R) x Z — R is a surrogate loss guaranteeing that sgn(]?:’“") € argming, ﬁs(f) A

frequently used surrogate loss is the logistic los given by

,sgn

L7 (f, 2) = log (1 + efyf(x)) )

In various learning tasks one also adds regularization terms to the minimization problem in , such as
penalties on the norm of the parameters of the NN, i.e.,

i PP (. 2
aeIﬂI&}g(lw) Rs(@a(-,0)) + alf],

where o € (0,00) is a regularization parameter. Note that in this case the minimizer depends on the chosen
parameters 0 and not only on the realization function ®,(-,0), see also Remark

Coming back to our initial, informal description of learning in Definition we have now outlined
potential learning tasks in Deﬁnition NN hypothesis sets in Definition a metric for the in-sample
performance in Deﬁnition and a corresponding learning algorithm in Deﬁnition However, we are still
lacking a mathematical concept to describe the out-of-sample (generalization) performance of our learning
algorithm. This question has been intensively studied in the field of statistical learning theory, see Section
for various references.

In this field one usually establishes a connection between unseen data z and the training data s = (2(9)7,
by imposing that z and 2, i € [m], are realizations of independent samples drawn from the same distribution.

Assumption 1.10 (Independent and identically distributed data). We assume that 202 2 are
realizations of i.i.d. random variables ZW ... Z™) 7.

4For simplicity, we assume that the minimum is attained which, for instance, is the case if F is a compact topological space
on which R is continuous. Hypothesis sets of NNs F( ;) constitute a compact space if, e.g., one chooses a compact parameter
set P € RP(Y) and a continuous activation function g. One could also work with approximate minimizers, see [AB99].

5This can be viewed as cross-entropy between the label y and the output of f composed with a logistic function g,. In a
multi-dimensional setting one can replace the logistic function with a softmax function.



In this formal setting, we can compute the average out-of-sample performance of a model. Recall from
our notation in Sectionthat we denote by Pz the image measure of Z on Z, which is the underlying
distribution of our training data S = (Z(")™, ~ P% and unknown data Z ~ P .

Definition 1.11 (Risk). For a function f € M(X,)), we deﬁn the risk by
R() = BILU2)] = [ £ aP(:).

Defining S == (ZW),, the risk of a model fs = A(S) is thus given by R(fs) = E[L(fs.Z)|S].

For prediction tasks, we can write Z = (X,Y), such that the input features and labels are given by an
X-valued random variable X and a Y-valued random variable Y, respectively. Note that for classification
tasks the risk equals the probability of misclassification

R(f) = E[l(—0,0)(Y f(X))] = P[f(X) # Y].

For noisy data, there might be a positive, lower bound on the risk, i.e., an irreducible error. If the lower
bound on the risk is attained, one can also define the notion of an optimal solution to a learning task.

Definition 1.12 (Bayes-optimal function). A function f* € M(X,)) achieving the smallest risk, the
so-called Bayes risk

R* = inf
FEM(X,Y)

R(f),

is called a Bayes-optimal function.

For the prediction tasks in Deﬁnition we can represent the risk of a function with respect to the
Bayes risk and compute the Bayes-optimal function, see, e.g., |CZ07| Propositions 1.8 and 9.3].

Lemma 1.1 (Regression and classification risk). For a regression task with V[Y] < oo, the risk can be
decomposed into

R(f) =E[(f(X) - ENIX])’] + R", feM(X,)), (1.3)

which is minimized by the regression function f*(x) = E[Y|X = z|. For a classification task, the risk can be
decomposed into
R(f) = B[|E[Y |X]|L(—o,0) (B[ |X]f(X)] + R, fe€M(X,Y),

which is minimized by the Bayes classifier f*(x) = sgn(E[Y|X = z]).

As our model fg is depending on the random training data S, the risk R(fs) is a random variable and
we might ai for R(fs) small with high probability or in expectation over the training data. The challenge
for the learning algorithm A is to minimize the risk by only using training data but without knowing the
underlying distribution. One can even show that for every learning algorithm there exists a distribution
where convergence of the expected risk of fg to the Bayes risk is arbitrarily slow with respect to the number
of samples m [DGL96| Theorem 7.2].

Theorem 1.13 (No free lunch). Let a,, € (0,00), m € N, be a monotonically decreasing sequence with
a1 < 1/16. Then for every learning algorithm A of a classification task there exists a distribution Pz such
that for every m € N and training data S ~ P} it holds that

E[R(A(S))] > R* + aum.

6Note that this requires z — L(f, 2) to be measurable for every f € M(X,)), which is the case for our considered prediction
tasks.

"In order to make probabilistic statements on R(fs) we assume that R(fs) is a random variable, i.e., measurable. This is,
e.g., the case if F constitutes a measurable space and s — A(s) and f — R|r are measurable.
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Figure 1.2: Illustration of the errors|{(A){f(C)|in the decomposition of . It shows an exemplary risk R
(blue) and empirical risk Ry (red) with respect to the projected space of measurable functions M(X,)).

Note that the empirical risk and thus £8°* and €°P* depend on the realization s = (2("), of the training
data S ~ P7.

Theoremshows the non-existence of a universal learning algorithm for every data distribution Pz and
shows that useful bounds must necessarily be accompanied by a priori regularity conditions on the underlying
distribution IPz. Such prior knowledge can then be incorporated in the choice of the hypothesis set F. To
illustrate this, let fz € argmin;.x R(f) be a best approximation in F, such that we can bound the error

R(fs) — R* = R(fs) — Rs(fs) + Rs(fs) — Rs(f5) + Rs(f5) — R(f3) + R(f3) — R*

(1.4)
S €0pt + 2€gen + 8approx

by
(A) an optimization error P := Rg(fs) — Rs(fs) > Rs(fs) — ﬁs(f}), with fg as in Definition

(B) a (unifor generalization error e8" = sup,cx [R(f) — Rs(f)| > max{R(fs) — ﬁg(fs),ﬁs(f}) -
R(fF)}, an

(C) an approzimation error e*PP** .= R(f3) — R*,

see also Figure The approximation error is decreasing when enlarging the hypothesis set, but taking
F = M(X,Y) prevents controlling the generalization error, see also Theorem@ This suggests a sweet-spot
for the complexity of our hypothesis set F and is usually referred to as the bias-variance trade-off, see
also Figure|1l.4|below. In the next sections, we will sketch mathematical ideas to tackle each of the errors
m- )1H(C)|in the context of deep learmng Observe that we bound the generalization and optimization
error with respect to the empirical risk ’RS and its minimizer fg which is motivated by the fact that in
deep-learning-based applications one typically tries to minimize variants of RS

1.2.1 Optimization

The first error in the decomposition of { is the optimization error: €°P*. This error is primarily influenced
by the numerical algorithm A that is used to find the model f, in a hypothesis set of NNs for given training
data s € Z™. We will focus on the typical setting where such an algorithm tries to approximately minimize
the empirical risk Rs. While there are many conceivable methods to solve this minimization problem, by
far the most common are gradient-based methods. The main reason for the popularity of gradient-based

8 Although this uniform deviation can be a coarse estimate it is frequently considered to allow for the application of uniform
laws of large numbers from the theory of empirical processes.
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methods is that for FC networks as in Deﬁnition the accurate and efficient computation of pointwise
derivatives V@, (z,0) is possible by means of automatic differentiation, a specific form of which is often
referred to as the backpropagation algorithm Kel60||Dre62||Lin70! [ RHW86!|/GWO08|. This numerical scheme
is also applicable in general settings, such as, when the architecture of the NN is given by a general directed
acyclic graph. Using these pointwise derivatives, one usually attempts to minimize the empirical risk Rs by
updating the parameters 6 according to a variant of stochastic gradient descent (SGD), which we shall review
below in a general formulation:

Algorithm 1: Stochastic gradient descent

Input : Differentiable function r: R? — R, sequence of step-sizes 7y, € (0,00), k € [K],
RP-valued random variable ©(®),
Output : Sequence of RP-valued random variables (©*)K__ .
for k=1,...,K do
Let D®) be a random variable such that E[D®)|@* 1] = vr(@F-1);
Set ©F) .= @k=1) _p, D),
end

If D®) is chosen deterministically in Algorithm i.e., D®) = Vr(©%=1) then the algorithm is known as
gradient descent. To minimize the empirical loss, we apply SGD with r: RP(Y) — R set to r(6) = Rs(Pu(-,0)).
More concretely, one might choose a batch-size m’ € N with m’ < m and consider the iteration

- Tk -
01 =0t — %y VoL (@u(,0%7Y),2), (1.5)
z€8’
where S’ is a so-called mini-batch of size |S’| = m' chosen uniformlﬂ at random from the training data

s. The sequence of step-sizes (1x)ken is often called learning rate in this context. Stopping at step K, the
output of a deep learning algorithm A is then given by

fa=Als) = @a(-,0),

where 6 can be chosen to be the realization of the last parameter ©(%) of or a convex combination of
(0K | such as the mean.

Algorithmwas originally introduced in [RM51] in the context of finding the root of a nondecreasing
function from noisy measurements. Shortly afterwards this idea was applied to find a unique minimum of a
Lipschitz-regular function that has no flat regions away from the global minimum KW52|.

In some regimes, we can guarantee convergence of SGD at least in expectation, see [NY83||NJLS09!
SSSSS09], SDR14/ Section 5.9], [SSBD14| Chapter 14]. One prototypical convergence guarantee that is found
in the aforementioned references in various forms is stated below.

Theorem 1.14 (Convergence of SGD). Let p, K € N _and let r: R? D B1(0) — R be differentiable and
convex. Further let (@(k))szl be the output of Algorithm with, initialization ©©) = 0, step-sizes g, = K~/2,
k € [K], and random variables (D"))K_ | satisfying that || D™ ||y < 1 almost surely for all k € [K]. Then

E[r(6)] - r(6") <

S

where © == + S, 0% and 6 € arg minge g, o) 7(0)-

Theoremcan be strengthened to yield a faster convergence rate if the convexity is replaced by strict
convexity. If r is not convex, then convergence to a global minimum can in general not be guaranteed. In
fact, in that case, stochastic gradient descent may converge to a local, non-global minimum, see Figure
for an example.

9We remark that in practice one typically picks S’ by selecting a subset of training data in a way to cover the full training

data after one epoch of [m/m’] many steps. This, however, does not necessarily yield an unbiased estimator D(*) of Vyr(©(F—1))
: k—1)
given O .
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Figure 1.3: Examples of the dynamics of gradient descent (left) and stochastic gradient descent (right) for an
objective function with one non-global minimum next to the global minimum. We see that depending on the
initial condition and also on fluctuations in the stochastic part of SGD the algorithm can fail or succeed in
finding the global minimum.

Moreover, gradient descent, i.e., the deterministic version of Algorithm will stop progressing if at any
point the gradient of r vanishes. This is the case in every stationary point of r. A stationary point is either a
local minimum, a local maximum, or a saddle point. One would expect that if the direction of the step D*)
in Algorithmis not deterministic, then the random fluctuations may allow the iterates to escape saddle
points. Indeed, results guaranteeing convergence to local minima exist under various conditions on the type
of saddle points that r admits, [NJLS09/|GL13||[GHJY15||LSJR16/ JKNvW20].

In addition, many methods that improve the convergence by, for example, introducing more elaborate
step-size rules or a momentum term have been established. We shall not review these methods here, but
instead refer to Chapter 8| for an overview.

1.2.2 Approximation

Generally speaking, NNs, even FC NNs (see Definition w with only L = 2 layers, are universal approximators,
meaning that under weak conditions on the activation function g they can approximate any continuous
function on a compact set up to arbitrary precision [Cyb89|[Fun89![HSW89|[LLPS93].

Theorem 1.15 (Universal approximation theorem). Let d € N, let K C R? be compact, and let o € LS. (R)

loc
be an activation function such that the closure of the points of discontinuity of o is a Lebesque null set.

Further let _
F= Fian.o
neN

be the corresponding set of two-layer NN realizations. Then it holds that C(K) C cl(F) (where the closure is
taken with respect to the topology induced by the L*°(K)-norm) if and only if there does not exist a polynomial
p: R — R with p = o almost everywhere.

The theorem can be proven by the theorem of Hahn-Banach, which implies that F being dense in some

12



real normed vector space S is equivalent to the following condition: For all non-trivial functionals F' € S\ {0}
from the topological dual space of S there exist parameters w € R% and b € R such that

Flo({w, ) + b)) # 0.

In case of S = C(K) we have by the Riesz—Markov—Kakutani representation theorem that S’ is the space of
signed Borel measures on K, see [Rud06|. Therefore, Theoremholds7 if p is such that, for a signed Borel
measure (i,

/K o({w,z) + b)du(z) =0 (1.6)

for all w € R? and b € R implies that ; = 0. An activation function o satisfying this condition is called
discriminatory. It is not hard to see that any sigmoidal g is discriminatory. Indeed, assume that p satisfies
for all w € R% and b € R. Since for every x € R? it holds that o(az +b) — 1 o) (2) + 0(b) 1 {0} (%) for a — oo,
we conclude by superposition and passing to the limit that for all ¢1,c; € R and w € R4, b€ R

[ B w.) +8) dua) =0,
K

Representing the exponential function z — e 2™ as the limit of sums of elementary functions yields that
[y e 2w +b) qp(z) = 0 for all w € R%, b € R. Hence, the Fourier transform of y1 vanishes which implies
that © = 0.

T heoremaddresses a uniform approximation problem on a general compact set. If we are given a
finite number of points and only care about good approximation at these points, then one can ask if this
approximation problem is potentially simpler. Below we see that, if the number of neurons is larger or equal
to the number of data points, then one can always interpolate, i.e., exactly fit the data on a given finite
number of points.

Proposition 1.1 (Interpolation). Let d,m € N, let () € R, i € [m], with 2 # 29) for i # j, let
0 € C(R), and assume that ¢ is not a polynomial. Then, there exist parameters 6 e R™*4 x R™ with the

following property: For every k € N and every sequence of labels y* € R*, i € [m], there exist parameters
0 = (W2 0) € R¥*™ x RF for the second layer of the NN architecture a = ((d,m, k), 0) such that

B, (z@, (01, 02)) =4O i e [m).

Let us sketch the proof in the following. First, note that Theoremalso holds for functions g € C(K,R™)
with multi-dimensional output by approximating each one-dimensional component x — (g(z)); and stacking
the resulting networks. Second, one can add an additional row containing only zeros to the weight matrix
W of the approximating neural network as well as an additional entry to the vector b("). The effect of
this is that we obtain an additional neuron with constant output. Since o # 0, we can choose b(*) such that
the output of this neuron is not zero. Therefore, we can include the bias vector b of the second layer
into the weight matrix W), see also Remark Now choose g € C(R™,R™) to be a function satisfying
g(x®) = e i € [m], where e € R™ denotes the i-th standard basis vector. By the discussion before there

exists a neural network architecture @ = ((d,n,m), o) and parameters § = (W™, (1), (W®,0)) such that
~ 1

@a Ty 9 - oo ) 1.7

196 (-, 0) = gllz=(r) < (L.7)

where K is a compact set with (9 € K, i € [m]. Let us abbreviate the output of the activations in the first
layer evaluated at the input features by

A= [Q(W(1>(x<1>) +5W)) L (WD (2(m) 4 1)) | € R,
The equivalence of the max and operator norm and establish that

HWQ)A* Linllop <m _m%x] ‘(W@)A* Im)i,j‘ =m _rn[ax] Hq)d(x(j)»é) - g(x(j)>||oo <1,
n,JEm jeEm
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where I, denotes the m x m identity matrix. Thus, the matrix W® A € R™*™ needs to have full rank and
we can extract m linearly independent rows from A resulting in an invertible matrix A € R™*™. Now, we
define the desired parameters 01) for the first layer by extracting the corresponding rows from W® and o™
and the parameters 6(2) of the second layer by

W@ = [0 ym] At ¢ REX™.

This proves that with any discriminatory activation function we can interpolate arbitrary training data
(@, y@D) € R? x R¥, i € [m], using a two-layer NN with m hidden neurons, i.e., O(m(d + k)) parameters.

One can also first project the input features to a one-dimensional line where they are separated and then
apply Propositionwith d = 1. For nearly all activation functions, this can be represented by a three-layer
NN using only O(d + mk) parameter

Beyond interpolation results, one can obtain a quantitative version of Theoremif one knows additional
regularity properties of the Bayes optimal function f*, such as smoothness, compositionality, and symmetries.
For surveys on such results, we refer the reader to [ DHP20||GRK20|. For instructive purposes, we review one
such result, which can be found in [Mha96| Theorem 2.1], below:

Theorem 1.16 (Approximation of smooth functions). Let d,k € N and p € [1,00]. Further let o € C*°(R)
and assume that o is not a polynomial. Then there exists a constant ¢ € (0, 00) with the following property: For
every n € N there exist parameters ) € R4 x R™ for the first layer of the NN architecture a = ((d,n, 1), o)
such that for every g € W*P((0,1)?) it holds that

d
9(2>515£an [®a (- (0D, 0®)) — gllzr(0,1y0) < en™ * lgllwrr((0,1)a)-

Theoremshows that NNs achieve the same optimal approximation rates that, for example, spline-
based approximation yields for smooth functions. The idea behind this theorem is based on a strategy that is
employed repeatedly throughout the literature. This is the idea of re-approximating classical approximation
methods by NNs and thereby transferring the approximation rates of these methods to NNs. In the example
of Theorem approximation by polynomials is used. The idea is that due to the non-vanishing derivatives
of the activation functio one can approximate every univariate polynomial via divided differences of the
activation function. Specifically, accepting unbounded parameter magnitudes, for any activation function
o0: R — R which is p-times differentiable at some point A € R with g(p)()\) # 0, one can approximate the
monomial x +— zP on a compact set K C R up to arbitrary precision by a fixed-size NN via rescaled p-th
order difference quotients as

i 3 S ﬂ — hzx _P| =
lim sup| 315G yelp/2 = e+ ) —o7] =0 19

Let us end this subsection by clarifying the connection of the approximation results above to the error
decomposition of . Consider, for simplicity, a regression task with quadratic loss. Then, the approximation
error e2PPTX equals a common L2-error

gapprox — R(f5) — R & /X (F3(@) - F(2))? dPx ()

(i) : * (12
= mnin 1f = F 2 )
<min |[f — f*% e xs
< Tnin 1f = F 7o )
where the identities marked by (x) follow from Lemma Hence, Theorem [1.15|postulates that ¢*PPT* — ()
for increasing NN sizes, whereas Theorem additionally explains how fast e*PP™* converges to 0.

10To avoid the m x d weight matrix (without using shared parameters as in [ZBHT17]) one interjects an approximate one-
dimensional identity [PV18| Definition 2.5], which can be arbitrarily well approximated by a NN with architecture a = ((1,2, 1), o)
given that o’(\) # 0 for some X € R, see h below.

11 The Baire category theorem ensures that for a non-polynomial ¢ € C°°(R) there exists A € R with o(?)(\) # 0 for all p € N,

see, e.g., [Don69!| Chapter 10].
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1.2.3 Generalization

Towards bounding the generalization error e8°" = sup s [R(f) — 7%5( f)|, one observes that, for every f € F,
Assumptionensures that £(f, Z®"), i € [m], are i.i.d. random variables. Thus, one can make use of
concentration inequalities to bound the deviation of the empirical risk Rg(f) = LS L(f, ZW) from its
expectation R(f). For instance, assuming boundednesof the loss, Hoeflding’s inequality [Hoe63] and a
union bound directly imply the following generalization guarantee for countable, weighted hypothesis sets F,
see, e.g., [BBLO3].

Theorem 1.17 (Generalization bound for countable, weighted hypothesis sets). Let m € N, 6 € (0,1) and
assume that F is countable. Further let p be a probability distribution on F and assume that L(f, Z) € [0,1]
almost surely for every f € F. Then with probability 1 —d (with respect to repeated sampling of P} -distributed
training data S) it holds for every f € F that

R(f) = R (f)] < \/hl(l/p(f)) +1n(2/5)

2m

While the weighting p needs to be chosen before seeing the training data, one could incorporate prior
information on the learning algorithm .A. For finite hypothesis sets without prior information, setting
p(f) = 1/|F| for every f € F, Theorem|1.17|implies that, with high probability, it holds that

ggen 5 1n(|]:|) (19)
m
Again, one notices that, in line with the bias-variance trade-off, the generalization bound is increasing with
the size of the hypothesis set |F|. Although in practice the parameters § € R”(M) of a NN are discretized
according to floating-point arithmetic, the corresponding quantities |F,| or |Fq sgn| would be huge and we
need to find a replacement for the finiteness condition.

We will focus on binary classification tasks and present a main result of VC theory which is to a great
extent derived from the work of Vladimir Vapnik and Alexey Chervonenkis [VC71|. While in we counted
the number of functions in F, we now refine this analysis to the number of functions restricted to a finite
subset of X, given by the growth function

growth(m, F) = [{fl@oym : f€F}H

max
(z(i));lleXm
The growth function can be interpreted as the maximal number of classification patterns in {—1,1}™ which
functions in F can realize on m points and thus growth(m, F) < 2™. The asymptotic behavior of the growth
function is determined by a single intrinsic dimension of our hypothesis set F, the so-called VC-dimension

VCdim(F) = sup {m € NU{0}: growth(m,F) =2"},

which defines the largest number of points such that F can realize any classification pattern, see, e.g., [AB99|
BBL03]. There exist various results on VC-dimensions of NNs with different activation functions, see,
for instance, [BH89||[KM97|[BMM98||Sak99]. We present the result of [BMMO98] for piecewise polynomial
activation functions g. It establishes a bound on the VC-dimension of hypothesis sets of NNs for classification
tasks F(n,p),sgn that scales, up to logarithmic factors, linear in the number of parameters P(/N') and quadratic
in the number of layers L.

Theorem 1.18 (VC-dimension of neural network hypothesis sets). Let ¢ be a piecewise polynomial activation
function. Then there exists a constant ¢ € (0,00) such that for every L € N and N € N¥T1 it holds that

VCdim(F(n, ) sen) < ¢(P(N)Llog(P(N)) + P(N)L?).

12Note that for our classification tasks in Definition it holds that L(f,Z) € {0,1} for every f € F. For the regression
tasks, one typically assumes boundedness conditions, such as |Y/| < ¢ and sup;c z | f(X)| < ¢ almost surely for some c € (0, 00),

which yields that sup ;¢ [£(f, Z)| < 4c2.
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Given (z(")™ € X™ there exists a partition of RF(Y) such that ®(x(*),), i € [m], are polynomials on
each region of the partition. The proof of Theoremis based on bounding the number of such regions
and the number of classification patterns of a set of polynomials.

A finite VC-dimension ensures the following generalization bound |Tal94|/AB99]:

Theorem 1.19 (VC-dimension generalization bound). There exists a constant ¢ € (0,00) with the following
property: For every classification task as in Deﬁm’tion every Z-valued random variable Z, and every
m €N, ¢ € (0,1) it holds with probability 1 — 6 (with respect to repeated sampling of P2 -distributed training
data S) that

Rs()| < c\/VCdim(]—') +log(1/6))

sup |R(f) —
feFr m

In summary, using NN hypothesis sets F( ) sen With a fixed depth and piecewise polynomial activation
o for a classification task, with high probability it holds that

com /PO o8P

m

(1.10)

In the remainder of this section we will sketch a proof of Theorem and, in doing so, present
further concepts and complexity measures connected to generalization bounds. We start by observing that

McDiarmid’s inequality [McD89] ensures that €8® is sharply concentrated around its expectation, i.e., with
probability 1 — ¢ it holds tha
. . log(1/6
e — Eesen]| < /2802 (1.11)
m
To estimate the expectation of the uniform generalization error we employ a symmetrization argu-
ment [GZ84]. Define G == Lo F == {L(f,-): f € F}, let S = (Z)™ | ~ PP be a test data set independent
of S, and note that R(f) = E[Rz(f)]. By properties of the conditional expectation and Jensen’s inequality
it holds that

m

. 1 . .
E[e5"] = R R =E|sup—|Y E[g(ZD) - g(2D)|S
=] = B[ sup [R() — R ()] = B[ sup > E[9(Z) - g(z) 1]
1, S~ )
<E — ZWy — g(z®
< [Zlelrg)m] _2119( ) —9( )”
1« ,
— il . Z( ) (1)
[zgngE i ~ g(z))]]
<21E{supl| E Ttg(Z())”
geg m
where we used that multiplications with Rademacher variables (7'1, ceeyTm) ~ U{—1,1}™) only amount

to interchanging Z(9) with Z@ which has no effect on the expectation, since Z(* and Z@ have the same
distribution. The quantity

1 & :
m(9) = E{Sup —> 7g(Z2") }
i3l &m0
is called the Rademacher comple:m't of G. One can also prove a corresponding lower bound [vdVW97), i.e

R (9) — % S E[e5"] S Rn(9). (1.12)

13For precise conditions to ensure that the expectation of £2°" is well-defined, we refer the reader to [vdVW97l[Dud14].
14Due to our decomposition in , we want to uniformly bound the absolute value of the difference between the risk and

the empirical risk. It is also common to just bound sup;c R(f) — ﬁs(f) leading to a definition of the Rademacher complexity
without the absolute values which can be easier to deal with.
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Now we use a chaining method to bound the Rademacher complexity of F by covering numbers on different
scales. Specifically, Dudley’s entropy integral [Dud67||LT91] implies that

mm(g)SJlE[/OOO \/Wda}, (1.13)

Na(G.ds) =inf {|Gl: G G, G c |J BE(9)}

geG

where

denotes the covering number with respect to the (random) pseudometric given by

m

> (F(29) = g(2@))”.

i=1

1
ds(f,9) = dzayn, (f,9) = | —
For the 0-1 loss L(f,2) = 1(_o,0)(yf(2)) = (1 — f(2)y)/2, we can get rid of the loss function by the fact that

Na(G,ds) = Noo(F, d(xym ). (1.14)

The proof is completed by combining the inequalities in 41.11b, 41.12b, {1.13b and q1.14b with a result of
David Haussler [Hau95] which shows that for a € (0,1) we have

log(No(F, d(x@ym ) S VCdim(F)log(1/ ). (1.15)

We remark that this resembles a typical behavior of covering numbers. For instance, the logarithm of the
covering number log(N,(M)) of a compact d-dimensional Riemannian manifold M essentially scales like
dlog(1/c). Finally, note that there exists a similar bound to the one in for bounded regression tasks
making use of the so-called fat-shattering dimension [MV03| Theorem 1].

1.3 Do we need a new theory?

Despite the already substantial insight that the classical theories provide, a lot of open questions remain. We
will outline these questions below. The remainder of this article then collects modern approaches to explain
the following issues:

Why do large neural networks not overfit? In Subsection we have observed that three-layer
NNs with commonly used activation functions and only O(d + m) parameters can interpolate any training
data (z(,4®) € R? xR, i € [m]. While this specific representation might not be found in practice, |[ZBH*17]
indeed trained convolutiona NNs with ReLU activation function and about 1.6 million parameters to
achieve zero empirical risk on m = 50000 training images of the CIFAR10 dataset [KH09| with 32 x 32 pixels
per image, i.e., d = 1024. For such large NNs, generalization bounds scaling with the number of parameters
P(N) as the VC-dimension bound in are vacuous. However, they observed close to state-of-the-art
generalization performanc

Generally speaking, NNs in practice are observed to generalize well despite having more parameters than
training samples (usually referred to as overparametrization) and approximately interpolating the training data
(usually referred to as overfitting). As we cannot perform any better on the training data, there is no trade-off
between fit to training data and complexity of the hypothesis set F happening, seemingly contradicting
the classical bias-variance trade-off of statistical learning theory. This is quite surprising, especially given
the following additional empirical observations in this regime, see [NTS14||ZBHT17|[NBMS17|[BHMM19,
NKB™*20]:

15The basic definition of a convolutional NN will be given in Section@ In [ZBHT17] more elaborate versions such as an
Inception architecture [SLJT15] are employed.

161n practice one usually cannot measure the risk R(fs) and instead evaluates the performance of a trained model fs by
ﬁg(fs) using test data §, i.e., realizations of i.i.d. random variables distributed according to Pz and drawn independently of the
training data. In this context one often calls Rs(fs) the training error and R3(fs) the test error.
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Figure 1.4: The first plot (and its semi-log inset) shows median and interquartile range of the test and training
errors of ten independent linear regressions with m = 20 samples, polynomial input features X = (1, Z,..., Z%)
of degree d € [40], and labels Y = f*(Z) + v, where Z ~ U([-0.5,0.5]), f* is a polynomial of degree three,
and v ~ N(0,0.01). This clearly reflects the classical u-shaped bias-variance curve with a sweet-spot at d = 3
and drastic overfitting beyond the interpolation threshold at d = 20. However, the second plot shows that
we can control the complexity of our hypothesis set of linear models by restricting the Euclidean norm of
their parameters using ridge regression with a small regularization parameter o = 1073, i.e., minimizing
the regularized empirical risk L 377" (@(X®,0) — Y D)2 + a|0||3, where ®(-,0) = (6,-). Corresponding

examples of ﬁ; are depicted in the last plot.

. Zero training error on random labels: Zero empirical risk can also be achieved for random labels using

the same architecture and training scheme with only slightly increased training time: This suggests
that the considered hypothesis set of NNs F can fit arbitrary binary labels, which would imply that
VCdim(F) ~ m or R,,,(F) =~ 1 rendering our uniform generalization bounds in Theoremand
in ww vacuous.

. Lack of explicit reqularization: The test error depends only mildly on explicit regularization like norm-

based penalty terms or dropout (see for an explanation of different regularization methods): As
such regularization methods are typically used to decrease the complexity of F, one might ask if there
is any implicit regularization (see Figure, constraining the range of our learning algorithm A to

some smaller, potentially data-dependent subset, i.e., A(s) € Fs C F.

. Dependence on the optimization: The same NN trained to zero empirical risk using different variants of

SGD or starting from different initializations can exhibit different test errors: This indicates that the
dynamics of gradient descent and properties of the local neighborhood around the model f, = A(s)
might be correlated with generalization performance.

. Interpolation of noisy training data: One still observes low test error when training up to approximately

zero empirical risk using a regression (or surrogate) loss on noisy training data. This is particularly
interesting, as the noise is captured by the model but seems not to hurt generalization performance.

. Further overparametrization improves generalization performance: Further increasing the NN size can

lead to even lower test error: Together with the previous item, this might ask for a different treatment
of models complex enough to fit the training data. According to the traditional lore “The training error
tends to decrease whenever we increase the model complexity, that is, whenever we fit the data harder.
However with too much fitting, the model adapts itself too closely to the training data, and will not
generalize well (i.e., have large test error)”, [HTF01]. While this flawlessly describes the situation for
certain machine learning tasks (see Figure|1.4), it seems not to be directly applicable here.

In summary, this suggests that the generalization performance of NNs depends on an interplay of the data
distribution Pz combined with properties of the learning algorithm .A, such as the optimization procedure
and its range. In particular, classical uniform bounds as in Item of our error decomposition might only
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deliver insufficient explanation, see also [NK19]. The mismatch between predictions of classical theory and
the practical generalization performance of deep NNs is often referred to as generalization puzzle. In Section
we will present possible explanations for this phenomenon.

What is the role of depth? We have seen in Subsectionthat NNs can closely approximate every
function if they are sufficiently wide [Cyb89||Fun89||HSW89|. There are additional classical results that even
provide a trade-off between the width and the approximation accuracy [CLM94||Mha96! MP99|. In these
results, the central concept is the width of a NN. In modern applications, however at least as much focus if
not more lies on the depth of the underlying architectures, which can have more than 1000 layers [HZRSI6).
After all, the depth of NNs is responsible for the name of deep learning.

This consideration begs the question of whether there is a concrete mathematically quantifiable benefit of
deep architectures over shallow NNs. Indeed, we will see effects of depth at many places throughout this
manuscript. However, one of the aspects of deep learning that is most clearly affected by deep architectures
is the approximation theoretical aspect. In this framework, we will discuss in Sectionmultiple approaches
that describe the effect of depth.

Why do neural networks perform well in very high-dimensional environments? We have seen
in Subsection and will see in Sectionthat from the perspective of approximation theory deep NNs
match the performance of the best classical approximation tool in virtually every task. In practice, we
observe something that is even more astounding. In fact, NNs seem to perform incredibly well on tasks that
no classical, non-specialized approximation method can even remotely handle. The approximation problem
that we are talking about here is that of approximation of high-dimensional functions. Indeed, the classical
curse of dimensionality [Bel52||[NW09] postulates that essentially every approximation method deteriorates
exponentially fast with increasing dimension.

For example, for the uniform approximation error of 1-Lipschitz continuous functions on a d-dimensional
unit cube in the uniform norm, we have a lower bound of Q(p~'/?), for p — oo, when approximating with a
continuous schem of p free parameters [DeV98|.

On the other hand, in most applications, the input dimensions are massive. For example, the following
datasets are typically used as benchmarks in image classification problems: MNIST [LBBH98| with 28 x 28
pixels per image, CIFAR-10/CIFAR-100 [KH09] with 32 x 32 pixels per image and ImageNet [DDST09//KSH12]
which contains high-resolution images that are typically down-sampled to 256 x 256 pixels. Naturally, in
real-world applications, the input dimensions may well exceed those of these test problems. However, already
for the simplest of the test cases above, the input dimension is d = 784. If we use d = 784 in the aforementioned
lower bound for the approximation of 1-Lipschitz functions, then we require O(e~"84) parameters to achieve
a uniform error of ¢ € (0,1). Already for moderate ¢ this value will quickly exceed the storage capacity
of any conceivable machine in this universe. Considering the aforementioned curse of dimensionality, it is
puzzling to see that NNs perform adequately in this regime. In Section we describe three approaches that
offer explanations as to why deep NN-based approximation is not rendered meaningless in the context of
high-dimensional input dimensions.

Why does stochastic gradient descent converge to good local minima despite the non-convexity
of the problem? As mentioned in Subsection a convergence guarantee of stochastic gradient descent
to a global minimum is typically only given if the underlying objective function admits some form of convexity.
However, the empirical risk of a NN i.e., Rs(®(+,0)), is typically not a convex function with respect to the
parameters 6. For a simple intuitive reason why this function fails to be convex, it is instructive to consider
the following example.

170ne can achieve better rates at the cost of discontinuous (with respect to the function to be approximated) parameter
assignment. This can be motivated by the use of space-filling curves. In the context of NNs with piecewise polynomial activation
functions, a rate of p~2/4 can be achieved by very deep architectures |Yar18a||YZ20].
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Figure 1.5: Two-dimensional projection of the loss landscape of a neural network with four layers and ReLU
activation function on four different scales. From top-left to bottom-right, we zoom into the global minimum
of the landscape.

Example 1.20. Consider the NN
O(x,0) = 010r(032 + 05) + O20r (04 + 05), R’ zeR,

with the ReLU activation function op(x) = max{0,z}. It is not hard to see that the two parameter values
0= (1,-1,1,1,1,0) and § = (—1,1,1,1,0,1) produce the same realization functio i.e., ®(-,0) = (-, 0).
However, since (0 +6)/2 = (0,0,1,1,1/2,1/2), we conclude that ®(-, (6 + 0)/2) = 0. Clearly, for the data
s=((-1,0),(1,1)), we now have that

Ro(@(,0) = Ru(@(-0) =0 and R, (2((6+6)/2) = .

showing the non-convexity of 7/@5.

18This corresponds to interchanging the two neurons in the hidden layer. In general it holds that the realization function of a
FC NN is invariant under permutations of the neurons in a given hidden layer.
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Given this non-convexity, Algorithmfaces serious challenges. Firstly, there may exist multiple suboptimal
local minima. Secondly, the objective may exhibit saddle points, some of which may be of higher order, i.e.,
the Hessian vanishes. Finally, even if no suboptimal local minima exist, there may be extensive areas of the
parameter space where the gradient is very small, so that escaping these regions can take a very long time.

These issues are not mere theoretical possibilities, but will almost certainly arise. For example,  AHW96|
SS18| show the existence of many suboptimal local minima in typical learning tasks. Moreover, for fixed-sized
NNs, it has been shown in [BEG19|[PRV20|, that with respect to LP-norms the set of NNs is generally a
very non-convex and non-closed set. Also, the map 6 — ®,(-,0) is not a quotient map, i.e., not continuously
invertible when accounting for its non-injectivity. In addition, in various situations finding the global optimum
of the minimization problem is shown to be NP-hard in general |[BR89!|Jud90! Sl’m02;. In Figurewe
show the two-dimensional projection of a loss landscape, i.e., the projection of the graph of the function
0 — Ry(®(-,0)). Tt is apparent from the visualization that the problem exhibits more than one minimum.
We also want to add that in practice one neglects that the loss is only almost everywhere differentiable in
case of piecewise smooth activation functions, such as the ReLU, although one could resort to subgradient
methods [KL18].

In view of these considerations, the classical framework presented in Subsectionoffers no explanation
as to why deep learning works in practice. Indeed, in the survey [OM98! Section 1.4] the state of the art in
1998 was summarized by the following assessment: “There is no formula to guarantee that (1) the NN will
converge to a good solution, (2) convergence is swift, or (3) convergence even occurs at all.”

Nonetheless, in applications, not only would an explanation of when and why SGD converges be extremely
desirable, convergence is also quite often observed even though there is little theoretical explanation for it in
the classical set-up. In Section we collect modern approaches explaining why and when convergence occurs
and can be guaranteed.

Which aspects of a neural network architecture affect the performance of deep learning? In
the introduction to classical approaches to deep learning above, we have seen that in classical results, such as
in Theorem only the effect of few aspects of the NN architectures are considered. In Theoremonly
the impact of the width of the NN was studied. In further approximation theorems below, e.g., in Theorems
and we will additionally have a variable depth of NNs. However, for deeper architectures, there are
many additional aspects of the architecture that could potentially affect the performance of the model for
the associated learning task. For example, even for a standard FC NN with L layers as in Deﬁnition
there is a lot of flexibility in choosing the number of neurons (Ni,..., Nr_1) € N¢~! in the hidden layers.
One would expect that certain choices affect the capabilities of the NNs considerably and some choices are
preferable over others. Note that, one aspect of the neural network architecture that can have a profound
effect on the performance, especially regarding approximation theoretical aspects of the performance, is the
choice of the activation function. For example, in [MP99||Yar21] activation functions were found that allow
uniform approximation of continuous functions to arbitrary accuracy with fixed-size neural networks. In the
sequel we will, however, focus on architectural aspects other than the activation function.

In addition, practitioners have invented an immense variety of NN architectures for specific problems. These
include NNs with convolutional blocks [LBBH98|, with skip connections [HZRS16|, sparse connections [ZAP16|
BBC17], batch normalization blocks [IS15|, and many more. In addition, for sequential data, recurrent
connections are used [RHWS86| and these often have forget mechanisms [HS97] or other gates |[CvMG™14]
included in their architectures.

The choice of an appropriate NN architecture is essential to the success of many deep learning tasks. This
goes so far, that frequently an architecture search is applied to find the most suitable one [ZL17||PGZ*18].
In most cases, though, the design and choice of the architecture is based on the intuition of the practitioner.

Naturally, from a theoretical point of view, this situation is not satisfactory. Instead, it would be highly
desirable to have a mathematical theory guiding the choice of NN architectures. More concretely, one
would wish for mathematical theorems that identify those architectures that work for a specific problem and
those that will yield suboptimal results. In Section@ we discuss various results that explain theoretically
quantifiable effects of certain aspects or building blocks of NN architectures.
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Which features of data are learned by deep architectures? It is commonly believed that the neurons
of NNs constitute feature extractors in different levels of abstraction that correspond to the layers. This
belief is partially grounded in experimental evidence as well as in drawing connections to the human visual
cortex, see [GBC16| Chapter 9.10].

Understanding the features that are learned can, in a way, be linked to understanding the reasoning
with which a NN-based model ended up with its result. Therefore, analyzing the features that a NN learns
constitutes a data-aware approach to understanding deep learning. Naturally, this falls outside of the scope of
the classical theory, which is formulated in terms of optimization, generalization, and approximation errors.

One central obstacle towards understanding these features theoretically is that, at least for practical
problems, the data distribution is unknown. However, one often has partial knowledge. One example is that
in image classification it appears reasonable to assume that any classifier is translation and rotation invariant
as well as invariant under small deformations. In this context, it is interesting to understand under which
conditions trained NNs admit the same invariances.

Biological NNs such as the visual cortex are believed to be evolved in a way that is based on sparse
multiscale representations of visual information [OF96]. Again, a fascinating question is whether NNs trained
in practice can be shown to favor such multiscale representations based on sparsity or if the architecture
is theoretically linked to sparse representations. We will discuss various approaches studying the features
learned by neural networks in Section

Are neural networks capable of replacing highly specialized numerical algorithms in natural
sciences? Shortly after their successes in various data-driven tasks in data science and AI applications,
NNs have been used also as a numerical ansatz for solving highly complex models from the natural sciences
which may be combined with data driven methods. This per se is not very surprising as many such models
can be formulated as optimization problems where the common deep learning paradigm can be directly
applied. What might be considered surprising is that this approach seems to be applicable to a wide range of
problems which have previously been tackled by highly specialized numerical methods.

Particular successes include the data-driven solution of ill-posed inverse problems [AMOS19] which have,
for example, led to a fourfold speedup in MRI scantimes [ZKS* 18| igniting the research project fastmri.org,.
Deep-learning-based approaches have also been very successful in solving a vast array of different partial
differential equation (PDE) models, especially in the high-dimensional regime EY18| RPK19| HSN20
PSMF20| where most other methods would suffer from the curse of dimensionality.

Despite these encouraging applications, the foundational mechanisms governing their workings and
limitations are still not well understood. In Subsection and Section[8]we discuss some theoretical and
practical aspects of deep learning methods applied to the solution of inverse problems and PDEs.

2 Generalization of large neural networks

In the following, we will shed light on the generalization puzzle of NNs as described in Subsection We
focus on four different lines of research which, of course, do not cover the wide range of available results.
In fact, we had to omit a discussion of a multitude of important works, some of which we reference in the
following paragraph.

First, let us mention extensions of the generalization bounds presented in Subsectionmaking use
of local Rademacher complexities | BBMO05] or dropping assumptions on boundedness or rapidly decaying
tails [Men14|. Furthermore, there are approaches to generalization which do not focus on the hypothesis set F,
i.e., the range of the learning algorithm .4, but the way A chooses its model fs. For instance, one can assume
that fs does not depend too strongly on each individual sample (algorithmic stability [BE02||PRMNO04]),
only on a subset of the samples (compression bounds [AGNZ18]), or satisfies local properties (algorithmic
robustness [XM12]). Finally, we refer the reader to [JNM™'20| and the references mentioned therein for an
empirical study of various measures related to generalization.

Note that many results on generalization capabilities of NNs can still only be proven in simplified settings,
e.g., for deep linear NNs, i.e., o(x) = z, or basic linear models, i.e., one-layer NNs. Thus, we start by
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emphasizing the connection of deep, nonlinear NNs to linear models (operating on features given by a suitable
kernel) in the infinite width limit.

2.1 Kernel regime

We consider a one-dimensional prediction setting where the loss L(f, (x,y)) depends on = € X only through
f(x) € Y, i.e., there exists a function £: Y x ¥ — R such that

‘C(f7 (*T>y)) = f(f(a:),y)

For instance, in case of the quadratic loss we have that £(7,y) = (§ — y)?. Further, let ® be a NN with
architecture (N, o) = ((d, N1, ..., Np_1,1),0) and let ©9 be a R”M)_valued random variable. For simplicity,
we evolve the parameters of ® according to the continuous version of gradient descent, so-called gradient flow,
given by

dO(t)

B~ R, (@ 00) = > Vol OW)DID), 60) =60, (2.1)

o
where D;(t) = %ﬁ;)\g:@(m(me(t)) is the derivative of the loss with respect to the prediction at input
feature 2(") at time ¢ € [0, 00). The chain rule implies the following dynamics of the NN realization

de(, 0(t)) 1 ¢ ()
— = ; Kogy(-,z™)Di(t) (2.2)
and its empirical risk
dR4((, O(t)) 1 5 G
i = w2 2 PiOKe (e aDso) (2.3)

where Kj, 6 € RP(N) s the so-called neural tangent kernel (NTK)
Ko: RTxRY 5 R, Ky(a1,22) = (Vod(21,6))" Vod(x,0). (2.4)

Now let oy, 0p € (0,00) and assume that the initialization ©¢ consists of independent entries, where entries
corresponding to the weight matrix and bias vector in the ¢-th layer follow a normal distribution with
zero mean and variances o2 /Ny and o7, respectively. Under weak assumptions on the activation function,
the central limit theorem implies that the pre-activations converge to i.i.d. centered Gaussian processes in
the infinite width limit Ny,..., Np_; — oo, see [LBNT18||MHR™18]. Similarly, also Kg, converges to a
deterministic kernel K> which stays constant in time and only depends on the activation function o, the
depth L, and the initialization parameters o,, and o, [JGH18||/ADH'19![Yan19!||L.XS%20]. Thus, within the
infinite width limit, gradient flow on the NN parameters as in is equivalent to functional gradient flow
in the reproducing kernel Hilbert space (Hxo, | - || ks) corresponding to K>°, see .

By , the empirical risk converges to a global minimum as long as the kernel evaluated at the input
features, K> = (Km(x(i),x(j)))%zl € R™*™ is positive definite (see, e.g., [JGH18||DLLT19] for suitable
conditions) and the £(-,y(*)) are convex and lower bounded. For instance, in case of the quadratic loss the
solution of (2.2) is then given by

(-, 0(1)) = C(t)(y"))Zy + (B(-, 00) — C(1)(2 (2", 00))iLy), (2.5)

_ 2Kt

where C(t) := ((K°°(~,x(i)))gl)T(f(C’o)’l(Im —e ). As the initial realization ®(-,©0p) constitutes a
centered Gaussian process, the second term in follows a normal distribution with zero mean at each
input. In the limit ¢ — oo, its variance vanishes on the input features z(9, i € [m], and the first term
convergences to the minimum kernel-norm interpolator, i.e., to the solution of

i ~  S.t. @)y = 4@,
ain | fllc= st f@) =y
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Therefore, within the infinite width limit, the generalization properties of the NN could be described by the
generalization properties of the minimizer in the reproducing kernel Hilbert space corresponding to the kernel
K° |BMM18||LR20!|[LRZ20|[GMMMZ21/||Li21].

This so-called lazy training, where a NN essentially behaves like a linear model with respect to the nonlinear
features x — Vy®(z,0), can already be observed in the non-asymptotic regime, see also Subsection For
sufficiently overparametrized (P(NN) > m) and suitably initialized models, one can show that Ky is close
to K> at initialization and Ky stays close to Ky throughout training, see DZPS18| ADHT19//COB19|
DLL*19]. The dynamics of the NN under gradient flow in and can thus be approximated by the
dynamics of the linearization of ® at initialization ©g, given by

(., 0) == B(-,00) + (Vo(-,0y), 0 — Oy),

which motivates to study the behavior of linear models in the overparametrized regime.

2.2 Norm-based bounds and margin theory

For piecewise linear activation functions, one can improve upon the VC-dimension bounds in Theorem
and show that, up to logarithmic factors, the VC-dimension is asymptotically bounded both above and below
by P(N)L, see [BHLM19]. The lower bound shows that the generalization bound in Theoremcan only
be non-vacuous if the number of samples m scales at least linearly with the number of NN parameters P(IV).
However, heavily overparametrized NNs used in practice seem to generalize well outside of this regime.

One solution is to bound other complexity measures of NNs taking into account various norms on the
parameters and avoid the direct dependence on the number of parameters [Bar98|. For instance, we can
compute bounds on the Rademacher complexity of NNs with positively homogeneous activation function,
where the Frobenius norm of the weight matrices is bounded, see also [NTS15]. Note that, for instance,
the ReLU activation is positively homogeneous, i.e., it satisfies that or(A\x) = Aog(x) for all z € R and
A € (0,00).

Theorem 2.1 (Rademacher complexity of neural networks). Let d € N, assume that X = B1(0) C R?, and
let o be a positively homogeneous activation function with Lipschitz constant 1. We define the set of all
biasless NN realizations with depth L € N, output dimension 1, and Frobenius norm of the weight matrices
bounded by C € (0,00) as

Fro={®ng(,0): NeNH No=d, Np =1, 6= (W®,0)L, e RFM |wO|r < C}.

Then for every m € N it holds that
C(20)k1

Jm

The term 25~ depending exponentially on the depth can be reduced to v/L or completely omitted
by invoking also the spectral norm of the weight matrices [GRS18]. Further, observe that for L = 1,
i.e., linear classifiers with bounded Euclidean norm, this bound is independent of the input dimension d.
Together with , this motivates why the regularized linear model in Figure did perform well in the
overparametrized regime.

The proof of Theoremis based on the contraction property of the Rademacher complexity [LT91]
which establishes that

R (Fr.c) <

SRm(g o ]'f:gyc) < Qmm(j}g’c), ¢ e N.
We can iterate this together with the fact that for every 7 € {—1,1}", and x € RV¢-1 it holds that

m

sup ||ZTZ'Q(W(£)(B)H2:C sup ’an(<w7z>)|.

wW®|p<C 35 lwll2<1 5=
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In summary, one establishes that

~ C
m(]:L,C):EIE[ sup ||an FXON,] < ZTX()H

fe€FL-1.c =1

which by Jensen’s inequality yields the claim.

Recall that for classification problems one typically minimizes a surrogate loss £, see Rcmark
This suggests that there could be a trade-off happening between complexity of the hypothesis class F, and
the corresponding regression fit underneath, i.e., the margin M (f, z) :== yf(z) by which a training example
z = (x,y) has been classified correctly by f € F,, see [BFT17||NBS18||JKMB19]. For simplicity, let us focus
on the ramp surrogate loss with confidence v > 0, i.e., Ci“”(f, z) =L, (M(f,z)), where

Cy(t) = Lo () = 2L (1), tER

Note that the ramp function ¢, is 1/vy-Lipschitz continuous. Using McDiarmid’s inequality and a sym-
metrization argument similar to the proof of Theorem combined with the contraction property of the
Rademacher complexity, yields the following bound on the probability of misclassification: With probability
1 — ¢ for every f € F, it holds that

Plsan(f(X) # Y] S B[L(1.2)] £ =3 £ (1,200) + R (£ 0 Fo) 4 20/

- m
=1

S fZ]l (Y@ (X(i)))erm(Mofu) . In(1/6)

ol m

R (Fa) n ln(l/é).

m

i=1

This shows the trade-off between the complexity of F, measured by R,,(F,) and the fraction of training
data that has been classified correctly with a margin of at least . In particular this suggests, that (even if
we classify the training data correctly with respect to the 0-1 loss) it might be beneficial to further increase
the complexity of F, to simultaneously increase the margins by which the training data has been classified
correctly and thus obtain a better generalization bound.

2.3 Optimization and implicit regularization

The optimization algorithm, which is usually a variant of SGD, seems to play an important role for the
generalization performance. Potential indicators for good generalization performance are high speed of
convergence |[HRS16| or flatness of the local minimum to which SGD converged, which can be characterized
by the magnitude of the eigenvalues of the Hessian (or approximately as the robustness of the minimizer
to adversarial perturbations on the parameter space), see [KMN*117]. In [DR17|[NBMS17] generalization
bounds depending on a concept of flatness are established by employing a PAC-Bayesian framework, which
can be viewed as a generalization of Theorem see [McA99|. Further, one can also unite flatness and
norm-based bounds by the Fisher—Rao metric of information geometry [LPRS19).

Let us motivate the link between generalization and flatness in the case of simple linear models: We
assume that our model takes the form (6,-), § € R?, and we will use the abbreviations

r(0) = Rs((6,-)) and ~(f) := min M((6,-),2?) = min y (9, 2

i€[m] i€[m]

throughout this subsection to denote the empirical risk and the margin for given training data s =
((x@,y@))m . We assume that we are solving a classification task with the 0-1 loss and that our training
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data is linearly separable. This means that there exists a minimizer § € R? such that r(é) = 0. We observe
that d-robustness in the sense that

0+0)=r0) =0
eé%%)r( +0) =r(0)

implies that

29
lzCl2”

0< m[in] y(i) (é — 5y(i) m(i)> < 7(@) ) .m[in] ||ac(")||27
1e|m 1elm

see also [PKL*T17]. This lower bound on the margin v(6) then ensures generalization guarantees as described
in Subsection[2:2]

Even without explici control on the complexity of F,, there do exist results showing that SGD acts as
implicit regularization [NTS14]. This is motivated by linear models where SGD converges to the minimal
Euclidean norm solution for the quadratic loss and in the direction of the hard margin support vector machine
solution for the logistic loss on linearly separable data |[SHN'18|. Note that convergence to minimum norm
or maximum margin solutions in particular decreases the complexity of our hypothesis set and thus improves
generalization bounds, see Subsection

While we have seen this behavior of gradient descent for linear regression already in the more general
context of kernel regression in Subsection we want to motivate the corresponding result for classification
tasks in the following. We focus on the exponential surrogate loss £V (f, 2) = ¢(M(f, 2)) = e ¥/®) with
{(z) = e~ %, but similar observations can be made for the logistic loss defined in Remark We assume that
the training data is linearly separable, which guarantees the existence of 6 = 0 with 7(9) > 0. Then for every
linear model (6, -), # € R?, it holds that

) _ LS 000, 20) 49 (G 2
(0. Vor(@)) = > L (D10, 2) g6, 2"
=1 <0 >0
A critical point Vyr(#) = 0 can therefore be approached if and only if for every ¢ € [m] we have

(i><

(9, 20)) = —emv" 0 g,

which is equivalent to [|0]|2 — oo and v(6) > 0. Let us now define

r5(0) = gl(”ﬁ(ﬂ@)) 6 R, Be(0,00),
and observe that ) 0
ra(0) = —% S y(0), B — 0. (2.6)

Due to this property, rg is often referred to as the smoothed margin [LL19|[JT19b]. We evolve 6 according to
gradient flow with respect to the smoothed margin r1, i.e.,

B0 _ yry(001)) = ‘r(elw

dt
which produces the same trajectory as gradient flow with respect to the empirical risk r under a rescaling
of the time t. Looking at the evolution of the normalized parameters 6(¢) = 6(t)/||0(¢)]]2, the chain rule
establishes that

d0(t) _ ,,  Versw (@)

at O

Vor(0(t)),

with  B(t) == [|0(t)]2 and Pp:=1,—6007, 6#cR™L

19Note that also different architectures can exhibit vastly different inductive biases [ZBH*20] and also within the architecture
different parameters have different importance, see [FC18||ZBS19| and Proposition
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This shows that the normalized parameters perform projected gradient ascent with respect to the function
T5(), which converges to the margin due to and the fact that 3(t) = ||#(t)||2 — oo when approaching a
critical point. This motivates that during gradient flow the normalized parameters implicitly maximize the
margin. See |[GLSS18a|/GLSS18b||LL19/|NLG*19!|CB20![JT20] for a precise analysis and various extensions,
e.g., to homogeneous or two-layer NNs and other optimization geometries.

To illustrate one research direction, we present an exemplary result in the following. Let ® = @y ,) be
a biasless NN with parameters 6§ = ((W(),0))%_, and output dimension Ny, = 1. For given input features
r € RN, the gradient Vi ® = Vo ®(x,0) € RNe-1*Ne with respect to the weight matrix in the (-th
layer satisfies that

¢
00 09! +1): (@) 0P

_ (£-1)
Vo ® = o(® )3q>(é+1) o) Od(e+1)

WD diag (o' (91)),

where the pre-activations ((IJ(e))szl are given as in . Evolving the parameters according to gradient flow

as in and using an activation function g with o(x) = ¢/(z)x, such as the ReLU, this implies that

dW“’(t))T _ (dW(”l)(t)

dt a )TW(””(t) diag (¢'(21)). (2.7)

diag (o/(@“)) WO (1) (

Note that this ensures the conservation of balancedness between weight matrices of adjacent layers, i.e.,
d
a(IIW(M)(t)HQF — WO ®|%) =o.

see [DHL18]. Furthermore, for deep linear NNs, i.e., o(z) = z, the property in implies conservation of
alignment of left and right singular spaces of W and W+, This can then be used to show implicit pre-
conditioning and convergence of gradient descent [ACH18/|ACGH19] and that, under additional assumptions,
gradient descent converges to a linear predictor that is aligned with the maximum margin solution [JT19a.

2.4 Limits of classical theory and double descent

There is ample evidence that classical tools from statistical learning theory alone, such as Rademacher
averages, uniform convergence, or algorithmic stability may be unable to explain the full generalization
capabilities of NNs [ZBHT17|[NK19]. It is especially hard to reconcile the classical bias-variance trade-off with
the observation of good generalization performance when achieving zero empirical risk on noisy data using a
regression loss. On top of that, this behavior of overparametrized models in the interpolation regime turns out
not to be unique to NNs. Empirically, one observes for various methods (decision trees, random features, linear
models) that the test error decreases even below the sweet-spot in the u-shaped bias-variance curve when
further increasing the number of parameters [BHMM19!||GJS*20/|NKB*20|. This is often referred to as the
double descent curve or benign overfitting, see Figure For special cases, e.g., linear regression or random
feature regression, such behavior can even be proven, see [HMRT19||MM19|/BLLT20| BHX20| MVSS20].

In the following we analyze this phenomenon in the context of linear regression. Specifically, we focus
on a prediction task with quadratic loss, input features given by a centered R%valued random variable
X, and labels given by Y = (6*, X) + v, where 0* € R? and v is a centered random variable independent
of X. For training data S = ((X®,Y®))™ e consider the empirical risk minimizer fs = (0,-) with
minimum Euclidean norm of its parameters 9 or, equivalently, the limit of gradient flow with zero initialization.
Using and a bias-variance decomposition we can write

E[R(fs)|(XD)y] = R* = B[l fs — f*llr2@x (X))
= (0*)" PE[XXT]P¢* + E°|Tr(STE[X XT]),

where ¥ == 37" XO(XO)T 53+ denotes the Moore-Penrose inverse of ¥, and P = I; — XY is the
orthogonal projector onto the kernel of ¥. For simplicity, we focus on the variance Tr(E*IE[X X T}), which can
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R(fs)

underfitting | overfitting
1

—
>

classical sweet spot CompleX1ty(A)

classical regime modern regime

Figure 2.1: This illustration shows the classical, underparametrized regime in green, where the u-shaped curve
depicts the bias-variance trade-off as explained in Section Starting with complexity of our algorithm
A larger than the interpolation threshold we can achieve zero empirical risk R(fs) (training error), where
fs = A(s). Within this modern interpolation regime, the risk R(fs) (test error) might be even lower than
at the classical sweet spot. Whereas complexity(.A) traditionally refers to the complexity of the hypothesis
set F, there is evidence that also the optimization scheme and the data is influencing the complexity

leading to definitions like complexity(A) := max {m € N: IE[?ES(.A(S))} < e with § ~ P%}, for suitable
€ > 0 [NKB*20|. This illustration is based on [BHMM19].

be viewed as setting 0* = 0 and E[v?] = 1. Assuming that X has i.i.d. entries with unit variance and bounded
fifth moment, the distribution of the eigenvalues of %2*’ in the limit d, m — oo with % — k € (0,00) can be
described via the Marchenko—Pastur law. Therefore, the asymptotic variance can be computed explicitly as

1 —max{l — «,0}

Tr(STEXXT)) — TR

d
for d,m — oo with — — Kk,
m

almost surely, see . This shows that despite interpolating the data we can decrease the risk in
the overparametrized regime « > 1. In the limit d, m — oo, such benign overfitting can also be shown for
more general settings (including lazy training of NNs), some of which even achieve their optimal risk in the
overparametrized regime [MM19|/MZ20!/LD21].

For normally distributed input features X such that E[XX7] has rank larger than m, one can also
compute the behavior of the variance in the non-asymptomatic regime . Define

Zi>k Ai

Akt1

k* := min{k > 0: > cm},

where A\; > Ay > --- > Xy > 0 are the eigenvalues of IE[XXT] in decreasing order and ¢ € (0, 00) is a universal
constant. Assuming that k*/m is sufficiently small, with high probability it holds that

ke MmOy A7

r(S N — + 2
Tr(STEXXT)) — 5o )
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This precisely characterizes the regimes for benign overfitting in terms
of the eigenvalues of the covariance matrix E[X XT]. Furthermore, it
shows that adding new input feature coordinates and thus increasing
the number of parameters d can lead to either an increase or decrease
of the risk.

To motivate this phenomenon, which is considered in much more
depth in , let us focus on a single sample m = 1 and
features X that take values in X = {—1,1}¢. Then it holds that

XMW xONnT XMW xONnT
>t = HX(“)H“) = (d2 ) and thus

1.04 —— variance

0.51

1 2 1
E[Tr(S*EXXT))] = S [E[XXT]|. (2.8) 00 - = —

In particular, this shows that incrementing the input feature dimen-
sions d — d + 1 one can increase or decrease the risk depending on

. . . ; Fi 2.2: Th i
the correlation of the coordinate X, with respect to the previous eure e expected variance
i2.2

of linear regression in with d €
[150] and X; ~ U({—1,1}), @ € [150],
where X; = X; for ¢ € {10,...,20} U
{30,...,50} and all other coordinates
are independent.

coordinates (X;)%_,, see also Figure

Generally speaking, overparametrization and perfectly fitting
noisy data does not exclude good generalization performance, see
also . However, the risk crucially depends on the data
distribution and the chosen algorithm.

3 The role of depth in the expressivity of neural networks

The approximation theoretical aspect of a NN architecture, responsible for the approximation component
gaPProx .= R(f3) — R* of the error R(fs) —R* in , is probably one of the most well-studied parts of the
deep learning pipe-line. The achievable approximation error of an architecture most directly describes the
power of the architecture.

As mentioned in Subsection many classical approaches only study the approximation theory of NNs
with few layers, whereas modern architectures are typically very deep. A first observation into the effect of
depth is that it can often compensate for insufficient width. For example, in the context of the universal
approximation theorem, it was shown that very narrow NNs are still universal if instead of increasing the
width, the number of layers can be chosen arbitrarily [HS17|/Han19||KL20]. However, if the width of a NN
falls below a critical number, then the universality will not hold any longer.

Below, we discuss three additional observations that shed light on the effect of depth on the approximation
capacities or alternative notions of expressivity of NNs.

3.1 Approximation of radial functions

One technique to study the impact of depth relies on the construction of specific functions which can be
well approximated by NNs of a certain depth, but require significantly more parameters when approximated
to the same accuracy by NNs of smaller depth. In the following we present one example for this type of
approach, which can be found in .

Theorem 3.1 (Power of depth). Let ¢ € {0r, 05, 1(0,00)} be the ReLU, the logistic, or the Heaviside function.
Then there exist constants ¢, C € (0,00) with the following property: For every d € N with d > C' there exist a
probability measure i on R%, a three-layer NN architecture a = (N, 0) = ((d, N1, Na, 1), 0) with | Nl < Cd®,
and corresponding parameters 6* € RPN with ||6*||oo < Cd® and 1@a(- 0| Lo (rey < 2 such that for every
n < ced it holds that

ee]RPl(r(lgmyl)) ||(I>((d,n,1)7g)('a 0) - (Da('ve )”L?(//,) > c.
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In fact, the activation function in Theoremis only required to satisfy mild conditions and the result
holds, for instance, also for more general sigmoidal functions. The proof of Theoremis based on the
construction of a suitable radial function g: R — R, i.e., g(x) = §(||z[|3) for some §: [0,00) — R, which
can be efficiently approximated by three-layer NNs but approximation by only a two-layer NN requires
exponentially large complexity, i.e., the width being exponential in d.

The first observation of is that g can typically be well approximated on a bounded domain by
a three-layer NN, if g is Lipschitz continuous. Indeed, for the ReLU activation function it is not difficult
to show that, emulating a linear interpolation, one can approximate a univariate C-Lipschitz function
uniformly on [0, 1] up to precision ¢ by a two-layer architecture of width O(C/e). The same holds for smooth,
non-polynomial activation functions due to Theorem This implies that the squared Euclidean norm,
as a sum of d univariate functions, i.e., [0,1]? > z iy 22, can be approximated up to precision ¢ by a
two-layer architecture of width O(d?/e). Moreover, this shows that the third layer can efficiently approximate
g, establishing approximation of g on a bounded domain up to precision ¢ using a three-layer architecture
with number of parameters polynomial in d/e.

The second step in is to choose g in such a way that the realization of any two-layer neural network
O = @ ((4,n,1),0)(+,0) with width n not being exponential in d is on average (with respect to the probability
measure i) a constant distance away from g. Their argument is heavily based on ideas from Fourier analysis
and will be outlined below. In this context, let us recall that we denote by f the Fourier transform of a
suitable function or, more generally, tempered distribution f.

Assuming that the square-root ¢ of the density function associated with the probability measure u as
well as @ and g are well-behaved, the Plancherel theorem yields that

2 - —~ 12
12 = glli2( = 120 = 992112 gy = |20 — 5P| 12 g0)- (3.1)

Next, the specific structure of two-layer NNs is used, which implies that for every j € [n] there exists
w; € R? with ||wjl|2 = 1 and g;: R — R (subsuming the activation function g, the norm of w;, and the
remaining parameters corresponding to the j-th neuron in the hidden layer) such that ® is of the form

W

(I):.Zé’j(<wja'>):Z(é’j@ﬂw-l)ORwr h l

N | v

The second equality follows by viewing the action of the j-th neuron
as a tensor product of p; and the indicator function Igs—1(z) =1,
z € R, composed with a d-dimensional rotation R, € SO(d)
which maps w; to the first standard basis vector e e R, Noting
that the Fourier transform respects linearity, rotations, and tensor
products, we can compute

$ =

J

(@j ® Oga—1) © ij,
1

n

where dga—1 denotes the Dirac distribution on R¢~1. In particular, the
support of ® has a particular star-like shape, namely U?:1 span{w;, },
which are in fact lines passing through the origin.

Now we choose ¢ to be the inverse Fourier transform of the
indicator function of a ball B,.(0) C R¢ with vol(B,(0)) = 1, ensuring
that (2 is a valid probability density for u as

Figure 3.1: This illustration shows
the largest possible support (blue) of
@, where ¢ = 1p (o) and @ is a
shallow neural network with architec-
ture N = (2,4,1) and weight matrix
#RY) = 12 @y = Il 72@ay = 181172 Ray = 1B, @) |72 ey = 1. W = [wi...wa]" in the first layer.
Any radial function with enough of its
L?-mass located at high frequencies
" (indicated by the red area) cannot be

Using the convolution theorem, this choice of ¢ yields that

supp(®p) = supp(® * @) C

J

(span{w;} + B, (0)). well approximated by ®.
1
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Thus the lines passing through the origin are enlarged to tubes. It is this particular shape which allows the
construction of some g so that H<I>g0—§?p||%z<Rd> can be suitably lower bounded, see also Figure|3.1| Intriguingly,
the peculiar behavior of high-dimensional sets now comes into play. Due to the well known concentration of
measure principle, the variable n needs to be exponentially large for the set U?Zl (span{w,} + B,(0)) to be
not sparse. If it is smaller, one can construct a function g so that the main energy content of g has a certain
distance from the origin, yielding a lower bound for ||®¢ — g||? and hence ||® — g”%z(u)? see . One key
technical problem is the fact that such a behavior for § does not immediately imply a similar behavior of g,
requiring a quite delicate construction of g.

3.2 Deep ReLU networks

Maybe for no activation function is the effect of depth clearer than
for the ReLU activation function gr(x) = max{0,z}. We refer to
corresponding NN architectures (N, or) as ReLU (neural) networks
(ReLU NNs). A two-layer ReLU NN with one-dimensional input and
output is a function of the form

®(z) = ZMEQ)QR(UJEDLL‘ + bﬁl)) +b?, zeR,
i=1

where wgl), wEQ), bgl), b2 € R for i € [n]. Tt is not hard to see that ®
is a continuous piecewise affine linear function. Moreover, ® has at
most n + 1 affine linear pieces. On the other hand, notice that the

o M Ky Hue s Ko Ko ¥~ ke

hat function 0 I 2 3 4 5 6 1 1
8 8 8 8 8 8 8
h:[0,1] — [0,1],
. Figure 3.2: Interpolation I, of [0,1]
%, if0<z<l — g2
z — 20gp(z) — dor(z — 3) = ’ ) 1_96 : z > g(z) := 2 — 2% on 2" + 1 equidis
2(1—ux), if5<a<1, tant points, which can be represented
as asum I, = >0 I — Iy_1 =

is a NN with two layers and two neurons. Telgarsky observed that the ZZ: L ;Tli of n sawtooth functions.
n-fold convolution h,,(x) := ho---oh produces a sawtooth function  Each sawtooth function hy = hx_10h
with 2™ spikes . In particular, h,, admits 2™ affine linear pieces  in turn can be written as a k-fold
with only 2n many neurons. In this case, we see that deep ReLU NNs  composition of a hat function h. This
are in some sense exponentially more efficient in generating affine  j]lustration is based on ,
linear pieces.

Moreover, it was noted in that the difference of interpolations of [0,1] > z = x — 2% at 2" + 1
and 2"~! 4+ 1 equidistant points equals the scaled sawtooth function 2”2’;, see Figure This allows to
efficiently implement approximative squaring and, by polarization, also approximative multiplication using
ReLU NNs. Composing these simple functions one can approximate localized Taylor polynomials and thus
smooth functions, see [Yar17]. We state below a generalization of the result of which includes

more general norms, but for p = co and s = 0 coincides with the original result of Dmitry Yarotsky.

Theorem 3.2 (Approximation of Sobolev-regular functions). Letd,k € N with k > 2, let p € [1,00], s € [0,1],
B € (0,00), and let o be a piecewise linear activation function with at least one break-point. Then there
exists a constant ¢ € (0,00) with the following property: For every e € (0,1/2) there exists a NN architecture
a = (N, o) with

P(N) < ce=¥*=9) 1og(1/e)

such that for every function g € W*P((0,1)%) with ||gllwr.s((0,1)2) < B it holds that

. ) = allwren <e.
0exlt§’f<N> @4 (0 ) — gllwsr(o,1)2) < €
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The ability of deep ReLLU neural networks to emulate multiplication has also been employed to reap-
proximate wide ranges of high-order finite element spaces. In [OPS20] and [MOPS20] it was shown that
deep ReLU neural networks are capable of achieving the approximation rates of hp-finite element methods.
Concretely, this means that for piecewise analytic functions, which appear, for example, as solutions of elliptic
boundary and eigenvalue problems with analytic data, exponential approximation rates can be achieved. In
other words, the number of parameters of neural networks to approximate such a function in the W'2-norm
up to an error of € is logarithmic in €.

Theoremrequires the depth of the NN to grow. In fact, it can be shown that the same approximation
rate cannot be achieved with shallow NNs. Indeed, there exists a certain optimal number of layers and, if
the architecture has fewer layers than optimal, then the NNs need to have significantly more parameters, to
achieve the same approximation fidelity. This has been observed in many different settings in
[Yar17!|[PV18|[EPGB19]. We state here the result of [Yar17]:

Theorem 3.3 (Depth-width approximation trade-off). Let d,L € N with L > 2 and let g € C*([0,1]%) be a
function which is not affine linear. Then there exists a constant ¢ € (0,00) with the following property: For
every € € (0,1) and every ReLU NN architecture a = (N, ogr) = ((d, N1,...,Nr_1,1), 0r) with L layers and
[N < ce™CE=D) neurons it holds that

0e$fw> 194 (- 0) — gll oo (o,114) = €
This results is based on the observation that
ReLU NNs are piecewise affine linear. The number
of pieces they admit is linked to their capacity of
approximating functions that have non-vanishing
curvature. Using a construction similar to the ex-
ample at the beginning of this subsection, it can be
shown that the number of pieces that can be gener-
ated using an architecture ((1, Nq,...,Np_1,1), 0r)
scales roughly like HeLz_ll N,
In the framework of the aforementioned results,

we can speak of a depth-width trade-off, see also Fig-

ure A fine-grained estimate of achievable rates Flgur-e 3.3 Stapdarq feed-forward neural netyvork. For
for freely varying depths has also been established certain approximation results, depth and width need

in [Sho20l. to be in a fixed relationship to achieve optimal results.

depth
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3.3 Alternative notions of expressivity

Conceptual approaches to study the approximation power of deep NNs besides the classical approximation
framework usually aim to relate structural properties of the NN to the “richness” of the set of possibly
expressed functions. One early result in this direction is which describes bounds on the number of
affine linear regions of a ReLU NN ®(y ,.y(-,0). In a simplified setting, we have seen estimates on the number
of affine linear pieces already at the beginning of Subsectlon- Affine linear regions can be defined as the
connected components of RVo \ H, where H is the set of non-differentiability of the realizatio . DN, op)(+0).
A refined analysis on the number of such regions was, for example, conducted by . t 1s found that
deep ReLU neural networks can exhibit significantly more regions than their shallow counterparts.

200ne can also study the potentially larger set of activation regions given by the connected components of RN \ (UZL;ll
Ué\ngu), where
Hiq = {z e RY0: &) (z,0) = 0},

with <I>( ) as in , is the set of non-differentiability of the activation of the i-th neuron in the ¢-th layer. In contrast to the
linear regions, the activation regions are necessarily convex [RPK*17 m
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Input Curve No hidden layer Three hidden layers Ten hidden layers

Figure 3.4: Shape of the trajectory t — ®((2.5,...n,2),0n)(V(t),0) of the output of a randomly initialized
network with 0, 3,10 hidden layers. The input curve = is the circle given in the leftmost image. The hidden
layers have n = 20 neurons and the variance of the initialization is taken as 4/n.

The reason for this effectiveness of depth is described by the following analogy: Through the ReLU each
neuron R? 3 z + op({x,w) +b), w € R, b € R, splits the space into two affine linear regions separated by
the hyperplane

{z e R (z,w) +b=0}.

A shallow ReLU NN @((4,,,1),05)(-,#) With n neurons in the hidden layer therefore produces a number of
regions defined through n hyperplanes. Using classical bounds on the number of regions defined through
hyperplane arrangements , one can bound the number of affine linear regions by Z?:o (?) Deepening
neural networks then corresponds to a certain folding of the input space. Through this interpretation it can
be seen that composing NNs can lead to a multiplication of the number of regions of the individual NNs

resulting in an exponential efficiency of deep neural networks in generating affine linear region
_RPK‘H?

This approach was further developed in to a framework to study expressivity that to some extent
allows to include the training phase. One central object studied in are so-called trajectory lengths.
In this context, one analyzes how the length of a non-constant curve in the input space changes in expectation
through the layers of a NN. The authors find an exponential dependence of the expected curve length on the
depth. Let us motivate this in the special case of a ReLU NN with architecture a = ((No,n,...,n, N.), 0r)
and depth L € N.

Given a non-constant continuous curve v: [0,1] — R0 in the input space, the length of the trajectory in
the ¢-th layer of the NN ®,(+, ) is then given by

Length(®®) (y(-),0)), e [L—1],

where @@ (-, ) is the activation in the (-th layer, see . Here the length of the curve is well-defined since
®W(.,0)) is continuous and therefore &) (v(-), ) is continuous. Now, let the parameters ©; of the NN &,
be initialized independently so that the entries corresponding to the weight matrices and bias vectors follow
a normal distribution with zero mean and variances 1/n and 1, respectively. It is not hard to see, e.g., by
Proposition that the probability that @(z)(-, ©1) will map v to a non-constant curve is positive and hence,
for fixed ¢ € [L — 1],

E[Length(®“((-),01))] = ¢ > 0.

Let 0 € (0,00) and consider a second initialization ©,, where we change the variances of the entries
corresponding to the weight matrices and bias vectors to o2 /n and o2, respectively. Recall that the ReLU is
positively homogeneous, i.e., we have that gr(Ax) = Aogr(x) for all A € (0,00). Then it is clear that

i)(f)(.7ea) ~ U%(Z)(',@%

21However, to exploit this efficiency with respect to the depth, one requires highly oscillating pre-activations which in turn can
only be achieved with a delicate selection of parameters. In fact, it can be shown that through random initialization the expected
number of activation regions per unit cube depends mainly on the number of neurons in the NN, rather than its depth [HR19].
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i.e., the activations corresponding to the two initialization strategies are identically distributed up to the
factor of. Therefore, we immediately conclude that

E[Length(®((-),0,))] = o’c.

This shows that the expected trajectory length depends exponentially on the depth of the NN, which is in
line with the behavior of other notions of expressivity [PLR*16]. In [RPK*t17] this result is also extended to
the tanh activation function and the constant c¢ is more carefully resolved. Empirically one also finds that the
shapes of the trajectories become more complex in addition to becoming longer on average, see Figure

4 Deep neural networks overcome the curse of dimensionality

In Subsection|1.3| one of the main puzzles of deep learning that we
identified was the surprising performance of deep architectures on
problems where the input dimensions are very high. This perfor-
mance cannot be explained in the framework of classical approx-
imation theory, since such results always suffer from the curse of
dimensionality [Bel52|[DeV98|[NWO09].

In this section, we present three approaches that offer explana-
tions of this phenomenon. As before, we had to omit certain ideas
which have been very influential in the literature to keep the length
of this section under control. In particular, an important line of
reasoning is that functions to be approximated often have composi-
tional structures which NNs may approximate very well as reviewed
in . Note that also a suitable feature descriptor, factor-
ing out invariances, might lead to a significantly reduced effective

dimension, see Subsection Figure 4.1: Illustration of a one-
dimensional manifold M embedded
4.1 Manifold assumption in Rg. For every pOint T € M there

exists a neighborhood in which the
A first remedy to the high-dimensional curse of dimensionality is  yhanifold can be linearly projected

what we call the manifold assumption. Here it is assumed that we  nto its tangent space at = such that
are trying to approximate a function the corresponding inverse function is

g: RYS X R, differentiable.

where d is very large. However, we are not seeking to optimize with respect to the uniform norm or a regular
L? space, but instead consider a measure p which is supported on a d’-dimensional manifold M C X. Then
the error is measured in the LP(u)-norm. Here we consider the case where d’ < d. This setting is appropriate
if the data z = (x,y) of a prediction task is generated from a measure supported on M x R.

This set-up or generalizations thereof have been fundamental in [CM18]|[SCC18|[CJLZ19|[SH19|[CK20!
. Let us describe an exemplary approach, where we consider locally C*-regular functions and NNs with
ReLU activation functions below:

1. Describe the regularity of g on the manifold: Naturally, we need to quantify the regularity of the
function g restricted to M in an adequate way. The typical approach would be to make a definition
via local coordinate charts. If we assume that M is an embedded submanifold of X, then locally,
i.e., in a neighborhood of a point z € M, the orthogonal projection of M onto the d’-dimensional
tangent space T, M is a diffeomorphism. The situation is depicted in Figure Assuming M to
be compact, we can choose a finite set of open balls (U;)Y_; that cover M and on which the local
projections v; onto the respective tangent spaces as described above exists and are diffeomorphisms.
Now we can define the regularity of g via classical regularity. In this example, we say that g € C*(M)
if goy; ' € CH(y;(MNTy)) for all i € [p].
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2. Construct localization and charts via neural networks: According to the construction of local coordinate
charts in Step we can write g as follows:

p

Zsbz ) (g0 ((x))) =Z (i(2), ¢i(x)), = €M, (4.1)

where ¢; is a partition of unity such that supp(¢;) C U;. Note that ~; is a linear map, hence
representable by a one-layer NN. Since multiplication is a smooth operation, we have that if g € C¥(M)
then g; € Ck("}/l(./\/l n Uz) X [O, 1})

The partition of unity ¢; needs to be emulated by NNs. For example, if the activation function is the
ReLU, then such a partition can be efficiently constructed. Indeed, in [HLXZ20] it was shown that

such NNs can represent linear finite elements exactly with fixed-size NNs and hence a partition of unity
subordinate to any given covering of M can be constructed.

3. Use a classical approximation result on the localized functions: By some form of Whitney’s extension
theorem [Whi34], we can extend each §; to a function g; € C*(X x [0, 1]) which by classical results can be
approximated up to an error of ¢ > 0 by NNs of size O(e~ (¢ +1/F) for ¢ — 0, see [Mha96|[Yar17|[SCC18].

4. Use the compositionality of neural networks to build the final network: We have seen that every
component in the representation , i.e., gi, Vi, and ¢; can be efficiently represented by NNs. In
addition, composition and summation are operations which can directly be implemented by NNs through
increasing their depth and widening their layers. Hence is efficiently—i.e., with a rate depending
only on d’ instead of the potentially much larger d—approximated by a NN.

Overall, we see that NNs are capable of learning local coordinate transformations and therefore reduce
the complexity of a high-dimensional problem to the underlying low-dimensional problem given by the data
distribution.

4.2 Random sampling

Already in 1992, Andrew Barron showed that under certain seemingly very natural assumptions on the
function to approximate, a dimension-independent approximation rate by NNs can be achieved |Bar92||Bar93].
Specifically, the assumption is formulated as a condition on the Fourier transform of a function and the result
is as follows.

Theorem 4.1 (Approximation of Barron-regular functions). Let o: R — R be the ReLU or a sigmoidal
function. Then there exists a constant ¢ € (0,00) with the following property: For every d,n € N, every
probability measure pi supported on B1(0) C R?, and every g € L*(R?) with C, == Jra l€lI219(€)] dE < oo it
holds that

. c
sexitd o 12a@n1).0(0) = gllz2gu) < %Cg,
Note that the L2-approximation error can be replaced by an L-estimate over the unit ball at the expense
of a factor of the order of v/d on the right-hand side.
The key idea behind Theoremis the following application of the law of large numbers: First, we
observe that, per assumption, g can be represented via the inverse Fourier transform, as

9=900) = [ a9 —1)ae

1 , 1
= C —_— 27”’('7'€> —1)— A d )
Q/Rd ||§H2(e )Cq‘|€||29(§) 3 (4.2)
1 ,
=C = rp2mi(nhE) 1)d
g/Rd ||§H2(e ) /’Lg(g)a
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where 4, is a probability measure. Then it is further shown in [Bar92] that there exist (R? x R)-valued
random variables (=, H) such that { can be written as

o) =90 =Cy [ 7 51”2 (709 1) dpg(€) = CE[NE D)), € R, (1.3

where for every £ € R%, € € R the function I'(¢,£): RY — R is given by
L(£,€) = 56, &) (L(0,00) (— €/ lI€ll2, ) = &) = L0,00) ((€/[1€]l2, ) =€) with  s(&,€) € {~1,1}.

Now, let (2, 2®));cx be i.i.d. random variables with (21, Z1) ~ (Z,Z). Then, Bienaymé’s identity and
Fubini’s theorem establish that

9 '— 1) —=(1 C " —(i) =(i
Hg 9(0) — ZF = ) 20 ‘Lz(u)‘| = /BI(O)W [: vt F(:( )a:( ))(x) dp(x) w
G5 Jpo VIE @] du@) _ (2rnc,)?
n - n ’

where the last inequality follows from combining with the fact that [e?™4®8) —1|/||||2 < 27, @ € B1(0).

,€@)),en of the random variables (2, 21));cy that
achieves L2-approximation error of n~%/2. Therefore, it remains to show that NNs can well approximate
the functions (T(€®,€®));cn. Now it is not hard to see that the function 1(9,00) and hence functions of
the form T'(¢, é), ¢ e R?, € € R, can be arbitrarily well approximated with a fixed-size, two-layer NN with a
sigmoidal or ReLU activation function. Thus, we obtain an approximation rate of n~/? when approximating
functions with one finite Fourier moment by two-layer NNs with n hidden neurons.

It was pointed out already in the dissertation of Emmanuel Candeés [Can98| that the approximation rate
of NNs for Barron-regular functions is also achievable by n-term approximation with complex exponentials, as
is apparent by considering . However, for deeper NNs, the results also extend to high-dimensional non-
smooth functions, where Fourier-based methods are certain to suffer from the curse of dimensionality |[CPV20].

In addition, the random sampling idea above was extended in [EMW19b|| EMWW20| EW20b| EW20c]
to facilitate dimension-independent approximation of vastly more general function spaces. Basically, the
idea is to use as an inspiration and define the generalized Barron space as all functions that may be
represented as

This implies that there exists a realization ((£(
1/2

E [1(0,00)«57 > - E)]

for any random variable (E,E) In this context, deep and compositional versions of Barron spaces were
introduced and studied in [BK18||[EMW19a||[EW20a|, which considerably extend the original theory.

4.3 PDE assumption

Another structural assumption that leads to the absence of the curse of dimensionality in some cases is that
the function we are trying to approximate is given as the solution to a partial differential equation. It is by
no means clear that this assumption leads to approximation without the curse of dimensionality, since most
standard methods, such as finite elements, sparse grids, or spectral methods typically suffer from the curse of
dimensionality.

This is not merely an abstract theoretical problem: Very recently, in [AHNB™20] it was shown that two
different gold standard methods for solving the multi-electron Schrodinger equation produce completely
different interaction energy predictions when applied to large delocalized molecules. Classical numerical
representations are simply not expressive enough to accurately represent complicated high-dimensional
structures such as wave functions with long-range interactions.

Interestingly, there exists an emerging body of work that shows that NNs do not suffer from these
shortcomings and enjoy superior expressivity properties as compared to standard numerical representations.
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Such results include, for example, (GHJVW20!||GS20!|{HJKN20] for (linear and semilinear) parabolic evolution
equations, |(GH22| for stationary elliptic PDEs, [GH21| for nonlinear Hamilton—Jacobi-Bellman equations,
or [KPRS19| for parametric PDEs. In all these cases, the absence of the curse of dimensionality in terms of
the theoretical approximation power of NNs could be rigorously established.

One way to prove such results is via stochastic representations of the PDE solutions, as well as associated
sampling methods. We illustrate the idea for the simple case of linear Kolmogorov PDEs, that is the problem
of representing the function g: R? x [0, 00) — R satisfyin

%(xvt) = %Tr(o(x,t)[o(x,t)]*Vﬁg(x,t)) + (u(x,t),ng(:c,t», g(:zc,O) = tp(x)7 (4'5)

where the functions
¢:RY - R (initial condition) and o:R?Y = R¥™4 ;1 R? - R (coefficient functions)

are continuous and satisfy suitable growth conditions. A stochastic representation of g is given via the Ito
processes (Sy,;)¢>0 satisfying

dSyt = p(Set)dt + 0(Su1)dBy,  Spo =7, (4.6)

where (By)>0 is a d-dimensional Brownian motion. Then g is described via the Feynman-Kac formula which
states that
g(z,t) =Elp(S.)], z€RY te]0,00). (4.7)

Roughly speaking, a NN approximation result can be proven by first approximating, via the law of large
numbers,

n
o(o,1) = Blp(Se)] = - 3 p(SL), (4.8)
i=1
where (SS% » . are ii.d. random variables with Silt) ~ Sz Care has to be taken to establish such
an approximation uniformly in the computational domain, for example, for every (z,t) in the unit cube
[0,1]¢ x [0,1], see for a similar estimate and [GHJVW20!/GS20] for two general approaches to ensure
this property. Aside from this issue, represents a standard Monte Carlo estimator which can be shown
to be free of the curse of dimensionality.

As a next step, one needs to establish that realizations of the processes (z,t) — S; ¢ can be efficiently
approximated by NNs. This can be achieved by emulating a suitable time-stepping scheme for the SDE
by NNs which, roughly speaking, can be done without incurring the curse of dimensionality whenever the
coefficient functions u, o can be approximated by NNs without incurring the curse of dimensionality and some
growth conditions hold true. In a last step one assumes that the initial condition ¢ can be approximated by
NNs without incurring the curse of dimensionality which, by the compositionality of NNs and the previous
step, directly implies that realizations of the processes (x,t) — ¢(Sg,+) can be approximated by NNs without
incurring the curse of dimensionality. By this implies a corresponding approximation result for the
solution of the Kolmogorov PDE g in .

Informally, we have discovered a regularity result for linear Kolmogorov equations, namely that (modulo
some technical conditions on p, o), the solution g of can be approximated by NNs without incurring the
curse of dimensionality whenever the same holds true for the initial condition ¢, as well as the coefficient
functions p,o. In other words, the property of being approximable by NNs without curse of dimensionality is
preserved under the flow induced by the PDE . Some comments are in order:

22The natural solution concept to this type of PDEs is the viscosity solution concept, a thorough study of which can be found
in [HHJ15].
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Assumption on the initial condition: One may wonder if the assumption that the initial condition
i can be approximated by NNs without incurring the curse of dimensionality is justified. This is at least
the case in many applications in computational finance where the function ¢ typically represents an option
pricing formula and represents the famous Black—Scholes model. It turns out that nearly all common
option pricing formulas are constructed from iterative applications of linear maps and maximum/minimum
functions—in other words, in many applications in computational finance, the initial condition ¢ can be
ezactly represented by a small ReLU NN.

Generalization and optimization error: The

Feynman—-Kac representation directly implies 10

that g(-,t) can be computed as the Bayes opti-

mal function of a regression task with input fea- 1010

tures X ~ U([0,1]?) and labels Y = ((Sx.;), which ,
10

allows for an analysis of the generalization error
as well as implementations based on ERM algo-
rithms [BGJ20/|BBG*21]. 10°
While it is in principle possible to analyze the
approximation and generalization error, the analysis 107
of the computational cost and/or convergence of
corresponding SGD algorithms is completely open.
Some promising numerical results exist, see, for
instance, Figure but the stable training of NNs
approximating PDEs to very high accuracy (that Figure 4.2: Computational complexity as number of
is needed in several applications such as quantum  neural network parameters times number of SGD steps
chemistry) remains very challenging. The recent  to solve heat equations of varying dimensions up to
work has even proven several impossibility — a specified precision. According to the fit above, the
results in that direction. scaling is polynomial in the dimension .

X > Cx2:36
—e— #parameters - avg. #steps
+ 2-std.

10! 102
input dimension

Extensions and abstract idea: Similar techniques may be used to prove expressivity results for nonlinear
PDEs, for example, using nonlinear Feynman—Kac-type representations of [PP92| in place of and
multilevel Picard sampling algorithms of [EHJK19] in place of .

We can also formulate the underlying idea in an abstract setting (a version of which has also been used in
Subsection. Assume that a high-dimensional function ¢g: R — R admits a probabilistic representation of
the form

g(@) =E[Y,), xeR?, (4.9)
for some random variable Y, which can be approximated by an iterative scheme
Y ~Y, and Y9 =T,(VY), (=1,....L,

with dimension-independent convergence rate. If we can approximate realizations of the initial mapping
x +— VY and the maps Ty, £ € [L], by NNs and the numerical scheme is stable enough, then we can also

approximate yQEL) using compositionality. Emulating a uniform Monte-Carlo approximator of then
leads to approximation results for g without curse of dimensionality. In addition, one can choose a R®*-valued
random variable X as input features and define the corresponding labels by Yx to obtain a prediction task,
which can be solved by means of ERM.

Other methods: There exist a number of additional works related to the approximation capacities of
NNs for high-dimensional PDEs, for example, [EGJS18|[LTY19![SZ19]. In most of these works, the proof
technique consists of emulating an existing method that does not suffer from the curse of dimensionality. For
instance, in the case of first-order transport equations, one can show in some cases that NNs are capable of
emulating the method of characteristics, which then also yields approximation results that are free of the
curse of dimensionality [LP21].
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5 Optimization of deep neural networks

We recall from Subsectionsandthat the standard algorithm to solve the empirical risk minimization
problem over the hypothesis set of NNs is stochastic gradient descent. This method would be guaranteed
to converge to a global minimum of the objective if the empirical risk were convex, viewed as a function of
the NN parameters. However, this function is severely nonconvex, may exhibit (higher-order) saddle points,
seriously suboptimal local minima, and wide flat areas where the gradient is very small.

On the other hand, in applications, excellent performance of SGD is observed. This indicates that the
trajectory of the optimization routine somehow misses suboptimal critical points and other areas that may
lead to slow convergence. Clearly, the classical theory does not explain this performance. Below we describe
some exemplary novel approaches that give partial explanations of this success.

In the flavor of this article, the aim of this section is to present some selected ideas rather than giving an
overview of the literature. To give at least some detail about the underlying ideas and to keep the length of
this section reasonable, a selection of results had to be made and some ground-breaking results had to be
omitted.

5.1 Loss landscape analysis

Given a NN ®(-,0) and training data s € Z™ the function 6 — r(6) := R(®(-,0)) describes, in a natural
way, through its graph, a high-dimensional surface. This surface may have regions associated with lower
values of R which resemble valleys of a landscape if they are surrounded by regions of higher values. The
analysis of the topography of this surface is called loss landscape analysis. Below we shall discuss a couple of
approaches that yield deep insights into the shape of this landscape.

Spin glass interpretation: One of the first discoveries about the Z o

shape of the loss landscape comes from deep results in statistical — »

physics. The Hamiltonian of the spin glass model is a random function i

on the (n — 1)-dimensional sphere of radius \/n. Making certain No negative curvature g °

simplifying assumptions, it was shown in that the loss of nsk. S e .°

a NN with random inputs can be considered as the Hamiltonian of a °o

spin glass model, where the inputs of the model are the parameters o ¢

of the NN. o °° : ° Critical points
This connection has far-reaching implications for the loss land- Vel :' SO0 e unscabie.

scape of NNs because of the following surprising property of the ge°°

Hamiltonian of spin glass models: Consider the set of critical points . . -

of this set, and associate to each point an index that denotes the 0 0-25 08 Index

perceptage Of t'he eigenvalues of the Hessian .at that point w.hlch. are Figure 5.1: Sketch of the distribution
negative. This index corresponds to the relative number of directions . . . .
. . . . . of critical points of the Hamiltonian
in which the loss landscape has negative curvature. Then with high of & spin elass model
probability, a picture like we see in Figureemerges AAC13]. P & '
More precisely, the further away from the optimal loss we are, the more unstable the critical points become.
Conversely, if one finds oneself in a local minimum, it is reasonable to assume that the loss is close to the
global minimum.

While some of the assumptions establishing the connection between the spin glass model and NNs are

unrealistic in practice [CLA15], the theoretical distribution of critical points as in Figure|5.1|is visible in
DPGT14]

many practical applications [DPG*14].

Paths and level sets: Another line of research is to understand the loss landscape by analyzing paths
through the parameter space. In particular, the existence of paths in parameter space, such that the associated
empirical risks are monotone along the path. Surely, should there exist a path of nonincreasing empirical risk
from every point to the global minimum, then we can be certain that no non-global minima exist, since no
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such path can escape a minimum. An even stronger result holds. In fact, the existence of such paths shows
that the loss landscape has connected level sets .

A crucial ingredient of the analysis of such paths are linear substructures. Consider a biasless two-layer
NN & of the form

RS 2 ®(z,0) 29(2) (0%, m», (5.1)

where 91(-1) € R for j € [n], 6(®) € R", p is a Lipschitz continuous activation function, and we augment the

vector z by a constant 1 in the last coordinate as outlined in Remark If we consider 81 to be fixed,
then it is clear that the space

Fow = {®(-,0): 0 = (61,0?), 9 ¢ R"}

is a linear space. If the ris ‘ is convex, as is the case for the widely used quadratic or logistic loss, then
this implies that 02 — r((e ,9(2))) is a convex map and hence, for every parameter set P C R™ this map
assumes its maximum on JP. Therefore, within the vast parameter space, there are many paths traveling
along which does not increase the risk above the risk of the start and end points.

This idea was, for example, used in in a way similar to the following simple sketch: Assume
that, for two parameters 6 and 6,,;, there exists a linear subspace of NNs Fs 5 such that there are paths v,
and 2 connecting ®(-,8) and ®(-, Oiin) to ]-"9(1) respectively. Further assume that the paths are such that
along 71 and 72 the risk does not significantly exceed max{r (), 7(0min)}- Flgure.shows a visualization of
these paths. In this case, a path from 6 to 0, not significantly exceeding r(6) along the way is found by
concatenating the paths v, a path along J?é(l), and 5. By the previous discussion, we know that only ~;
and 72 determine the extent to which the combined path exceeds r(6) along its way. Hence, we need to ask
about the existence of f'é(l) that facilitates the construction of appropriate v; and 7.

To understand why a good choice of ]?6;(1), so that the risk along
~1 and 2 will not rise much higher than r(8), is likely possible, we /
set?? N

s [o5 forj e/, %
SO o€ o]\ /2] i

min

In other words, the first half of 6(!) is made from 6(*) and the Fia

Ogl)n If 9;1), J € [N], are realizations of random variables

distributed uniformly on the d-dimensional unit sphere, then by
invoking standard covering bounds of spheres (e.g., Corollary ’
4.2.13]), we expect that, for ¢ > 0 and a sufficiently large number B\ ) D

of neurons n, the vectors (9(1))%21 already e-approximate all vectors

second from

(9(1)) . Replacing all vectors (9( )) 1 by their nearest neighbor in

Figure 5.2: Construction of a path
(9(1))”/2

can be done with a linear path in the parameter space, and,  from an initial point @ to the global

given that r is locally Lipschitz continuous and [|#(®|; is bounded,  minimum 6, that does not have sig-
this operation will not increase the risk by more than O(¢). We  nificantly higher risk than the initial

denote the vector resulting from this replacement procedure by .  point along the way. We depict here

Since for all j € [n]\ [n/2] we now have that the landscape as a function of the
neural network realizations instead
ONE (1) SN of their parametrizations so that this

g(((O* )i [1]» € {Q(<(9* e [1} >) ke [n/Q]}, landscape is convex.

23 As most statements in this subsection are valid for the empirical risk r(8) = R4(®(-, 8)) as well as the risk 7(8) = R(®(-,0)),
given a suitable distribution of Z, we will just call r the risk.
24We assume w.l.o.g. that n is a multiple of 2.
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there exists a vector 012 with (9&2))]- =0, j € [n]\ [n/2], so that
(-, (62,0%)) = (-, (B2, 207 + (1= 0)), A€ [0,1].

In particular, this path does not change the risk between (Gil), 6®) and (9£1), 9,&2)). Now, since (99))]» =0
for j € [n] \ [n/2], the realization (-, (9,9), 99)) is computed by a sub-network consisting of the first n/2
hidden neurons and we can replace the parameters corresponding to the other neurons without any effect on
the realization function. Specifically, it holds that

o, (0,6%)) = (-, AD + (1 — 06, 67)), A e o,1],

yielding a path of constant risk between (6’5}), 99)) and (é(l), 9,@). Connecting these paths completes the
construction of v; and shows that the risk along v, does not exceed that at # by more than O(g). Of course,
72 can be constructed in the same way. The entire construction is depicted in Figure

Overall, this derivation shows that for sufficiently wide NNs (appropriately randomly initialized) it is very
likely possible to almost connect a random parameter value to the global minimum with a path which along
the way does not need to climb much higher than the initial risk.

In [VBB19|, a similar approach is taken and the convexity in the last layer is used. However, the authors
invoke the concept of intrinsic dimension to elegantly solve the non-linearity of 7((6™"), §(?))) with respect to
6. Additionally, [SS16] constructs a path of decreasing risk from random initializations. The idea here is
that if one starts at a point of sufficiently high risk, one can always find a path to the global optimum with
strictly decreasing risk. The intriguing insight behind this result is that if the initialization is sufficiently
bad, i.e., worse than that of a NN outputting only zero, then there exist two operations that influence the
risk directly. Multiplying the last layer with a number smaller than one will decrease the risk, whereas the
opposite will increase it. Using this tuning mechanism, any given potentially non-monotone path from the
initialization to the global minimum can be modified so that it is strictly monotonically decreasing. In a
similar spirit, INH17| shows that if a deep NN has a layer with more neurons than training data points, then
under certain assumptions the training data will typically be mapped to linearly independent points in that
layer. Of course, this layer could then be composed with a linear map that maps the linearly independent
points to any desirable output, in particular one that achieves vanishing empirical risk, see also Proposition
As for two-layer NNs, the previous discussion on linear paths immediately shows that in this situation a
monotone path to the global minimum exists.

5.2 Lazy training and provable convergence of stochastic gradient descent

When training highly overparametrized NNs, one often observes that the parameters of the NNs barely
change during training. In Figure we show the relative distance that the parameters travel through the
parameter space during the training of NNs of varying numbers of neurons per layer.

The effect described above has been observed repeatedly and theoretically explained, see, e.g., [DZPS18|
LL18||AZLS19||DLL*19/|ZCZG20|. In Subsection we have already seen a high-level overview and, in
particular, the function space perspective of this phenomenon in the infinite width limit. Below we present a
short and highly simplified derivation of this effect and show how it leads to provable convergence of gradient
descent for sufficiently overparametrized deep NNs.

A simple learning model: We consider again the simple NN model of i) with a smooth activation
function o which is not affine linear. For the quadratic loss and training data s = ((z(?, @)™, € (R xR)™,
where x; # x; for all i # j, the empirical risk is given by

m

r(6) = Ral6) = - S (@(a0,0) 402

i=1

Let us further assume that @;l) ~ N(0,1/n)4*t) j € [n], and @5-2) ~ N(0,1/n), j € [n], are independent
random variables.
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Figure 5.3: Four networks with architecture ((1,n,n,1), or) and n € {20,100, 500, 2500} neurons per hidden
layer were trained by gradient descent to fit four points that are shown in the middle figure as black dots.
We depict on the left the relative Euclidean distance of the parameters from the initialization through the
training process. In the middle, we show the final trained NNs. On the right we show the behavior of the
training error.

A peculiar kernel: Next, we would like to understand how the gradient Vyr(©) looks like with high
probability over the initialization © = (™), ©()). Similar to , we have by restricting the gradient to
0® and applying the chain rule that

V

1Vor©)3 > 5 |3 Vo @, 0) (@(x9, 0) — y )|
i=1

4 i im 1 j i) \m
= W((@(x( )»@) - y( ))1:1) KG)(‘I’(»"”(J)’ 0) - y(J))jzl’
where Kg is a random R™*™-valued kernel given by
(Ko)ij = (Voo ®(a,0)) Vo @2, 0), i,j € [m].

This kernel is closely related to the neural tangent kernel in evaluated at the features (V)™ and the

random initialization ©. It is a slightly simplified version thereof, as in the gradient is taken with respect

to the full vector #. This can also be regarded as the kernel associated with a random features model
Note that for our two-layer NN we have that

(Vo ®(2,0)), = 0 <<@§j>, m >> , zeRY ken.

Thus, we can write Ko as the following sum of (random) rank one matrices:

Ko = kzn:_lvku,f with v = (g <<@§j), [5”;)] >>>m eR™, keln (5.3)

i=1

The kernel Kg are symmetric and positive semi-definite by construction. It is positive definite if it is
non-singular, i.e., if at least m of the n vectors vk, k € [n], are linearly independent. Propositiongshows
that for n = m the probability of that event is not zero, say ¢, and is therefore at least 1 — (1 — §)!" ™| for
arbitrary n. In other words, the probability increases rapidly with n. It is also clear from that E[Ke]
scales linearly with n.

From this intuitive derivation, we conclude that for sufficiently large n, with high probability Kg is
a positive definite kernel with smallest eigenvalue Apmin(Ke) scaling linearly with n. The properties of
Ko, in particular its positive definiteness, have been studied much more rigorously as already described in
Subsection
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Control of the gradient: Applying the expected behavior of the smallest eigenvalue )\min(I_(@) of Ko
to , we conclude that with high probability

4 7% i i)\m n
IVer(©)I3 = W/\min(Ke)ll(‘?(m( 1,0) =yl 2 -7(8). (5.4)
To understand what will happen when applying gradient descent, we first need to understand how the
situation changes in a neighborhood of ©. We fix = € R? and observe that by the mean value theorem for all
6 € B1(0) we have
|Vo®(z,0) — Vo®(z,0 + 9_)”5 < sup ||[V®(z,0 4 6)||
e By (0)

(5.5)

2
op’

where [|[V2®(x,0 + 6)||op denotes the operator norm of the Hessian of ®(z,-) at © + . From inspection
of , it is not hard to see that for all ¢,j € [n] and k, ¢ € [d + 1]

0?0 (x,0)\2 0?0 (2,0) \2

St = il Sl <S5

. (80(2)89(2))1 0 E[(ag@)a(g(l))k) S 0ij, and
? J 7 7

( (92@(1‘,@) )2 < (51‘1j
a6aeM)/ | T on

where 6; ; = 0 if i # j and 6;; = 1 for all 4,5 € [n]. For sufficiently large n, we have that Vi®(z,©) is
in expectation approximately a block band matrix with band-width d + 1. Therefore, we conclude that
E[[|V;®(z,0)]12,] < 1. Hence, we obtain by concentration of Gaussian random variables that with high
probability | V4®(z,0)]|2, < 1. By the block-banded form of VZ®(z,©) we have that, even after perturbation

op ~
of © by a vector § with norm bounded by 1, the term ||[VZ®(z,© + 0)||2 is bounded, which yields that the
right-hand side of is bounded with high probability.
Using , we can extend , which holds with high probability, to a neighborhood of © by the
0

following argument: Let 6 € B;(0), then

[

- 4 || & , _ , _ 2
2> = (@) @) — 4@
||V07“(@-H9)||22mQH;:l:sz)(D(:U 0 +8)(®(,0+0) -y )|

m

4 ) ) _ 2
_ b () (i) oy
5 | T 20,0) - 0@, 0:+0) -y .

1 _ ) _ .
2 3 (min(Ke) + O()[(@(="",0 +0) -y, |3

where the estimate marked by (*) uses the positive definiteness of K¢ again and only holds for sufficiently
large n, so that the O(1) term is negligible.

We conclude that, with high probability over the initialization ©, on a ball of fixed radius around © the
squared Euclidean norm of the gradient of the empirical risk is lower bounded by - times the empirical risk.

Exponential convergence of gradient descent: For sufficiently small step sizes 7, the observation
in the previous paragraph yields the following convergence rate for gradient descent as in Algorithm
specifically {L5), with m’ = m and ©©) = ©: 1f [©*) — O <1 for all k € [K + 1], therf>?]

(K+1)) o (0K _ (K)y|[2 ey o)y < (1 m\E
r(O D) x 1(61)) — 5[ Ver(@N)3 < (1 - T )r(@") < (1- 1), (5.7)

for ¢ € (0,00) so that |[Ver(©@®)[|3 > <2r(0W) for all k € [K].

25Note that the step-size  needs to be small enough to facilitate the approximation step in . Hence, we cannot simply
put n =m/(cn) in and have convergence after one step.
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Let us assume without proof that the estimate <» could be extended to an equivalence. In other words,
we assume that we additionally have that [|[Vor(© +0)||3 < Z7(0 + 6). This, of course, could be shown with

2 N m

similar tools as were used for the lower bound. Then we have that ||©®*) — @], < 1 for all & < \/m/(nn).
Setting ¢t = \/m/(n?n) and using the limit definition of the exponential function, i.e., lim;— o (1 —2/t)" = 7%,

yields for sufficiently small ; that is bounded by e—ev/n/m,

We conclude that, with high probability over the initialization, gradient descent converges with an
exponential rate to an arbitrary small empirical risk if the width n is sufficiently large. In addition, the iterates
of the descent algorithm even stay in a small fixed neighborhood of the initialization during training. Because
the parameters only move very little, this type of training has also been coined lazy training [COB19].

Similar ideas as above, have led to groundbreaking convergence results of SGD for overparametrized NNs
in much more complex and general settings, see, e.g., [DZPS18||LL18||AZLS19.

In the infinite width limit, NN training is practically equivalent to kernel regression, see Subsection If
we look at Figurewe see that the most overparametrized NN interpolates the data like a kernel-based
interpolator would. In a sense, which was also highlighted in [COB19], this shows that, while overparametrized
NNs in the lazy training regime have very nice properties, they essentially act like linear methods.

6 Tangible effects of special architectures

In this section, we describe results that isolate the effects of certain aspects of NN architectures. As we have
discussed in Subsection typically only either the depth or the number of parameters are used to study
theoretical aspects of NNs. We have seen instances of this throughout Sectionsand Moreover, also in
Section we saw that wider NNs enjoy certain very favorable properties from an optimization point of view.

Below, we introduce certain specialized NN architectures. We start with one of the most widely used
types of NNs, the convolutional neural network (CNN). In Subsectionwe introduce skip connections and
in Subsectionwe discuss a specific class of CNNs equipped with an encoder-decoder structure that are
frequently used in image processing techniques. We introduce the batch normalization block in Subsection
Then, we discuss sparsely connected NNs that typically result as an extraction from fully connected NNs in
Subscction Finally, we briefly comment on recurrent neural networks in Subsoction

As we have noted repeatedly throughout this manuscript, it is impossible to give a full account of the
literature in a short introductory article. In this section, this issue is especially severe since the number of
special architectures studied in practice is enormous. Therefore, we had to omit many very influential and
widely used neural network architectures. Among those are graph neural networks, which handle data from non-
Euclidean input spaces. We refer to the survey articles [BBL*17||WPC™21] for a discussion. Another highly
successful type of architectures are (variational) autoencoders |[AHS85|/HZ94]. These are neural networks
with a bottleneck that enforce a more efficient representation of the data. Similarly, generative adversarial
networks |GPAMT14] which are composed of two neural networks, one generator and one discriminator,
could not be discussed here. Another widely used component of architectures used in practice is the so-called
dropout layer. This layer functions through removing some neurons randomly during training. This procedure
empirically prevents overfitting. An in-detail discussion of the mathematical analysis behind this effect is
beyond the scope of this manuscript. We refer to [WZZV13||SHK 14| [HV17|[MAV18] instead. Finally, the
very successful attention mechanism [BCB15||VSP*17|, that is the basis of transformer neural networks, had
to be omitted.

Before we start describing certain effects of special NN architectures, a word of warning is required. The
special building blocks, which will be presented below, have been developed based on a specific need in
applications and are used and combined in a very flexible way. To describe these tools theoretically without
completely inflating the notational load, some simplifying assumptions need to be made. It is very likely that
the simplified building blocks do not accurately reflect the practical applications of these tools in all use cases.
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6.1 Convolutional neural networks

Especially for very high-dimensional inputs where the input dimensions are spatially related, fully connected
NNs seem to require unnecessarily many parameters. For example, in image classification problems, neigh-
boring pixels very often share information and the spatial proximity should be reflected in the architecture.
Based on this observation, it appears reasonable to have NNs that have local receptive fields in the sense
that they collect information jointly from spatially close inputs. In addition, in image processing, we are not
necessarily interested in a universal hypothesis set. A good classifier is invariant under many operations, such
as translation or rotation of images. It seems reasonable to hard-code such invariances into the architecture.

These two principles suggest that the receptive field of a NN should be the same on different translated
patches of the input. In this sense, parameters of the architecture can be reused. Together, these arguments
make up the three fundamental principles of convolutional NNs: local receptive fields, parameter sharing,
and equivariant representations, as introduced in [LBD*89]. We will provide a mathematical formulation of
convolutional NNs below and then revisit these concepts.

A convolutional NN corresponds to multiple convolutional blocks, which are special types of layers. For
a group G, which typically is either [d] =2 Z/(dZ) or [d)* = (Z/(dZ))? for d € N, depending on whether we
are performing one-dimensional or two-dimensional convolutions, the convolution of two vectors a,b € R is

defined as
(axb)i =Y ajbj-1;, i€G.

jeG

Now we can define a convolutional block as follows: Let G be a subgroup of G, let p: G — G be a so-called
pooling-operator, and let C' € N denote the number of channels. Then, for a series of kernels x; € RY, i € [C],
the output of a convolutional block is given by

RC >z 2’ = (p(a * k)T, € (RY)C. (6.1)

A typical example of a pooling operator is for G = (Z/(2dZ))? and G= (Z/(dZ))? the 2 x 2 subsampling
operator B
p: RG — RG, T = (xgi_lgj_l)g’j:l.

Popular alternatives are average pooling or max pooling. These operations then either pass the average or the
maximum over patches of similar size. The convolutional kernels correspond to the aforementioned receptive
fields. They can be thought of as local if they have small supports, i.e., few nonzero entries.

As explained earlier, a convolutional NN is built by stacking multiple convolutional blocks after anothe
At some point, the output can be flattened, i.e., mapped to a vector and is then fed into a FC NN (see
Deﬁnition. We depict this setup in Figure

Owing to the fact that convolution is a linear operation, depending on the pooling operation, one may
write a convolutional block as a FC NN. For example, if G = (Z/(2dZ))? and the 2 x 2 subsampling
pooling operator is used, then the convolutional block could be written as x — Wz for a block circulant
matrix W € R(C4)x2d)*  Since we require W to have a special structure, we can interpret a convolutional
block as a special, restricted feed-forward architecture.

After these considerations, it is natural to ask how the restriction of a NN to a pure convolutional
structure, i.e., consisting only of convolutional blocks, will affect the resulting hypothesis set. The first
natural question is whether the set of such NNs is still universal in the sense of Theorem The answer to
this question depends strongly on the type of pooling and convolution that is allowed. If the convolution is
performed with padding, then the answer is yes [OS19/|Zho20b]. On the other hand, for circular convolutions
and without pooling, universality does not hold, but the set of translation equivariant functions can be
universally approximated [Yar18b||PV20]. Furthermore, [Yar18b| illuminates the effect of subsample pooling
by showing that, if no pooling is applied, then universality cannot be achieved, whereas if pooling is applied

26We assume that the definition of a convolutional block is suitably extended to input data in the Cartesian product (RG)C.
For instance, one can take an affine linear combination of C' mappings as in acting on each coordinate. Moreover, one may
also interject an activation function between the blocks.
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Convolution Pooling Convolution Pooling Fully connected NN

Figure 6.1: Illustration of a convolutional neural network with two-dimensional convolutional blocks and
2 x 2 subsampling as pooling operation.

then universality is possible. The effect of subsampling in CNNs from the viewpoint of approximation theory
is further discussed in [Zho20a|. The role of other types of pooling in enhancing invariances of the hypothesis
set will be discussed in Subsection[7.1]below.

6.2 Residual neural networks

Let us first illustrate a potential obstacle when training deep NNs. Consider for L € N the product operation
L
RY S 20 w(z) = H:cg.
=1

It is clear that

P L
a—w(x) = ng, r € R
Tk £k

Therefore, for sufficiently large L, we expect that ’5)7’;’ will be exponentially small, if |z,] < A < 1 for all
¢ € [L] or exponentially large, if |z¢] > A > 1 for all £ € [L]. The output of a general NN, considered as a
directed graph, is found by repeatedly multiplying the input with parameters in every layer along the paths
that lead from the input to the output neuron. Due to the aforementioned phenomenon, it is often observed
that training NNs suffers from either the exploding or the vanishing gradient problem, which may prevent
lower layers from training at all. The presence of an activation function is likely to exacerbate this effect. The
exploding or vanishing gradient problem seems to be a serious obstacle towards efficient training of deep NNs.

In addition to the vanishing and exploding gradient problems, there is an empirically observed degradation
problem . This phrase describes the phenomenon that FC NNs seem to achieve lower accuracy on
both the training and test data when increasing their depth.

From an approximation theoretic perspective, deep NNs should always be superior to shallow NNs. The
reason for this is that NNs with two layers can either exactly represent the identity map or approximate it
arbitrarily well. Concretely, for the ReLU activation function gor we have that z = og(x + b) — b for x € R?
with z; > —b;, where b € R?. In addition, for any activation function o which is continuously differentiable on
a neighborhood of some point A € R with ¢’(\) # 0 one can approximate the identity arbitrary well, see .
Because of this, extending a NN architecture by one layer can only enlarge the associated hypothesis set.

Therefore, one may expect that the degradation problem is more associated with the optimization aspect
of learning. This problem is addressed by a small change to the architecture of a feed-forward NN in [HZRS16].
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Figure 6.2: Illustration of a neural network with residual blocks.
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Instead of defining a FC NN @ as in , one can insert a residual block in the ¢-th layer by redeﬁnin
(2, 0) = o(®“(,0)) + 2 (x,0), (6:2)

where we assume that Ny = Ny_;. Such a block can be viewed as the sum of a regular FC NN and the
identity which is referred to as skip connection or residual connection. A sketch of a NN with residual blocks
is shown in Figure Inserting a residual block in all layers leads to a so-called residual NN.

A prominent approach to analyze residual NNs is by establishing a connection with optimal control
problems and dynamical systems [E17/|TvG18||[EHL19|/LLS19!/[RH19|[LML*20]. Concretely, if each layer of
a NN @ is of the form , then we have that

U — eV = (@) = h(t, 1),

where we abbreviate () = &) (2, 0) and set ®(©) = 2. Hence, (®(*))L-! corresponds to an Euler discretization
of the ODE )
o(t) = h(t, 6(1)),  ¢(0) =z,
where ¢ € [0, L — 1] and h is an appropriate function.
Using this relationship, deep residual NNs can be studied in the framework of the well-established theory
of dynamical systems, where strong mathematical guarantees can be derived.

6.3 Framelets and U-Nets

One of the most prominent application areas of deep NNs are inverse problems, particularly those in the field
of imaging science, see also Subsection A specific architectural design of CNNs, namely so-called U-nets
introduced in , seems to perform best for this range of problems. We depict a sketch of a U-net in
Figure However, a theoretical understanding of the success of this architecture was lacking.

Recently, an innovative approach called deep convolutional framelets was suggested in , which we
now briefly explain. The core idea is to take a frame-theoretic viewpoint, see, e.g., , and regard the
forward pass of a CNN as a decomposition in terms of a frame (in the sense of a generalized basis). A similar
approach will be taken in Subsectionfor understanding the learned kernels using sparse coding. However,
based on the analysis and synthesis operators of the corresponding frame, the usage of deep convolutional
framelets naturally leads to a theoretical understanding of encoder-decoder architectures, such as U-nets.

Let us describe this approach for one-dimensional convolutions on the group G := Z/(dZ) with kernels
defined on the subgroup H = Z/(nZ), where d,n € N with n < d, see also Subsection We define
the convolution between u € R and v € R¥ by zero-padding v, i.e., g %, v := ¢ * U, where © € RY is
defined by v; = v; for i € H and v; = 0 else. As an important tool, we consider the Hankel matrix
H,, (7) = (zi1j)icc.jen € R*™ associated with 2 € RE. As one key property, matrix-vector multiplications
with Hankel matrices are translated to convolutions Vi

(€ Hy(2)o) = Y wipjv; = (2,6 %o 0), i€G, (6.3)
JjeEH

270One can also skip multiple layers, e.g., in [HZRS16] two or three layers skipped, use a simple transformation instead of the
[HSL+16].

identity [SGS15], or randomly drop layers
28Here and in the following we naturally identify elements in RE and R with the corresponding vectors in R% and R™.
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Figure 6.3: Illustration of a simplified U-net neural network. Down-arrows stand for pooling, up arrows for
deconvolution or upsampling, right arrows for convolution or fully connected steps. Dashed lines are skip
connections.

where e(?) = 1) € RS and v € R see [YGLD17]. Further, we can recover the k-th coordinate of 2 by the
Frobenius inner product between H, () and the Hankel matrix associated with e(*), i.e.,

1 k
—Tr( n(ePNTH,, (z) Z ZeEJr)JmH_J = |H|xk = xg. (6.4)
]EHZGG

This allows us to construct global and local bases as follows: Let p,q € N, let U = [ul . ~~up] € Réxp,
V=[vvg] €ER™, U = [ty 1] € R>P and V = [01 -+ Ty] € R"¥7, and assume that

H,(z) = UUTH, (z)V V7. (6.5)

For p > d and q > n, this is, for instance, satisfied if U and V' constitute frames with U and V being their
respective dual frames, i.e., UUT =1, and VVT =1,,. Asa special case, one can consider orthonormal bases
U= UandV VWlthp d and ¢ = n. In the case p = ¢ = r < n, where r is the rank of H,(x), one can
establish (6.5) by choosing the left and right singular vectors of H,,(z) as U = UandV = V respectively.
The identity in , in turn, ensures the following decomposition:

1P
—ZZ Ty U *o V)T *o V. (6.6)

=1 j=1

3

Observing that the vector v; € R interacts locally with x € RY due to the fact that H C G, whereas
u; € RY acts on the entire vector x, we refer to (v;)? j=1 as local and (u;)?_, as global bases In the context of
CNNs, v; can be interpreted as local convolutional kernel and u; as pooling operatlo The proof of .

29Note that (z,u; *o v;) can also be interpreted as (u;,v; * ), where x denotes the cross-correlation between the zero-padded
vj and x. This is in line with software implementations for deep learning applications, e.g., TensorFlow and PyTorch, where
typically cross-correlations are used instead of convolutions.
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follows directly from properties , , and as

Tk = ST (H, () THL, (x)) = fTr(H (@) TUTH (2)VVT) =

n

ZZ ui, Hy, (ZL‘ UJ <ulan(€(k))’aj>.

i=1 j=1

3\>—‘

The decomposition in can now be interpreted as a composition of an encoder and a decoder,
r— C = (<1‘, Ui *o Uj>)ie[p],je[q] and C— 5 Z Z Ci,j'&fi *o ’l~}j, (67)

which relates it to CNNs equipped with an encoder-decoder structure such as U-nets, see Figure
Generalizing this approach to multiple channels, it is possible to stack such encoders and decoders which
leads to a layered version of . In [YHCI18] it is shown that one can make an informed decision on the
number of layers based on the rank of H, (z), i.e., the complexity of the input features . Moreover, also an
activation function such as the ReLU or bias vectors can be included. The key question one can then ask is
how the kernels can be chosen to obtain sparse coefficients C' in and a decomposition such as , ie.,
perfect reconstruction. If U and V are chosen as the left and right singular vectors of H,,(z), one obtains a
very sparse, however input-dependent, representation in due to the fact that

Cij = (@, u; %0 v;) = (u;, Hyp(x)v;) =0, @ # 3.

Finally, using the framework of deep convolutional framelets, theoretical reasons for including skip connections
can be derived, since they aid to obtain a perfect reconstruction.

6.4 Batch normalization

Batch normalization is a building block of NNs that was invented in [IS15] with the goal to reduce so-called
internal covariance shift. In essence, this phrase describes the (undesirable) situation where during training
each layer receives inputs with different distribution. A batch normalization block is defined as follows: For
points b = (y), € (R*)™ and 8,7 € R, we define

, Y~ Hb n : 1 1S~
BNZ()B v) (y) = Tb + ﬁ, y € R , with Uy = E Zy( ) and Jg = E Z(y( ) _ ,ub)Qa (68)

where all operations are to be understood componentwise, see Figure

Such a batch normalization block can be added into a NN architecture. Then b is the output of the
previous layer over a batch or the whole training dat Furthermore, the parameters 3, are variable and
can be learned during training. Note that, if one sets 5 = u, and v = o3, then BNE()B’V)(y) =y for all y € R™.
Therefore, a batch normalization block does not negatively affect the expressivity of the architecture. On the
other hand, batch normalization does have a tangible effect on the optimization aspects of deep learning.
Indeed, in [STIM18| Theorem 4.1], the following observation was made:

30In practice, one typically uses a moving average to estimate the mean u and the standard deviation o of the output of the
previous layer over the whole training data by only using batches.
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Figure 6.4: A batch normalization block after a fully connected neural network. The parameters py, o are
the mean and the standard deviation of the output of the fully connected network computed over a batch s,
i.e., a set of inputs. The parameters 3, are learnable parts of the batch normalization block.

Proposition 6.1 (Smoothening effect of batch normalization). Let m € N with m > 2 and for every 8,7 € R
define B#1) : R™ — R™ by

B#M(b) = (BN (yM), ... .BNS I (y™)), b=y D)2, e R™,

where BNl()ﬁ”Y) 8 given as in . Let B,v € R and let r: R™ — R be a differentiable function. Then it
holds for every b € R™ that

(BOD(b), Vr(v))?),

190 BA)BE = L IV — (0, 9r0)2 -

where 1 = (1,...,1) € R™ and O'g 18 given as in .

For multi-dimensional (") € R", i € [m], the same statement holds for all components as, by definition,
the batch normalization block acts componentwise. Propositionfollows from a convenient representation
of the Jacobian of the mapping B, given by

33(5’7)(1)) _ Lop 1 (0,1) (0,1) T m
o = (b 1T BBV B)T). beRT,
and the fact that {ﬁ, ﬁB(Ovl)(b)} constitutes an orthonormal set.

Choosing r to mimic the empirical risk of a learning task, Propositionshows that, in certain situations—
for instance, if v is smaller than o} or if m is not too large—a batch normalization block can considerably
reduce the magnitude of the derivative of the empirical risk with respect to the input of the batch normalization
block. By the chain rule, this implies that also the derivative of the empirical risk with respect to NN
parameters influencing the input of the batch normalization block is reduced.

Interestingly, a similar result holds for second derivatives Theorem 4.2] if r is twice differentiable.
One can conclude that adding a batch normalization block increases the smoothness of the optimization
problem. Since the parameters # and 7 were introduced, including a batch normalization block also increases
the dimension of the optimization problem by two.

6.5 Sparse neural networks and pruning

For deep FC NNs, the number of trainable parameters usually scales like the square of the number of neurons.
For reasons of computational complexity and memory efficiency, it appears sensible to seek for techniques to
reduce the number of parameters or extract sparse subnetworks (see Figure without affecting the output
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of a NN much. One way to do this is by pruning .
Here, certain parameters of a NN are removed after training. This
is done, for example, by setting these parameters to zero.

In this context, the lottery ticket hypothesis was formulated
in . It states: “A randomly-initialized, dense NN contains a
subnetwork that is initialized such that—when trained in isolation—it
can match the test accuracy of the original NN after training for at
most the same number of iterations”. In a similar hy-
pothesis was made and empirically studied. There, it is claimed that,
for a sufficiently overparametrized NN, there exists a subnetwork
that matches the performance of the large NN after training without
being trained itself, i.e., already at initialization.

Under certain simplifying assumptions, the existence of favorable subnetworks is quite easy to prove. We
can use a technique that was previously indirectly used in Subsectionthe Carathéodory Lemma. This
result states the following: Let n € N, C' € (0,00), and let (H, || - ||) be a Hilbert space. Let F C H with
supser || f]| < C and let g € H be in the convex hull of F'. Then there exist f; € F', i € [n], and ¢ € [0, 1]"
with ||¢[l; = 1 such that

Figure 6.5: A neural network with
sparse connections.
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see, e.g., Theorem 0.0.2].

Proposition 6.2 (Carathéodory pruning). Let d,n € N, with n > 100 and let p be a probability measure
on the unit ball By(0) C R, Let a = ((d,n, 1), 0r) be the architecture of a two-layer ReLU network and let
0 € RP(dnD) pe corresponding parameters such that

®.(0) =Y wor(((w”, ) + b)),
=1

where (wgl),bgl)) €ER? xR, i € [n], and w? € R™. Assume that for every i € [n] it holds that ||w§1)||2 <1/2
and bl(»l) < 1/2. Then there exists a parameter 6 € RP(@n1) with at least 99% of its entries being zero such

that
15]w® s

vn
Specifically, there exists an index set I C [n] with |I| < n/100 such that 6 satisfies that

1®a(-0) = Pal- )l L2 <

(WM, oMy, ifiel,

—(2) iy (1) 7
= 0, I’ d - 7bi = .
W, if i ¢ an (w ) {(070)7 iidl

The result is clear if w®) = 0. Otherwise, define
fi = [w®lor((w®, ) +biY), i€ n,

and observe that ®,(-,0) is in the convex hull of {f;}" , U{—f;}!~,. Moreover, by the Cauchy—Schwarz
inequality, it holds that

1fillz2guy < Nl [l fill Loe (B o)) < Il 1.
We conclude with the Carathéodory Lemma that there exists I C [n] with |I| = [n/100] > n/200 and
¢ € [-1,1], i € I, such that

lw® 1y _ v200]w® ]y
— I — n b
v VI Ve

q)a('a 9) - Zczfz

iel
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which yields the result.

Propositionshows that certain, very wide NNs can be approximated very well by sparse subnetworks
where only the output weight matrix needs to be changed. The argument of Propositionis inspired
by [BK18], where a much more refined result is shown for deep NNs.

6.6 Recurrent neural networks

Recurrent NNs are NNs where the underlying graph is allowed to
exhibit cycles as in Figure see H0p82||RHW86||E1m90||J01"90].
Previously, we had excluded cyclic computational graphs. For a feed-
forward NN, the computation of internal states is naturally performed
step by step through the layers. Since the output of a layer does
not affect previous layers, the order in which the computations of
the NN are performed corresponds to the order of the layers. For
recurrent NNs, the concept of layers does not exist, and the order
of operations is much more delicate. Therefore, one considers time  Figure 6.6: Sketch of a recurrent neu-
steps. In each time step, all possible computations of the graph are  ra] network. Cycles in the computa-
applied to the current state of the NN. This yields a new internal  tjonal graph incorporate the sequen-
state. Given that time steps arise naturally from the definition of  tial structure of the input and output.
recurrent NNs, this NN type is typically used for sequential data.

If the input to a recurrent NN is a sequence, then every input determines the internal state of the recurrent
NN for the following inputs. Therefore, one can claim that these NNs exhibit a memory. This fact is extremely
desirable in natural language processing, which is why recurrent NNs are widely used in this application.

Recurrent NNs can be trained similarly to regular feed-forward NNs by an algorithm called backpropagation
through time [MP69|[Wer88|[WZ95]. This procedure essentially unfolds the recurrent structure yielding a
classical NN structure. However, the algorithm may lead to very deep structures. Due to the vanishing
and exploding gradient problem discussed earlier, very deep NNs are often hard to train. Because of this,
special recurrent structures were introduced that include gates which prohibit too many recurrent steps; these
include the widely used LSTMs [HS97).

The application area of recurrent NNs is typically quite different from that of regular NNs since they
are specialized on sequential data. Therefore, it is hard to quantify the effect of a recurrent connection on
a fully connected NN. However, it is certainly true that with recurrent connections certain computations
can be performed much more efficiently than with feed-forward NN structures. A particularly interesting
construction can be found in Theorem 4.4], where it is shown that a fixed size, recurrent NN with
ReLU activation function, can approximate the function 2 — x? to any desired accuracy. The reason for
this efficient representation can be seen when considering the self-referential definition of the approximant to
x — 22 shown in Figure

On the other hand, with feed-forward NNs, it transpires from Theoremthat the approximation error
of fixed-sized ReLU NNs for any non-affine function is greater than a positive lower bound.

7 Describing the features a deep neural network learns

This section presents two viewpoints which help in understanding the nature of features that can be described
by NNs. Sectionsummarizes aspects of the so-called scattering transform which constitutes a specific NN
architecture that can be shown to satisfy desirable properties, such as translation and deformation invariance.
Sectionrelates NN features to the current paradigm of sparse coding.

7.1 Invariances and the scattering transform

One of the first theoretical contributions to the understanding of the mathematical properties of CNNs
is [Mall2]. The approach taken in that work is to consider specific CNN architectures with fized parameters
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that result in a stand-alone feature descriptor whose output may be fed into a subsequent classifier (for example,
a kernel support vector machine or a trainable FC NN). From an abstract point of view, a feature descriptor
is a function ¥ mapping from a signal space, such as L?(R?) or the space of piecewise smooth functions, to
a feature space. In an ideal world, such a classifier should “factor” out invariances that are irrelevant to a
subsequent classification problem while preserving all other information of the signal. A very simple example
of a classifier which is invariant under translations is the Fourier modulus ¥: L?(R%) — L2(R%), u + |d.
Twllows from the fact that a translation of a signal w results in a modulation of its Fourier transform, i.e.,
u(- — 7)(w) = e~ 29 (W), 7,w € R%. Furthermore, in most cases (for example, if u is a generic compactly
supported function [GKR20]), u can be reconstructed up to a translation from its Fourier modulus [GKR20]
and an energy conservation property of the form ||W(u)||p2 = ||ul/z2 holds true. Translation invariance is,
for example, typically exhibited by image classifiers, where the label of an image does not change if it is
translated.

In practical problems many more invariances arise. Providing an analogous representation that factors
out general invariances would lead to a significant reduction in the problem dimensionality and constitutes an
extremely promising route towards dealing with the very high dimensionality that is commonly encountered
in practical problems [Mall6]. This program is carried out in [Mall2] for additional invariances with respect
to deformations u + u, := u(- — 7(-)), where 7: R? — R? is a smooth mapping. Such transformations may
occur in practice, for instance, as image warpings. In particular, a feature descriptor ¥ is designed that, with
a suitable norm || - || on the image of U,

(a) is Lipschitz continuous with respect to deformations in the sense that ||U(u) — ¥(u,)|| < K (7, VT, V27)
holds for some K that only mildly depends on 7 and essentially grows linearly in V7 and V27,

(b) is almost (i.e., up to a small and controllable error) invariant under translations of the input data, and

(¢) contains all relevant information on the input data in the sense that an energy conservation property
W (W)l ~ |lull L2
holds true.

Observe that, while the action of translations only represents a d-parameter group, the action of deforma-
tions/warpings represents an infinite-dimensional group. Hence, a deformation invariant feature descriptor
represents a big potential for dimensionality reduction. Roughly speaking, the feature descriptor ¥ of Mall2]
(also coined the scattering transform) is defined by collecting features that are computed by iteratively
applying a wavelet transform followed by a pointwise modulus non-linearity and a subsequent low-pass
filtering step, i.e.,

|||u*¢j1|*¢j2*"'|*wjz|*@J’

where 1); refers to a wavelet at scale j and ¢ ; refers to a scaling function at scale J. The collection of all
these so-called scattering coefficients can then be shown to satisfy the properties in|(a)ft(c)|above in a suitable
(asymptotic) sense. The proof of this result relies on a subtle interplay between a “deformation covariance’
property of the wavelet transform and a “regularizing” property of the operation of convolution with the
modulus of a wavelet. We remark that similar results can be shown also for different systems, such as Gabor
frames [WGB17||CL19).

)

7.2 Hierarchical sparse representations

The previous approach modeled the learned features by a specific dictionary, namely wavelets. It is well known
that one of the striking properties of wavelets is to provide sparse representations for functions belonging to
certain function classes. More generally, we speak of sparse representations with respect to a representation
system. For a vector 2 € R?, a sparsifying representation system D € R4*P—also called dictionary—is such
that & = D¢ with the coefficients ¢ € R? being sparse in the sense that ||¢||o = | supp(¢)| = |{i € [p]: ¢; # 0}]
is small compared to p. A similar definition can be made for signals in infinite-dimensional spaces. Taking
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sparse representations into account, the theory of sparse coding provides an approach to a theoretical
understanding of the features a deep NN learns.

One common method in image processing is the utilization of not the entire image but overlapping patches
of it, coined patch-based image processing. Thus of particular interest are local dictionaries which sparsify
those patches, but presumably not the global image. This led to the introduction of the convolutional sparse
coding model (CSC model), which links such local and global behaviors. Let us describe this model for
one-dimensional convolutions on the group G := Z/(dZ) with kernels supported on the subgroup H := Z/(nZ),
where d,n € N with n < d, see also Subsection The corresponding CSC model is based on a decomposition
of a global signal 2 € (R%)¢ with ¢ € N channels as

C
xT; = ZI{Z‘J‘ * ¢j7 RS [C], (71)
j=1

where ¢ € (R%)Y is supposed to be a sparse representation with C' € N channels and #; ; € RY, i € [d],
J € [C], are local kernels with supp(k; ;) C H. Let us consider a patch ((2;)g+n)ic[c,nem of n adjacent entries,
starting at position g € G, in each channel of . The condition on the support of the kernels ; ; and the
representation in imply that this patch is only affected by a stripe of at most (2n — 1) entries in each
channel of ¢. The local, patch-based sparsity of the representation ¢ can thus be appropriately measured via

191525 = max |((@5)g+#) eic ketzn-1lo

see [PSE17]. Furthermore, note that we can naturally identify = and ¢ with vectors in R% and R and write
x = D¢, where D € R4*4C is a matrix consisting of circulant blocks, typically referred to as a convolutional
dictionary.

The relation between the CSC model and deep NNs is revealed by applying the CSC model in a layer-wise
fashion [PRE17||SPRE18||PRSE18]|. To see this, let Cy € N and for every ¢ € [L] let Cyp, ks € N and let
D) ¢ RICe-1xdC: he 3 convolutional dictionary with kernels supported on Z/(n,Z). A signal 2 = ¢(®) € R0
is said to belong to the corresponding multi-layered CSC model (ML-CSC model) if there exist coefficients
# € Rt with

o0 = DO and (9|0 < ke, L€ [L). (72)

We now consider the problem of reconstructing the sparse coefficients (qﬁ(é))ﬁ:l from a noisy signal & := = + v,
where the noise v € R ig assumed to have small £2-norm and z is assumed to follow the ML-CSC model
in . In general, this problem is NP-hard. However, under suitable conditions on the ML-CSC model, it
can be approximately solved, for instance, by a layered thresholding algorithm.

More precisely, for D € R%*4C and b € R we define a soft-thresholding operator by

Top(z) = or(DTx —b) — op(—DT2z — V), € R%, (7.3)

where gp(z) = max{0,z} is applied componentwise. If x = D¢ as in , we obtain ¢ ~ Tp p(x) roughly
under the following conditions: The distance of ¢ and ¥ = D72 = DT D¢ can be bounded using the local
sparsity of ¢ and the mutual coherence and locality of the kernels of the convolutional dictionary D. For a
suitable threshold b, the mapping 1 — or(¥) — b) — or(—¥ — b) further recovers the support of ¢ by nullifying
entries of 1 with 1; < |b;|. Utilizing the soft-thresholding operator iteratively for corresponding vectors
b € RIC ¢ € [L], then suggests the following approximations:

¢(€) ~ (TD(Z),b(‘f) O---0 TDU),b(l))(i‘)v le [L]

The resemblance with the realization of a CNN with ReLU activation function is evident. The transposed
dictionary (D)7 can be regarded as modeling the learned convolutional kernels, the threshold b¢) models
the bias vector, and the soft-thresholding operator 7p) y) mimics the application of a convolutional block
with a ReLU non-linearity in the ¢-th layer.
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Using this model, a theoretical understanding of CNNs from the perspective of sparse coding is now at
hand. This novel perspective gives a precise mathematical meaning of the kernels in a CNN as sparsifying
dictionaries of an ML-CSC model. Moreover, the forward pass of a CNN can be understood as a layered
thresholding algorithm for decomposing a noisy signal . The results derived are then of the following flavor:
Given a suitable reconstruction procedure such as thresholding or ¢;-minimization, the sparse coefficients
(gb(E))ZL:l of a signal z following a ML-CSC model can be stably recovered from the noisy signal & under
certain hypotheses on the ingredients of the ML-CSC model.

8 Effectiveness in natural sciences

The theoretical insights of the previous sections do not always accurately describe the performance of NNs in
applications. Indeed, there often exists a considerable gap between the predictions of approximation theory
and the practical performance of NNs [AD20].

In this section, we consider concrete applications which have been very successfully solved with deep-
learning-based methods. In Sectionwe present an overview of deep-learning-based algorithms applied to
inverse problems. Sectionthen continues by describing how NNs can be used as a numerical ansatz for
solving PDEs, highlighting their use in the solution of the multi-electron Schrodinger equation.

8.1 Deep neural networks meet inverse problems

The area of inverse problems, predominantly in imaging, was presumably the first class of mathematical
methods embracing deep learning with overwhelming success. Let us consider a forward operator K: Y — X
with X', ) being Hilbert spaces and the associated inverse problem of finding y € ) such that Ky = x for
given features x € X. The classical model-based approach to regularization aims to approximate K by
invertible operators, and is hence strongly based on functional analytic principles. Today, such approaches
take well-posedness of the approximation, convergence properties, as well as the structure of regularized
solutions into account. The last item allows to incorporate prior information of the original solution such as
regularity, sharpness of edges, or—in the case of sparse regularization [JMS17]—a sparse coefficient sequence
with respect to a prescribed representation system. Such approaches are typically realized in a variational
setting and hence aim to minimize functionals of the form

1Ky — | + aR(y),

where a € (0,00) is a regularization parameter, R: Y — [0,00) a regularization term, and || - || denotes the
norm on ). As said, the regularization term aims to model structural information about the desired solution.
However, one main hurdle in this approach is the problem that typically solution classes such as images from
computed tomography cannot be modeled accurately enough to, for instance, allow reconstruction under the
constraint of a significant amount of missing features.

This has opened the door to data-driven approaches, and recently, deep NNs. Solvers of inverse problems
which are based on deep learning techniques can be roughly categorized into three classes:

1. Supervised approaches: The most straightforward approach is to train a NN @(-,0): X — ) end-to-end,
i.e., to completely learn the map from data x to the solution y. More advanced approaches in this
direction incorporate information about the operator K into the NN such as in [AO17/|GOW19||MLE21].
Yet another type of approaches aims to combine deep NNs with classical model-based approaches.
The first suggestion in this realm was to start by applying a standard solver, followed by a deep NN
®(-,0): ¥ — Y which serves as a denoiser for specific reconstruction artifacts, e.g., [JMFU17|. This
was followed by more sophisticated methods such as plug-and-play frameworks for coupling inversion
and denoising |[REM17].

2. Semi-supervised approaches: These type of approaches aim to encode the regularization by a deep NN
®(-,0): Y — [0,00). The underlying idea is often to require stronger regularization on solutions 3
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that are more prone to artifacts or other effects of the instability of the problem. On solutions where
typically few artifacts are observed less regularization can be used. Therefore, the learning algorithm
only requires a set of labels (V)7 as well as a method to assess how hard the inverse problem for this
label would be. In this sense, the algorithm can be considered semi-supervised. This idea was followed,
for example, in :LOSlS‘ LSAH20|. Taking a Bayesian viewpoint, one can also learn prior distributions
as deep NNs, which was done in [BZAJ20].

3. Unsupervised approaches: One highlight of what we might coin unsupervised approaches in our problem
setting is the introduction of deep image priors in [DKMB20||UVL18|]. The key idea is to parametrize
the solutions y as the output of a NN ®(¢,-): P — ) with parameters in a suitable space P, applied to
a fixed input €. Then, for given features z, one tries to solve mingep || K®(&,6) — || in order to obtain
parameters f € P that yield a solution candidate y = D¢, é) Here often early stopping is applied in
the training of the network parameters.

As can be seen, one key conceptual question is how to “take the best out of both worlds”, in the sense
of optimally combining classical (model-based) methods—in particular the forward operator K—with deep
learning. This is certainly sensitively linked to all characteristics of the particular application at hand, such
as availability and accuracy of training data, properties of the forward operator, or requirements for the
solution. And each of the three classes of hybrid solvers follows a different strategy.

Let us now discuss advantages and disadvantages of methods from the three categories with a particular
focus on a mathematical foundation. Supervised approaches suffer on the one hand from the problem that
often ground-truth data is not available or only in a very distorted form, leading to the fact that synthetic
data constitutes a significant part of the training data. Thus the learned NN will mainly perform as well as
the algorithm which generated the data, but not significantly improve it—only from an efficiency viewpoint.
On the other hand, the inversion is often highly ill-posed, i.e., the inversion map has a large Lipschitz constant,
which negatively affects the generalization ability of the NN. Improved approaches incorporate knowledge
about the forward operator K as discussed, which helps to circumvent this issue.

One significant advantage of semi-supervised approaches is that the underlying mathematical model of
the inverse problem is merely augmented by the neural network-based regularization. Assuming that the
learned regularizer satisfies natural assumptions, convergence proofs or stability estimates for the resulting
regularized methods are still available.

Finally, unsupervised approaches have the advantage that the regularization is then fully due to the
specific architecture of the deep NN. This makes these methods slightly easier to understand theoretically,
although, for instance, the deep prior approach in its full generality is still lacking a profound mathematical
analysis.

8.2 PDE-based models

Besides applications in image processing and artificial intelligence, deep learning methods have recently
strongly impacted the field of numerical analysis. In particular, regarding the numerical solution of high-
dimensional PDEs. These PDEs are widely used as a model for complex processes and their numerical
solution presents one of the biggest challenges in scientific computing. We mention three exemplary problem
classes:

1. Black—-Scholes model: The Nobel award-winning theory of Fischer Black, Robert Merton, and Myron
Scholes proposes a linear PDE model for the determination of a fair price of a (complex) financial
derivative. The dimensionality of the model corresponds to the number of financial assets which is
typically quite large. The classical linear model, which can be solved efficiently via Monte Carlo methods
is quite limited. In order to take into account more realistic phenomena such as default risk, the PDE
that models a fair price becomes nonlinear, and much more challenging to solve. In particular (with the
notable exception of Multilevel Picard algorithms [EHJK19|) no general algorithm exists that provably
scales well with the dimension.
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2. Schrodinger equation: The electronic Schrodinger equation describes the stationary nonrelativistic
behavior of a quantum mechanical electron system in the electric field generated by the nuclei of
a molecule. Its numerical solution is required to obtain stable molecular configurations, compute
vibrational spectra, or obtain forces governing molecular dynamics. If the number of electrons is large,
this is again a high-dimensional problem and to date there exist no satisfactory algorithms for its
solution: It is well known that different gold standard methods may produce completely different energy
predictions, for example, when applied to large delocalized molecules, rendering these methods useless
for those problems.

3. Hamilton-Jacobi-Bellman equation: The Hamilton—Jacobi-Bellman (HJB) equation models the value
function of (deterministic or stochastic) optimal control problems. The underlying dimensionality of the
model corresponds to the dimension of the space of states to be controlled and tends to be rather high
in realistic applications. The high dimensionality, together with the fact that HJIB equations typically
tend to be fully nonlinear with non-smooth solutions, renders the numerical solution of HJB equations
extremely challenging and no general algorithms exist for this problem.

Due to the favorable approximation results of NNs for high-dimensional functions (see especially Subsec-
tion, it might not come as a surprise that a NN ansatz has proven to be quite successful in solving the
aforementioned PDE models. A pioneering work in this direction is [HJE18] which uses the backwards SDE
reformulation of semilinear parabolic PDEs to reformulate the evaluation of such a PDE at a specific point as
an optimization problem that can be solved by the deep learning paradigm. The resulting algorithm proves
quite successful in the high-dimensional regime and, for instance, enables the efficient modeling of complex
financial derivatives including nonlinear effects such as default risk. Another approach specifically tailored to
the numerical solution of HJB equations is [NZGK21|. In this work, one uses the Pontryagin principle to
generate samples of the PDE solution along solutions of the corresponding boundary value problem. Other
numerical approaches include the Deep Ritz Method |EY18], where a Dirichlet energy is minimized over a
set of NNs, or so-called Physics Informed Neural Networks [RPK19], where typically the PDE residual is
minimized along with some natural constraints, for instance, to enforce boundary conditions.

Deep-learning-based methods arguably work best if they are combined with domain knowledge to inspire
NN architecture choices. We would like to illustrate this interplay at the hand of a specific and extremely
relevant example: the electronic Schrodinger equation (under the Born—Oppenheimer approximation) which
amounts to finding the smallest nonzero eigenvalue of the eigenvalue problem

Hr = Ay, (8.1)

for ¢: R3*™ — R, where the Hamiltonian

Hr)lr) = Z e~ (S0 =5 TR 5 >

i=1 j=1 1=1j=1i+1 =1 j=i+1

P(r)

l*TJH?

describes the kinetic energy (first term) as well as Coulomb attraction force between electrons and nuclei
(second and third term) and the Coulomb repulsion force between different electrons (third term). Here,
the coordinates R = [R1 . Rp] € R3*? refer to the positions of the nuclei, (Z;)!_, € NP denote the atomic
numbers of the nuclei, and the coordinates r = [7“1, . ,’l”n] € R3*™ refer to the positions of the electrons.
The associated eigenfunction v describes the so-called wavefunction which can be interpreted in the sense
that |¢(r)|?/||¥||2, describes the joint probability density of the n electrons to be located at 7. The smallest
solution Ay of 1\ describes the ground state energy associated with the nuclear coordinates R. It is
of particular interest to know the ground state energy for all nuclear coordinates, the so-called potential
energy surface whose gradient determines the forces governing the dynamic motions of the nuclei. The
numerical solution of is complicated by the Pauli principle which states that the wave function v must
be antisymmetric in all coordinates representing electrons of equal spin. To state it, we need to clarify that
every electron is not only defined by its location but also by its spin which may be positive or negative.
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Depending on whether two electrons have the same spin or not, their interaction changes massively. This is
reflected by the Pauli principle that we already mentioned: Suppose that electrons ¢ and j have equal spin,
then the wave function must satisfy

Pt ==, (8.2)

where P, ; denotes the operator that swaps r; and 7;, i.e., (P;;¥)(r) = ¥(r1,...,r5,..., 7, ..., 5). In
particular, no two electrons with the same spin can occupy the same location. The challenges associated with
solving the Schrédinger equation inspired the following famous quote by Paul Dirac |Dir29]:

“The fundamental laws necessary for the mathematical treatment of a large part of physics and
the whole of chemistry are thus completely known, and the difficulty lies only in the fact that
application of these laws leads to equations that are too complex to be solved.”

We now describe how deep learning methods might help to mitigate this claim to a certain extent. Let X
be a random variable with density [¢(r)[?/[|%|/2.. Using the Rayleigh-Ritz principle, finding the minimal
nonzero eigenvalue of can be reformulated as minimizing the Rayleigh quotient

fesse POV Hri) (1) dr )
1012 U(X)

over all ¢’s satisfying the Pauli principle, see [SO12]. Since this represents a minimization problem it can in
principle be solved via a NN ansatz by generating training data distributed according to X using MCMC
samplin Since the wave function v will be parametrized as a NN, the minimization of @ will require
the computation of the gradient of with respect to the NN parameters (the method in [PSMF20] even
requires second order derivatives) which, at first sight, might seem to require the computation of third order
derivatives. However, due to the Hermitian structure of the Hamiltonian one does not need to compute the
derivative of the Laplacian of 1, see, for example, [HSN20| Equation (8)].

Compared to the other PDE problems we have discussed, an additional complication arises from the
need to incorporate structural properties and invariances such as the Pauli principle. Furthermore, empirical
evidence shows that it is also necessary to hard code the so-called cusp conditions which describe the
asymptotic behavior of nearby electrons and electrons close to a nucleus into the NN architecture. A first
attempt in this direction has been made in [HZE19] and significantly improved NN architectures have been
developed in [HSN20| PSME20| |SRG™'21] opening the possibility of accurate ab initio computations for
previously intractable molecules. The mathematical properties of this exciting line of work remain largely
unexplored. We briefly describe the main ideas behind the NN architecture of [HSN20!|[SRG*21]. Standard
numerical approaches (notably the Multireference Hartree Fock Method, see [SO12]) use a low rank approach
to minimize l\ Such a low rank approach would approximate 1 by sums of products of one electron
orbitals [;_, pi(r;) but clearly this does not satisfy the Pauli principle . In order to ensure the Pauli
principle, one constructs so-called Slater determinants from one electron orbitals with equal spin. More

(8.3)

precisely, suppose that the first n, electrons with coordinates r1,...,7,, have positive spin and the last
n — ny electrons have negative spin. Then any function of the form
det ((i(ri))iozy ) - det (@)}, 11 ) (8.4)

satisfies and is typically called a Slater determinant. While the Pauli principle establishes an (non-
classical) interaction between electrons of equal spin, the so-called exchange correlation, electrons with
opposite spins are uncorrelated in the representation . In particular, ignores interactions between
electrons that arise through Coulomb forces, implying that no nontrivial wavefunction can be accurately
represented by a single Slater determinant. To capture physical interactions between different electrons,
one needs to use sums of Slater determinants as an ansatz. However, it turns out that the number of such
determinants that are needed to guarantee a given accuracy scales very badly with the system size n (to the

310bserve that for such sampling methods one can just use the unnormalized density |1(r)|? and thus avoid the computation
of the normalization |[4[|2,.
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best of our knowledge the best currently known approximation results are contained in [Ysel0], where an
n-independent error rate is shown, however the implicit constant in this rate depends at least exponentially
on the system size n).

We would like to highlight the approach of [HSN20| whose main idea is to use NNs to incorporate
interactions into Slater determinants of the form (8.4) using what is called the backflow trick [RMD'06].
The basic building blocks would now consist of functions of the form

det ((ilry) 05 (r, 03071y ) - det (@i () W50 0))7 0 11 ) (8.5)

where U (-,0k), k € [n], are NNs. If these are arbitrary NNs, it is easy to see that the Pauli principle
will not be satisfied. However, if we require the NNs to be symmetric, for example, in the sense that for
i,J,s € [n4] it holds that
\I/k(701€)7 lfk"§é {Z7J}7
P, jUy(-,0c) =< (-, 6;), ifk=7j, (8.6)

and analogous conditions hold for i, 5,k € [n] \ [n4], the expression does actually satisfy . The
construction of such symmetric NNs can be achieved by using a modification of the so-called SchNet
Architecture [SKST17] which can be considered as a specific residual NN.

We describe a simplified construction which is inspired by [HZE19] and used in a slightly more complex
form in [SRG*21]. We restrict ourselves to the case of positive spin (e.g., the first ny coordinates), the case
of negative spin being handled in the same way. Let T(-, Gemb) be a univariate NN (with possibly multivariate
output) and denote

Embk Ty emb ZT ”Tk _T’L||27 emb) ]C (S [’Il+]7
=1

the k-th embedding layer. For k € [n4], we can now define

\Ijk (T7 ek) = \I/k: (T7 (Ok,fca Q:mb)) = Pk; ((Embk;('l", G:mb)7 (Tn++17 s ;rn)) ;ek,fc) )

where Ty (, 0k ) denotes a standard FC NN with input dimension equal to the output dimension of ¥+
plus the dimension of negative spin electrons. The networks Uy, k € [n] \ [n4], are defined analogously
using different parameters 0__, for the embeddmgs It is straightforward to check that the NNs Uy, k € [n],
satisfy m so that the backflow deterrmnants 5) satisfy the Pauli principle (8

In [HSN20| the backflow determinants are further augmented by a multlphcative correction term,
the so-called Jastrow factor which is also represented by a specific symmetric NN, as well as a correction
term that ensures the validity of the cusp conditions. The results of [HSN20] show that this ansatz (namely
using linear combinations of backflow determinants instead of plain Slater determinants ) is vastly
more efficient in terms of number of determinants needed to obtain chemical accuracy. The full architecture
provides a general purpose NN architecture to represent complicated wave functions. A distinct advantage
of this approach is that some parameters (for example, embedding layers) may be shared across different
nuclear geometries R € R3*P which allows for the efficient computation of potential energy surfaces [SRG*21],
see Figure Finally, we would like to highlight the customized NN design that incorporates physical
invariances, domain knowledge (for example, in the form of cusp conditions), and existing numerical methods,
all of which are required for the method to reach its full potential.
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Figure 8.1:
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x/a.u.

By sharing layers across different nuclear geometries one can efficiently compute different

geometries in one single training step [SRG121]. Left: Potential energy surface of H10 chain computed by the
deep-learning-based algorithm from SRG21]. The lowest energy is achieved when pairs of H atoms enter
into a covalent bond to form five H2 molecules. Right: The method of is capable of accurately
computing forces between nuclei which allows for molecular dynamics simulations from first principles.
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Abstract—Although for neural networks with locally Lipschitz
continuous activation functions the classical derivative exists
almost everywhere, the standard chain rule is in general not
applicable. We will consider a way of introducing a derivative for
neural networks that admits a chain rule, which is both rigorous
and easy to work with. In addition we will present a method of
converting approximation results on bounded domains to global
(pointwise) estimates. This can be used to extend known neural
network approximation theory to include the study of regularity
properties. Of particular interest is the application to neural
networks with ReLLU activation function, where it contributes to
the understanding of the success of deep learning methods for
high-dimensional partial differential equations.

I. INTRODUCTION

It has been observed that deep neural networks exhibit the
remarkable capability of overcoming the curse of dimension-
ality in a number of different scenarios. In particular, for
certain types of high-dimensional partial differential equations
(PDEs) there are promising empirical observations [1], |2],
131, 141, [5], [6], [7] backed by theoretical results for both
the approximation error [8], [9], [10], [11] as well as the
generalization error [12]. In this context it becomes relevant
to not only show how well a given function of interest can
be approximated by neural networks but also to extend the
study to the derivative of this function. A number of recent
publications [13], [14], [15] have investigated the required
size of a network which is sufficient to approximate certain
interesting (classes of) functions within a given accuracy.
This is achieved, first, by considering the approximation of
basic functions by very simple networks and, subsequently,
by combining those networks in order to approximate more
difficult structures. To extend this approach to include the
regularity of the approximation, one requires some kind of
chain rule for the composition of neural networks. For neural
networks with differentiable activation function the standard
chain rule is sufficient. It, however, fails when considering
neural networks with an activation function, which is not ev-
erywhere differentiable. Although locally Lipschitz continuous
functions are w.r.t the Lebesgue measure almost everywhere
(a.e.) differentiable, the standard chain rule is not applicable,
as, in general, it does not hold even in an ’almost everywhere’
sense. We will introduce derivatives of neural networks in

a way that admits a chain rule which is both rigorous as
well as easy to work with. Chain rules for functions which
are not everywhere differentiable have been considered in a
more general setting in e.g. [16], [17]. We employ the specific
structure of neural networks to get stronger results using
simpler arguments. In particular it allows for a stability result,
i.e. LemmallIl.3] the application of which will be discussed in
Section V. We would also like to mention a very recent work
[18] about approximation in Sobolev norms, where they deal
with the issue by using a general bound for the Sobolev norm
of the composition of functions from the Sobolev space W*1°°,
Note however that this approach leads to a certain factor
depending on the dimensions of the domains of the functions,
which can be avoided with our method. For ease of exposition,
we formulate our results for neural networks with the ReLU
activation function. We, however, consider in Section IV how
such a chain rule can be obtained for any activation function
which is locally Lipschitz continuous (with at most countably
many points at which it is not differentiable). In Section V we
briefly sketch how the results from Section III can be utilized
to get approximation results for certain classes of functions.
Subsequently, in Section VI, we present a general method
of deriving global error estimates from such approximation
results, which are naturally obtained for bounded domains.
Ultimately, we discuss how our results can be used to extend
known theory, enabling the further study of the approximation
of PDE solutions by neural networks.

II. SETTING

As in [14], we consider a neural network ® to be a finite
sequence of matrix-vector pairs, i.e.

= ((Ag, b))E_y, M

where Aj, € RV#*Ne—1 and by, € RV* for some depth L € N
and layer dimensions Ny, Ny, ..., N1 € N. The realization of
the neural network @ is the function R®: RN — RN given

by
R® =WroReLUoWp_10...0ReLUo Wy, 2)
where Wy, (z) = A + by, for every x € R™x and where

ReLU(z) := (max{0,z1},...,max{0,zn}) 3)



for every x € RYN. We distinguish between a neural network
and its realization, since ® uniquely induces R®, while in
general there can be multiple non-trivially different neural
networks with the same realization. The representation of a
neural network as a structured set of weights as in allows
the introduction of notions of network sizes. While there are
slight differences between various publications, commonly
considered quantities are the depth (i.e. number of affine
transformations), the connectivity (i.e. number of non-zero
entries of the A and by), and the weight bound (i.e. maximum
of the absolute values of the entries of the Ay and by). In [15]
it has been shown that these three quantities determine the
length of a bit string which is sufficient to encode the network
with a prescribed quantization error. In the following let

O=((Ap,bi)Eoy,  U=((Arbi))Ey 4)

be neural networks with matching dimensions in the sense
that R®: RY — R™ and R¥: R™ — R™. We then define their
composition as

Vo od:=
(((Ag, bk))ﬁz_ll’ (A1 Ap, Aybr, + by), ((Ami)k))ﬁ:z)-
Direct computation shows
R(V© ®) = RY o R. (6)

Note that the realization R® of a neural network & is continu-
ous piecewise linear (CPL) as a composition of CPL functions.
Consequently, it is Lipschitz continuous and the realization
R® is almost everywhere differentiable by Rademacher’s
theorem. In particular all three functions in @ are a.e. differ-
entiable. This, however, is not sufficient to get the derivative
of R(¥ ®®) from the derivatives of R¥ and R® by use of the
classical chain rule. Consider the very simple counterexample
of u(z) := ReLU(x) and v(z) := 0 and formally apply the
chain rule, i.e.

(D(uov))(@) = (Du)(v() - (Dv)(a). (D)

Even though (Du)(y) is well-defined for every y € R\{0},
the expression (Du)(v(z)) is defined for no = € R. In general
this problem occurs when the inner function maps a set of
positive measure into a set where the derivative of the outer
function does not exist. Now in this case, one can directly see
that setting (Du)(0) to any arbitrary value would cause (7) to
provide the correct result since (Dv)(z) = 0.

®)

III. RELU NETWORK DERIVATIVE

We proceed by defining the derivative of an arbitrary neural
network in a way such that it not only coincides a.e. with the
derivative of the realization, but also admits a chain rule. To
this end let H: RY — RNV* be the function given by

H(z) := diag(1(0,00) (1), - - - L(0,00) (ZN)) (8)

for every * = (x1,...,2y) € RY and let Rg® =
R((A, br))E_,. We then define the neural network derivative
of ® as the function D®: RNo — RN xNo given by

Do = AL'H(RL,1¢)'AL,1'...'H(Rl‘I’)'Al. (9)

Note that this definition is motivated by formally applying the
chain rule with the convention that the derivative of max{0, - }
is zero at the origin. Now we need to verify that this is justified.
Theorem IIL1. It holds for almost every x € R? that

(D®)(z) = (D(R®))(x)- (10)

Proof. Let v: R? — RY be a locally Lipschitz continuous
function, define w := ReLU o v, and

Li = {z € RY: w;(z) =0} = {x € RY: vy(x) <0}. (11)

We now use an observation about differentiability on level sets
(see e.g. [19] Thm 3.3(i)]), which states that

(Dw;)(z) =0 for almost every x € L;. (12)
As w;(x) = v;(x) for every x € R\ L;, we get a.e.
Dw; = g\, - Dv; = 1(g,00)(vi) - D (13)
and consequently
D(ReLUov) = H(v) - Dv. (14)
The claim follows by induction over the layers K =1,...,L

of ®, using with v = R ® for the induction step. [

Note that even for convex R® the values of DP® on the
nullset do not necessarily lie in the respective subdifferentials
of R®, as can be seen in Figure Although Theorem
holds regardless of which value is chosen for the derivative
of max{0, - } at the origin, no choice will guarantee that all
values of D® lie in the respective subdifferentials of R®. Here
we have set the derivative at the origin to zero, following
the convention of software implementations for deep learning
applications, e.g. TensorFlow and PyTorch. Using and @
one can verify by direct computation that D obeys the chain
rule.

Corollary IIL2. It holds for every x € RY that
(D(¥ O ®))(z) = (DY)(RE(x)) - (DP)(x).  (15)

Note that is well-defined as DV exists everywhere,
although it only coincides with D(RV¥) almost everywhere.
Theorem |II1.1{however guarantees that we still have a.e.

DV ©®) = D(R(Y© &) = D(RY o RP).  (16)

Next we provide a technical result dealing with the stability
of our chain rule, which will prove to be useful in Section

Lemma IIL3. It holds for almost every x € R? that
) [(DY)(y) — (DY)(RD(x))] - (DP)(x) =0. (17)

lim
y—RP(x
Proof. We first show for every locally Lipschitz continuous
function u: R™ — RY and for almost every x € R? that
| Jim [H(u(y)) - Hu(R®()))] - (D(uoRE)(x) = 0. (18)

If u;(R®(z)) # 0 we have

lim 1 () = 10 00 (Ui (RD
im0 (0(9)) = L. (1 (R ()

19)



as u; is continuous and (. is continuous on R\{0}.
Furthermore, [19! Thm 3.3(i)] implies that

(D(u; o R®))(x) =0 (20)

for almost every = € R? with u;(R®(x)) = 0. Since a finite
union of nullsets is again a nullset, this proves the claim .
The lemma follows by induction over the layers K = 1,..., L
of ¥ and applying with u = R WU. O

IV. GENERAL ACTIVATION FUNCTIONS

As mentioned in the introduction, it is possible to replace
the ReLU activation function in by some locally Lipschitz
continuous, component-wise applied function ¢o: R — R with
an at most countably large set S of points where p is not
differentiable. Specifically, one can define the neural network
derivative (with activation function p) as in @ with 1o o) (24)

in replaced by
— 0 x; €8
(Do) (i) == { -
(Do)(x),

The chain rule can, again, be checked by direct computation
and it is straightforward to adapt Theorem |III.1|to this more
general setting by considering the level sets

{z e RY: wi(z) = s},

(21)
else

ses. (22)

If additionally Do is continuous on R \ S, the proof of
Lemma|IIL.3|translates without any modifications.

V. UTILIZATION IN APPROXIMATION THEORY

These results can now be employed to bound the L°°-norm
of D(V o ®) — D(u o v), given corresponding estimates for
the approximation of u and v by ¥ and ®, respectively. Here,
one has to take some care when bounding the term

[PV o R® — Du o R®] DY, .. (23)

by

IDW — Dul| g | DB| . (24)

Again it can happen that R® maps a set of positive measure
into a nullset where the estimate for the approximation of Du
by DV in the essential supremum norm is not valid. However,
using the stability result in Lemma [III.3{one can for almost
every x € R? shift to a sufficiently close point y ~ R®(x)
where the estimate holds. In [13] Yarotsky explicitly constructs
networks whose realization is a linear interpolation' | of the
squaring function (see Fig. for illustration), which directly
gives an estimate on the approximation rate for the derivatives.
These simple networks can then be combined to get networks
approximating multiplication, polynomials and eventually, by
means of e.g. local Taylor approximation, functions f whose
first n > 1 (weak) derivatives are bounded. This leads to
estimates of the form

Hf_RQEA,BHLOC(IB) SE: (25)

I'The interpolation points are uniformly distributed over the domain of
approximation and their number grows exponentially with the size of the
networks.

“© -+ 2 o 2 4 6

Fig. 1. Approximation of the function 2 — 2 and its derivative on the
interval [—4,4] by a neural network ® with depth 6, connectivity 52 and
weight bound 4. Note that not all values of D® at the points of non-
differentiablity of R® lie between the values at either side, i.e. in the
subdifferential.

with Ip = [~B, B]?, including estimates for the scaling
of the size of the network ®. p wrt. B and e. As these
constructions are based on composing simpler functions with
known estimates one can now employ Theorem and
Coro]laryto show that the derivatives of those networks
also approximate the derivative of the function, i.e.

HDf_Dq)S,B||L°°(IB) S ce”. (26)

Such constructive approaches can further be found in [8],
in [14] for [-cartoon-like functions, in [20] for (b,e)-
holomorphic maps, and in [15] for high-frequent sinusoidal
functions.

VI. GLOBAL ERROR ESTIMATES

The error estimates above are usually only sensible for
bounded domains, as the realization of a neural network is
always CPL with a finite number of pieces. We briefly discuss
a general way of transforming them into global pointwise error
estimates, which can be useful in the context of PDEs (see e.g.



B
=R /2 B, +1(2)

Fig. 2. The neural networks ®. approximating f globally.

[9], [10]). In the following assume that we have a function f
with an at most polynomially growing derivative, i.e.

(D) (@)]l2 < e(1+ ||z]3).

Denote by <I>‘jghar a neural network which represents the d-
dimensional approximate characteristic function of Ip, i.e.

27

ROLar () € [0,1] and
ROG(2) =1, =z € Ip, %)
R@%a"(x) =0, z¢lIpy.

See |15) Proof of Thm. VIII.3] for such a construction.
Further let @gj}jlt be the neural network approximating the
multiplication function on [—b,b]? with error ¢ (see e.g. [20!
Prop. 3.1)).

Now we define the global approximation networks ®. as the
composition of @(‘:}1/‘;13)5 with the parallelization of ®3*" and
. /2 B.+1 for suitable

B. €O and b. € O(e 1), (29)

See Figurefor an illustration and e.g. [14/ Def. 2.7] for a
formal definition of parallelization. Considering the errors on
Ig, Ip4+1\Ip and Rd\IB+1 leads to global estimates, i.e. for
every = € R?

|f(@) = R ()| < e(1+ ||z]l57?) (30)
and, by use of the chain rule|IIL.2| for almost every x € R¢
[(Df)(x) = (DPe)(@)]l2 < C" (1 + [l2]572). (B

Due to the logarithmic size scaling of the multiplication
network, the size of ®. can be bounded by the size of
®_/2,B.+1 plus an additional term in O(d + & log e~ 1).

VII. APPLICATION TO PDES

Analyzing the regularity properties of neural networks was
motivated by the recent successful application of deep learning
methods to PDEs [2], [3], [4], [5], [6], [7], [11]. Initiated by
empirical experiments [1] it has been proven that neural net-
works are capable of overcoming the curse of dimensionality
for solving so-called Kolmogorov PDEs [12]. More precisely,
the solution to the empirical risk minimization problem over
a class of neural networks approximates the solution of the
PDE up to error ¢ with high probability and with size of the
networks and number of samples scaling only polynomially
in the dimension d and ¢~!. The above requires a suitable
learning problem and a sufficiently good approximation of the
solution function by neural networks. For Kolmogorov PDEs,

this boils down to calculating global Lipschitz coefficients
and error estimates for neural networks approximating the
initial condition and coefficient functions (see e.g. [9], [10]).
Employing estimates of the form one can bound the
derivative on Ip, i.e.

Lp = ||D(I)€’B||LOO(IB) < ||Df||L°°(IB) 4+ ce”. (32)

Using mollification and the mean value theorem we can
establish local Lipschitz estimates, i.e. for all x,y € (—B, B)¢
that

|R®: p(2) = RPe 5(y)| < Lpllx —yl2, (33)
and corresponding linear growth bounds
RO 5(2)| < (IR B(0) + Lp) (L + [lz]2). (34

Similarly, one can use to obtain estimates of the form
|R®. () -RP.(y)| < C(1+|/l5 2 +[yll5™2)[lz—yll2 (35)

for all 2,y € R% (which are demanded in [10] Theorem 1.1]).
Moreover, note that the capability to produce approximation
results which include error estimates for the derivative is of
significant independent interest. Various numerical methods
(for instance Galerkin methods) rely on bounding the error
in some Sobolev norm | - ||y 1.», Which requires estimates
of the derivative differences. We believe that the possibility
to obtain regularity estimates significantly contributes to the
mathematical theory of neural networks and allows for further
advances in the numerical approximation of high dimensional
partial differential equations.

VIII. RELATION TO BACKPROPAGATION IN TRAINING

The approach discussed here could further be applied to the
training of neural networks by (stochastic) gradient descent.
Note, however, that this is a slightly different setting. From
the approximation theory perspective we were interested in
the derivative of « — R®(z), while in training one requires
the derivative of ® — R®(z*) for some fixed sample z*.
In particular this function is no longer CPL but rather con-
tinuous piecewise polynomial. While this would necessitate
some technical modifications, we believe that it should be
possible to employ the method used here in order to show
that the gradient of ® — R®(z*) coincides a.e. with what is
computed by backpropagation using the convention of setting
the derivative of max{0,-} to zero at the origin (as well as
similar conventions for e.g. max-pooling).
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Analysis of the Generalization Error: Empirical Risk Minimization over
Deep Artificial Neural Networks Overcomes the Curse of Dimensionality in the
Numerical Approximation of Black—Scholes Partial Differential Equations

Julius Berner*, Philipp Grohs', and Arnulf Jentzen!

Abstract. The development of new classification and regression algorithms based on empirical risk minimization
(ERM) over deep neural network hypothesis classes, coined deep learning, revolutionized the area
of artificial intelligence, machine learning, and data analysis. In particular, these methods have
been applied to the numerical solution of high-dimensional partial differential equations with great
success. Recent simulations indicate that deep learning—based algorithms are capable of overcoming
the curse of dimensionality for the numerical solution of Kolmogorov equations, which are widely
used in models from engineering, finance, and the natural sciences. The present paper considers
under which conditions ERM over a deep neural network hypothesis class approximates the solution
of a d-dimensional Kolmogorov equation with affine drift and diffusion coefficients and typical initial
values arising from problems in computational finance up to error e. We establish that, with high
probability over draws of training samples, such an approximation can be achieved with both the
size of the hypothesis class and the number of training samples scaling only polynomially in d and
e~ It can be concluded that ERM over deep neural network hypothesis classes overcomes the curse
of dimensionality for the numerical solution of linear Kolmogorov equations with affine coefficients.

Key words. deep learning, curse of dimensionality, Kolmogorov equation, generalization error, empirical risk
minimization

AMS subject classifications. 60H30, 65C30, 62M45, 683T05

1. Introduction. In this introductory section we want to present and motivate our prob-
lem, provide the reader with background knowledge and references to previous research on
the topic, and outline the important steps, as well as possible extensions, of our contribution.

1.1. Problem statement. Suppose we need to numerically approximate the end value'
Fy(T,-) at time T € (0,00) of the solution Fy € C([0,7] x R% R) of a linear Kolmogorov
equation which for an initial value ¢4 € C(R%, R), drift coefficient pgy € C(R?,R?), and diffusion
coefficient o4 € C(R?, R?*?) is defined as’

%(ta x) = %Trace(od(x)[Ud(x)]*(HeSSde)(tv I)) + Nd(x) : (vde)(t’ x)

(1.1) Fy(0,2) = pq(x)
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We write the subscript d as we are interested in approximation rates w.r.t. to the dimension d € N.

2For z € RY, y € R? we denote by z -y := Z'Z:l x;y; the standard scalar product of x and y.
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for every (t,z) € [0,T] x R%. Important special cases include the heat equation or the Black—
Scholes equation from computational finance. For the latter partial differential equation
(PDE) typically the coefficients o4 and pg are affine and the initial value ¢4 can be rep-
resented as a composition of minima, maxima, and linear combinations such as

(1.2) ¢q(z) = min { max {D — ¢q - z,0},D}

with suitable coefficients D € (0,00), ¢q € R? in the case of a European put option pricing
problem. It is well known that standard numerical methods for solving PDEs, in particular
those based on a discretization of the domain, suffer from the curse of dimensionality, meaning
that their computational complexity grows exponentially in the dimension d [3, 57].

If the goal is simply to evaluate Fy(T,-) at a single value ¢ € RY, then under suitable
assumptions Monte Carlo sampling methods are capable of overcoming the curse of dimen-
sionality. These methods are based on the integral representation (Feynman—Kac formula)

(1.3) Fy(T,€) = E[pa(S3)],

where (S’t§ )telo,r) is a stochastic process satisfying the stochastic differential equation (SDE)

St = og(SE)dBY + pg(S5)dt and S5 =¢

for a d-dimensional (G;)-Brownian motion B? on some filtered probability space (2, G, P, (Gt)).
The evaluation of Fy(T,£) can then be computed by approximating the expectation in (1.3)
by Monte Carlo integration, that is, by simulating i.i.d. samples (S(i));i1 drawn from the
distribution of S% and by approximating Fy(7,§) with the empirical average % S ea(S @),
It is a standard result that the number of samples m needed to obtain a desired accuracy ¢
depends only polynomially on the dimension d and =1 [28].

If the goal, however, is to approximate Fy (7, -) not only at a single value but, for example,
on a full hypercube [u,v]d, there has been no known method which does not suffer from
the curse of dimensionality. In particular, it has been completely out of range to provably
approximate Fjy(T,-) on [u,v]? in high dimensions, say, d > 100.

The present paper introduces and analyzes deep learning—based algorithms for the numer-
ical approximation of Fy(T,-) on a full hypercube [u,v]d. We will prove that the resulting
algorithms overcome the curse of dimensionality and can consequently be efficiently applied
even in high dimensions. Our proofs will be based on tools from statistical learning theory
and the following key properties of linear Kolmogorov equations:

P.1 The fact that one can reformulate (1.1) as a learning problem (see Lemma 3.2).

P.2 The fact that typical initial values arising from problems in computational finance,
such as, for example, (1.2), are either exactly representable as neural networks with
ReLU activation function (ReLU networks) or can be approximated by such neural
networks without incurring the curse of dimensionality (see [29, Section 4]).

P.3 The fact that Property P.2 is preserved under the evolution of linear Kolmogorov
equations (1.1) with affine diffusion and drift coefficients, which implies that Fy(T, )
can be approximated by ReLU networks without incurring the curse of dimensionality
(see Theorem 3.3).
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1.2. Deep learning and statistical learning theory. In their most basic incarnation, deep
learning—based algorithms start with training data

(X, V) @ = ([uv)? x [-D, D)™

)

To give a concrete example, Xlgi may consist of different 28 x 28 pixel grayscale images of

handwritten digits and Yd(i) may consist of corresponding probabilities describing the likeli-

hood of a certain digit to be shown in image X((;) [44]. The goal is then to find a functional
relation between images and labels and use it for predictive purposes on unseen images.

Empirical risk minimization (ERM) attempts to solve this prediction problem by mini-
mizing the empirical risk

14 I Eam(f) 1= 5 D0 (P =)

i=1

over a compact® hypothesis class H C C ([w, v]d, R), resulting in a predictor

fd,m,?-[ € argmin 5d7m(f)
fer

that is hoped to provide a good approximation of the desired functional relation in the
training data. In deep learning, these hypothesis classes consist of deep neural networks
with fixed activation function p € C(R,R), parameter bound R € (0,00), and architecture®
a = (ag,ay,...,ar) € N1 where ag = d and ar, = 1. We define the corresponding set of
neural network parametrizations

X =

Pa,r =

)

(=R, R = x [~R.R™),

~

1
and for a parametrization @ = (W, B)))~| € Par we define its realization function®
.7:,;(0) = AWL7BL O px© AWL717BL71 OpPs©rrr0pPx© AWLBI € C<Rd’R)7

where Aw p(x) := Wz + B and p.(z) = (p(z;))}, i.e., p is applied componentwise. Then,
neural network hypothesis classes are typically of the form

(1.5) N2 o= {([u,v]d Sz fp(a)(w)) .9 Pa,R} .

%Note that we equip C([u,v]%,R) with the uniform norm ||-||zee which for f € C([u,v]?,R) is given by
[ fllzee = Hf”COO([u,v]d) = MaAXg e [y,v)d |f(2)].

4Typically one calls a neural network “deep” if the architecture satisfies L > 2.

5If there is no possibility of ambiguity, we use the term “neural network” interchangeably for the
parametrization and the realization function. However, note that 8 € Pa r uniquely induces F,(8) € C(R%,R),
while in general there can be multiple nontrivially different parametrizations with the same realization function;
see [13].
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Despite the great practical success of the “deep learning paradigm,” for generic real world
training data it is far out of reach to specify network architectures which guarantee a desired
performance on unseen data; see also [63].

This type of problem can be theoretically studied using tools developed within the field
of statistical learning theory. There it is typically postulated that ((XC(;),Y;Z)))?LI are i.i.d.
samples drawn from the distribution of some (unknown) data (X, Yy) and that the optimal
functional relation between X; and Yy is given by the regression function

. [u,v]? — R
fd ' x — E[Yd|Xd:LC] R

which minimizes the risk f — &;(f) :=E [(f(Xd) - Yd)z} (see Lemma 2.2). The minimization
of functionals of the form &; is commonly referred to as a
statistical learning problem with data (Xg,Yy) and quadratic loss function.

Under strong regularity assumptions on the regression function f; and the distribution of
(Xq4,Yy) it is possible to obtain bounds on the sample size m and the “complexity” of the
hypothesis class H in order to guarantee, with high probability, an error

(1.6) E | (Famn(Xa) = fi(Xa)*] < &

see, for example, [4, 7, 18, 19, 31, 41, 47, 61]. In the above, the regularity of the regression
function f; quantifies how well f; can be approximated by the hypothesis class H.

In the case of the neural network hypothesis classes H = ./\/;f : r these regularity assump-
tions are met if f satisfies certain smoothness assumptions; see [15, 16, 26, 52, 54, 58, 62].
Moreover, the complexity of N:f;: r can mainly be described by the size of the neural network

parametrizations, i.e., the number of network parameters

P(a) = ZZL:I aja;—1 + ay.

We will show in Subsection 1.3 below that our specific deep learning—based method for nu-
merically solving Kolmogorov equations allows us to rigorously apply tools from statistical
learning theory, as we can overcome the following potential problems:

R.1 The crucial assumption that the training data consists of i.i.d. samples drawn from an
underlying probability distribution is usually debatable or at least hard to verify.

R.2 Even if this assumption were satisfied, the underlying distribution of (X4, Yy) is typ-
ically unknown. Thus, it is hard to ensure a priori the regularity assumptions on f7,
which are needed to apply tools from statistical learning theory.

R.3 Since the distribution of X, is typically unknown, it is not clear how the quantity
E[(famm(Xa) — f;(Xd))ﬂ of (1.6) can be interpreted.

R.4 Most of the classical techniques operate in an asymptotic regime where the number of
training samples m exceeds the network size P(a). However, in many applications the
number of training samples is fixed, and it is not possible to generate more training
data at will.
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1.3. Kolmogorov equations as learning problem. We will reformulate the numerical
approximation of Fy(T,-) on [u,v]? as a statistical learning problem and demonstrate that in
this specific case none of the aforementioned Problems R.1-R.4 appears. Let Xq ~ U([u,v]?)
be uniformly distributed on [u, v]¢ and define Yy := cpd(S%( 1), where (S;* *)tecjo,1) 1s a stochastic
process satisfying the SDE

(1.7) S = 04(SX)dBE + pa(SX4)dt and  SF = X,

Under suitable conditions it then follows from the Feynman—Kac formula (1.3) that Fy(T,-)
is the minimizer of the risk functional &, that is, fi(z) = Fy(T,x) for a.e. x € [u,v]%; see
Lemma 3.2. As outlined in Subsection 1.2, we thus have that

the end value of the Kolmogorov equation Fq(T,-) is the solution to the statis-
tical learning problem with data (Xg, cpd(Sj)fd)) and quadratic loss function.

A natural next step is to apply the deep learning paradigm, that is, for m i.i.d. samples
((XC(;), Yd(l)))gll drawn from the distribution of (Xg4,Yy) to minimize the empirical risk (1.4)
over a hypothesis class of neural networks “’: R

In [10] this idea has been implemented with suitable classes of deep neural networks
of a given architecture as hypothesis class H. In extensive numerical simulations it was
observed that the proposed algorithm is efficient even in very high dimensions, suggesting
that it does not suffer from the curse of dimensionality. Similar conclusions can be found in
related work [11, 12, 21, 22, 25, 33, 34, 60], which covers topics ranging from American option
pricing problems to fully nonlinear PDEs. Note that in [60] a nonquantitative analysis of
the approximation error is given; all the other works are purely empirical. To the best of our
knowledge, this is the first joint quantitative analysis of approximation and generalization error
confirming the efficiency of deep learning—based methods applied to the numerical solution of
high-dimensional PDEs.

Two main parameters influence the complexity of the algorithm described above: the
number P(ag.) of network parameters that need to be optimized as well as the number of
training samples mg. needed to guarantee that, with high probability, the estimate

(18) gl famactta. = FaT )2 gy = B | (Fam . (Xa) = FalT. Xa))*| < &

holds true. We are interested in the scaling of mg4. and P(ag.) with respect to the precision
€ and dimension d.

Observe that the data distribution (X, @d(S%( 4)) is now explicitly known and i.i.d. sam-
ples of this distribution can be simulated as needed (X is uniformly distributed and can
be simulated using a suitable random number generator, and Sj)f ¢ can be simulated by any
numerical solver for the SDE (1.7); see [28]). Moreover, the uniform distribution of the input
data X, gives rise to typical £2-error estimates (1.8) and, in the case of affine coefficients
and suitable initial values, we can establish bounds on how well the regression function can
be approximated by neural network hypothesis classes; see Theorem 3.3. In particular, con-
trary to conventional learning problems, in the statistical learning problem that arises from
our reformulation of the Kolmogorov equation, none of the Problems R.1-R.4 described in
Subsection 1.2 occurs. We will therefore be able to rigorously invoke tools from statistical
learning theory to obtain bounds on the quantities mg4. and P(ag.) above.



6 J. BERNER, P. GROHS, AND A. JENTZEN

1.4. Contribution. We show that whenever (04)4en and (uq)qen are affine functions (this
includes the important case of the Black—Scholes equation in option pricing) and the initial
values (p4)den can be approximated by deep neural networks without the curse of dimension-
ality (this can easily shown to be true for a large number of relevant options such as basket
call, basket put, call on max, and call on min options), there exists a polynomial p: R? — R
such that for every d € N, € € (0,1) it holds that

max{mgqe, P(ag:)} < p(a_l, d);

see Corollary 3.5. We conclude that the aforementioned deep learning—based algorithm does
not suffer from the curse of dimensionality.

We briefly describe our proof strategy for bounding the error between the empirical risk
minimizer and the end value of the Kolmogorov equation

gl fama = Fa@)| 2 ey

as in (1.8). By the so-called bias-variance decomposition we can represent this error as the
sum of a generalization error and an approximation error, i.e.,

N . . 2
Ealfamm) — ?élﬁgd(f) +min o 1 = Fa(T ) | 22 ey

Vv
generalization error approximation error

see Lemma 2.2. Bounds on the size of neural networks with ReL U activation function
p(z) = ReLU(z) := max{z,0}

needed to approximate Fy(T,-) up to a desired error have been analyzed in [29]. In Theo-
rem 3.3 we notably extend these approximation results by proving corresponding bounds on
the parameter magnitudes. This is done by analyzing the special structure of the solution
to the SDE (1.7) in the case of affine coefficients o4 and g4, employing the Feynman-Kac
formula (1.3), and constructing a neural network simulating Monte Carlo sampling. Together
with the results of [29], we achieve that neural network hypothesis classes with ReLU activa-
tion function are capable of approximating the end values (Fy(7),-))4en without incurring the
curse of dimensionality whenever the same is true for the initial values (pg)qen-

We then leverage the approximation results as well as tools from [4, 18, 19] to obtain prob-
abilistic estimates of the generalization error; see Theorem 3.4. These tools require bounds
on the covering numbers® Cov(#,r) of hypothesis classes consisting of neural networks. To
this end, we compute the Lipschitz constant of the operator F, which maps neural network
parametrizations to the corresponding realization functions; see Theorem 2.6. Using a stan-
dard result on the covering number of balls in a Euclidean space we obtain that”

2
In Cov (Mt 7) < Pl [1n (LTI 4y ()]

5The covering number Cov(#, ) is the minimal number of balls of radius r covering H; see Setting 2.3.

"For p > 1, a finite index set I, and M € R’ we define || M||oo := maxics [M;| and | M ||, == (3 ,; \Mi|p)l/p,



DEEP LEARNING-BASED ERM FOR BLACK-SCHOLES PDES 7

see Proposition 2.8. In conjunction with Hoeffding’s inequality this allows us to uniformly
(over the hypothesis class of neural networks) bound the error between the risk and the
empirical risk. However, this requires that the regression function fj as well as all functions
in ‘H are uniformly bounded. To that end we assume the initial value ¢4 to be bounded, which
by the Feynman-Kac formula (1.3) implies that also the function f; = Fy(T,-) is bounded.
Moreover, we introduce hypothesis classes of “clipped” neural networks

NZ:RD = {ClipD 0g:gé€ ;:R} )
where clipp := min{|-|, D} sgn(-) denotes a clipping function with clipping amplitude D.
This can be interpreted as incorporating the prior knowledge about the boundedness of the
regression function into our hypothesis class. In Appendix A.4 we show that the clipping
function can be represented as a small ReLLU network so that clipped ReLU networks are in
fact standard neural networks.

Note that there exist different concepts and known results in order to bound the gener-
alization error (see, for instance, [4, 6, 8, 9, 27, 50]). The present paper intends to stress the
interplay between the approximation and generalization error and gives a complete proof in
order to rigorously show the absence of the curse of dimensionality for our particular problem.

We are now ready to formulate a first specific result of this paper as an appetizer. It
demonstrates that deep learning-based ERM succeeds in solving the option pricing problem
for European put options without incurring the curse of dimensionality.

Theorem 1.1 (pricing of options without curse of dimensionality). Let T, K,D € [1,00),
u € R, and v € (u,00), and let (2,G,P,(G;)) be a filtered probability space. For every
dimension d € N let ¢y € [—D, D]?, let the initial value pg € C(RY,R) satisfy for every x € R?
that
v4(x) = min { max{D — ¢g4 - z, O},D},

let the drift and diffusion coefficients pg € C(RY,RY), a4 € C(RY,R¥*9) be affine functions
satisfying for every x € R? that

loa()ll2 + lralz)lls < K1+ [lz]]2),

and let Fy € C([0,T] x R%, R) be the unique at most polynomially growing viscosity solution®
of the corresponding d-dimensional Kolmogorov equation

{%f;d(t,a;) = yTrace(oq(x)[oa(z)]* (Hess, Fy)(t, 2)) + pa(z) - (Vo Fa)(t, )
Fd(()?x) = (pd(x)'

For every d € N let the input data Xgq ~ U([u,v]?) be uniformly distributed on [u,v]? and Go-
measurable, let B be a d-dimensional (G;)-Brownian motion, let (StX‘i)te[O,T] be a (Gi)-adapted
stochastic process with continuous sample paths satisfying the SDE

dS;* = og(SXYABE + pug(SX)dt  and Syt = Xy

8We refer the interested reader to [32] for the definition and properties of viscosity solutions.
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P-a.s. for every t € [0,T], define the label Yy := cpd(S%(‘i), and let ((Xc(li),Yd(i)))ieN be i.i.d.
random variables (training data) with (Xc(ll),Yd(l)) ~ (X4,Yy). Then there exists a constant
C € (0,00) such that the following holds: For every d,m € N, €, € (0,1) with

m > Cde *(1+1In(de " o™"))  (number of samples)
there exist a = (d,a1,a2,1) € N* and R € [1,00) such that it holds that

(i) P | gl Fam = FalT Mo gy < 210,
(ii) P(a) < Cde™2 (number of parameters),
(iii) R < Cd®?e™" (parameter bound), and

(iv) max{ai,as} < Cde™! (size of the architecture),

where ﬁl’mﬂ € argmin ey % Dy (f(Xéi)) — Yd(i))2 is a measurable empirical risk minimizer
in the corresponding hypothesis class of clipped ReL U networks H := g’cqu aRD"

A proof will be given in Subsection 3.3. In a more general context, Theorem 3.4 states that
a result analogous to Theorem 1.1 holds true whenever the initial values (@g)gen can be
approximated by ReLU networks without the curse of dimensionality.

Note that our analysis does not consider the computational cost of solving the nonsmooth,
nonconvex ERM problem (1.4). This is typically achieved by stochastic first order optimization
methods whose theoretical analysis is still an open problem. While there are many interesting
approaches to the latter question, they tend to require very strong assumptions (e.g., (almost)
linearity, convexity, extreme overparametrization, or inverse stability of F, [2, 13, 17, 20, 39,
45, 46, 48, 59]), which we want to avoid in our analysis.

1.5. Extensions. Our results in Section 3, in conjunction with the results of [29], can be
applied to prove the absence of the curse of dimensionality in the pricing of (capped) basket
call, basket put, call on max, and call on min options. Moreover, the results of Section 2 hold
for a general statistical learning problem within Setting 2.1. That is, ReLU network approxi-
mation results for the regression function translate directly into generalization results without
incurring the curse of dimensionality. If suitable learning problems can be established, this
work can extend various neural network approximation results for PDEs (see, e.g., [30, 42, 56])
to also consider the generalization error and get one step closer to a full error analysis. For
instance, there are stronger approximation results for more restricted option pricing prob-
lems [23], and there are very recent approximation results for semilinear heat equations [37]
and Kolmogorov equations with (time-inhomogeneous) nonlinear coefficients [38, 55] where
the dependence on the dimension is polynomial. Using a generalized version of Lemma 3.2,
the findings of this paper can be used to prove that the corresponding ERM problem achieves,
with high probability, a desired accuracy e with the number of samples and the size of the
hypothesis class scaling only polynomially in d and e~'. In particular this means that the
presented methods are not restricted to the case of linear Kolmogorov equations with affine
drift and diffusion coefficients. Finally, note that one obtains similar results for any continu-
ous piecewise linear activation function with a finite number of breakpoints; see the comment
after Theorem 2.6 and [62, Proposition 1].
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1.6. Outline. The outline is as follows. In Section 2 we present our main result related
to the generalization of neural networks in a rather general setting. Whenever the regression
functions (f])a4en can be approximated without the curse of dimensionality by clipped ReLU
networks, we show that also the number m of required training samples to achieve a desired
accuracy € with high probability does not suffer from the curse of dimensionality. This result
is proven using tools from statistical learning theory and covering number estimates of neural
network hypothesis classes. In Section 3 we reformulate the numerical approximation of
Fy(T,-) on [u,v]? as a statistical learning problem and extend a result of [29] claiming that
the end values (Fy(T, -))4en can be approximated by clipped ReL.U networks without the curse
of dimensionality. Therefore our results from Section 2 apply and give rise to quantitative
polynomial bounds on the number of samples and the size of the network in Theorem 3.4.

2. Results in statistical learning theory. The present section develops generalization
bounds for ERM problems in the spirit of [4, 18, 19].

2.1. A generalization result based on covering numbers. Setting 2.1 describes a stan-
dard statistical learning problem.

Setting 2.1 (statistical learning problem). Let u € R, v € (u,0), and D € [1,00), and let
(©,G,P) be a probability space. For every d € N let

Xg:Q— [u,v]? (input data) and Yy:Q — [-D,D] (label)
be random variables, let IPx, be the image measure of Xy on the hypercube [u, v]?, let
(Xc(li),Yd(i)): Q — [u,v]? x [-D,D], i€eN, (training data)
be i.i.d. random variables with (Xél),Yd(l)) ~ (Xq,Yy), and let fi € L*(Px,) satisfy” for
Px,-as. x € [u,v]¢ that
fi(x) =E[Y4|Xqa=1x] (regression function).

For every d, m € N and Borel measurable function f: [u, v]? — R define the risk E4(f) € [0, 00
and the empirical risk Eqm,(f): Q — [0,00) by

Ealf) = B|(f(Xa) ~Y2)°] and Eum(f) =2 >~ () - v)”

=1
For every d,m € N and every compact H C C([u,v]?,R) (hypothesis class) let

(2.1) fan € argmin&y(f)  (best approzimation),
feH

and for every d,m € N, w € Q and every compact H C C([u,v]?,R) let

(2.2) f\deyq.[(w) € argmin gdvm(f)(w) (empirical regression function)
feH

9We define the Hilbert space £2 (IPx,) as the space of all Borel measurable functions f: [u,v]? — R with
finite norm HfHﬁz(PXd) = (f[u,v]d f?dPx,) '/? < 00 where functions coinciding Px,-a.s. are identified as usual.
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such that the mapping 2 > w +— J?dmﬂ(w) is measurable.

We want to emphasize that the minima in (2.1) and (2.2) will be attained due to the
compactness of our hypothesis class, but they need not be unique. We require the mapping
Q35w ﬁhm,y(w) to be measurable in order to view the risk of the empirical regression
function as a random variable 2 > w — 5d(]/{1,m’7.[(w)). This ensures that the probability in
the generalization error bound (Theorem 2.4) is well-defined. While this technical assumption
is often not explicitly stated in the literature on statistical learning theory it is actually crucial
for analyzing the generalization error. In our setting (by choosing a suitable minimizer)
measurability can indeed be satisfied; see Appendix A.1.

The following lemma states that the regression function f; indeed minimizes the risk and
the function fg7 is a best approximation of f; in H with respect to the L3(Px,)-norm.
Moreover, it offers a decomposition of the error between the empirical regression function
f/‘;l’myy and the regression function fj, often referred to as the bias-variance decomposition.

Lemma 2.2 (bias-variance decomposition).  Assume Setting 2.1. Let d,m € N and let
H C C([u,v]?,R) be compact. Then it holds that

(i) E(f;) = minfeﬁ?(de)Ed(f),
(it) || fam — fg“cz(]de) = mingey || f - fékHzﬁ(PXd)’ and

(”7’) ||.]?d,m,7-[ - f;HiQ(PX(i) = gd(]?:i,m,%) - gd(fd,?-l) + Hfd,?-l - f;HiQ(PX(i)'

generalization error (variance) approximation error (bias)

For a corresponding result see also [18]. The proof in Appendix A.2 is based on the fact that
we consider the square loss, and thus the risk of f € £2(Px,) can be represented as

Eaf) = |1 = Fillzagpy ) + Ealfd)-

We now introduce the concept of covering numbers in order to bound the generalization error.

Setting 2.3 (covering number). For every r € (0, 1), every normed vector space (Z, ||]|),
and every compact subset H C Z we define the r-covering number of H w.r.t. ||-|| by

Cov(H, ||-||,) := min {n € N: There exists (f;)i—; € H with H C U Ballr(fl-)},

i=1
where Ball,(f) :={g € H: | f — gl < r} denotes the ball of radius r around f € H. If the
norm is clear from the context, we will use the abbreviation Cov(H,r) := Cov(H, ||-||, 7).

Assume that the functions in our hypothesis class H are uniformly bounded and that balls
of radius 7 around the functions (f;)I; cover H. We can then use the (uniform) Lipschitz
continuity of the (empirical) risk to bound the generalization error by

Ed(fd,m,ﬂ) —E&i(fam) <& (fd,m,%) - gd,m(fd,m,?—[) +Eim (far) — Ea(fan)
< 2r[Lip(E4) + Lip(Eam)] + 2mitx [£a(f) = Eum(f)
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and employ Hoeffding’s inequality and a union bound to obtain the following estimate.

Theorem 2.4 (generalization error bound). Assume Settings 2.1 and 2.5. Let € € (0,1),
d,m € N and let H C C([u,v]%,R) be compact with supfey || fllcee < D. Then it holds that

£ 2
P [Eufun) o) <] 2120 (0 535) o ()

This result is adapted from [4, Theorem 17.1], [19, Theorem 3.14], and [49, Example 3.31],
and for the sake of completeness we present a detailed proof in Appendix A.3.

2.2. Covering numbers of neural network hypothesis classes. As a natural next step
we prove estimates on the covering numbers of neural network hypothesis classes in order to
leverage the result of Theorem 2.4. Note that for different assumptions (i.e., boundedness
assumptions on the activation function, different norms on the parameters, or evaluation of
the neural networks on input data) similar approaches can be found in [4, 8].

The following setting describes suitable hypothesis classes based on neural networks. From
now on we only consider neural networks with ReLU activation function and therefore omit
writing the index p = ReLU in our notation.

Setting 2.5 (neural networks).  Assume Setting 2.1. For every k,n € N, W € RFx?,
B € R* let Aw.p € C(R",R¥) be the affine mapping which satisfies for every x € R" that
Aw p(x) := Wx + B. For every n € N, z = (x;)I; € R" we define

ReLU,(z) := (max{xi,O})?zl (componentwise rectified linear unit).

For every L € N, a = (ag, a1, ...,ar) € Nt (network architecture) we define

L
Pa = X (R‘”X‘”—l X R‘”) (set of neural network parametrizations),
=1

L(a) := L (number of layers), and
L
P(a) := Z ajai—1 + a;  (number of parameters).
=1

For every L € N, a € NiHL g = (W, Bl))lL:1 € P, we define the neural network realization
function F(0) € C(R%,R*) by
F(0):= Aw, B, cReLU 0o Aw, , B, ,oReLUso0---0ReLU, oAy, B,

and its restriction F*V(0) = F(0)|jy o0 € C([u,v]*,R?) to the hypercube [u,v]?. For
every d € N let the admissible network architectures be given by

A, = U {(ao,al,...,aL) € NE+L, ag = d, aL:1}.
LeN
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For every d € N, a € Ay, R € (0,00) (parameter bound) define the set of bounded neural
network parametrizations

L
Par = X ([~R, R =1 x [-R,R]") = {0 € P,: ||0]|~ < R},
=1

the hypothesis class of neural networks
= P Pag) = { ([wv]? 52 FO)(@)) : 6 € Pagf,

and the hypothesis class of clipped neural networks

U,V

aRD ‘= {clipDog:ge :ﬁ},
where clipp € C(R,R) (clipping function) satisfies for every x € R that

clipp(z) := min{|z|, D} sgn(x).

The hypothesis classes N 'r.p are somewhat nonstandard in the sense that the clipping func-
tion clipp is applied to the output of a neural network realization. The reason for our choice
of this definition is that Theorem 2.4 requires that the set of neural networks over which
the ERM problem is solved consists of uniformly bounded functions. In Appendix A.4 we
show that the clipping function clipp can be represented as a small neural network, which im-
plies that the seemingly nonstandard classes N5 a R,D are actually conventional neural network
classes that can be trained with standard methods [35, 40, 43, 51].
The next theorem quantifies the Lipschitz continuity Lip(F*") of the operator

F: (Pags [-llse) = Naps [Ile)

which maps bounded neural network parametrizations with fixed architecture to the corre-
sponding realization functions (restricted to [u, v]%).

Theorem 2.6 (Lipschitz continuity of F). Assume Setting 2.5. Let d € N, a € Ay, and
R € [1,00). Then for every 8,m € Pa g it holds that

IF4°(6) = F“* (m)] g < 2max {1, Jul, [vo|} L(2)*R"®~|a]| 2]/ — ]|«

The proof is based on estimating the error amplification in each layer of the neural network and
can be found in Appendix A.5. Similar results can be established for any Lipschitz continuous
activation function; see also [03] for a general nonquantitative result. Note that Theorem 2.6
in particular implies that N,"s and Np ar,p are compact subsets of C([u, v]?,R) and thus valid
hypothesis classes, as requlred by Settlng 2.1. Next, we recall a basic result on the covering
number of a hypercube w.r.t. the maximum norm ||-||c. Note that a similar statement holds
for any ball in a finite-dimensional Banach space; see [18, Proposition 5].
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Lemma 2.7 (covering numbers of balls). Assume Setting 2.5. Let n € N, R € [1,00), and
r € (0,1), and define Ballg := {0 € R" : ||0|loc < R}. Then it holds that

R
In Cov(Ballg, |||, ™) < nln ’7-‘ :
r

Proof of Lemma 2.7. The claim follows by a simple counting argument. |

Together with Theorem 2.6 this allows us to bound the covering number of our hypothesis
class of (clipped) neural networks.

Proposition 2.8 (covering numbers of neural network hypothesis classes).  Assume Set-
tings 2.3 and 2.5. Let d € N, a € Ay, r € (0,1), and R € [1,00). Then it holds that

In COV(N:’E’D,T) <In Cov(./\/':’;é,r)
4L(a)* max {1, |ul, |v|}
r

< P(a)[ln( ) + L(a)In (Ruauoo)]

The proof in Appendix A.6 is based on the behavior of covering numbers under the action of
a Lipschitz function, i.e.,

COV(./_“U’U(,Pa,R% 1") < Cov (Pa’R7 W>7

and uses the facts that the clipping function is nonexpansive, i.e., Lip(clipp) = 1, and that
Par =~ {0 € RF@ . 0] < R}.

2.3. Analysis of the generalization error. Combining Theorem 2.4 and Proposition 2.8,
the following theorem describes our main result related to the generalization capabilities of
hypothesis classes consisting of clipped ReLU networks.

Theorem 2.9 (neural network generalization error bound). Assume Setting 2.5. Let h €
C((0,00)5,R) satisfy for every x = (x;)?_, € (0,00)° that

h(z) = 128D%a? [ln(2) + 22 + 232425 + x4 1n (128D max {1, |ul, |v|}x1x§)],
letd;meN, e € (0,1),ac Ay, R [1,00) with
m > h (e, In(o7"), In(R|all«), P(a), L(a)),
and define H := N"5 . Then it holds that
P [a(famn) ~ €alfar) <¢] 210
Proof of Theorem 2.9. Proposition 2.8 implies that
m > b (e (o), n(Rlalle), Pla), L(a))
= 128D% 2 [ln(2gfl) + P(a)(ln (128D max {1, |ul, [v|} e 'L(a)?) + L(a) In (RHaHoo)ﬂ

> 128 D2 [ln(Zg_l) +In Cov (H 32%)} .
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Now Theorem 2.4 and a simple calculation ensures that

R 2
P [Ed(fdﬂn,?{) —&i(fan) < 6} > 1—2Cov (H7 32%) exp (_1727;6D4> >1-op,

and this proves the theorem. [ |

Next we show how Theorem 2.9 can be used to leverage bounds on the approximation error
in order to obtain quantitative bounds on the generalization error.

Corollary 2.10 (approximation implies generalization).  Assume Setting 2.5. Let d € N,
e€(0,1),ac Ay, Re[l,00), and g € H := N, j, with
D)
— <
lo = Fill ey, < /2

let h € C((0,00)%,R) be given as in Theorem 2.9, and let m € N, g € (0,1) with

m > h(2e7 !, In(o7 "), In(R||a]), P(a), L(a)) .
Then it holds that

P [ fama = Jilltaey,) < €] 21— e

Proof of Corollary 2.10. Lemma 2.2 ensures that

| fan — fék”iz(nnxd) <llg- f;Hi?(lde) <e/2

and hence Hﬁl,m,ﬂ - fC}‘HZQ(PX ) < Sd(]?d,mg.[) — &i(fan) + /2. Theorem 2.9 (with € < ¢/2)
d
now directly implies the desired claim. |

The previous result in particular implies that whenever the family (f)4en from the statistical
learning problem of Setting 2.1 can be approximated by neural networks without the curse of
dimensionality, then the number m of required training samples to achieve a desired accuracy
with high probability does not suffer from the curse of dimensionality either. A compact
version of this statement is given in the next result.

Corollary 2.11 (approximation without curse implies generalization without curse). Assume
Setting 2.5. Assume that there exists a polynomial ¢ : R?> — R such that for every d € N,
e € (0,1) there exist ag. € Ay, Rq. € [1,00), and g4 € Hae := N" Ry..D With

ad e,
max {In(Rq.), P(aq.)} < q(d, 5*1) and ||gd’5 — f;HiQ(PXd) <eg/2.

Then there exists a polynomial s : R? — R such that for every d,m € N, ¢, 0 € (0,1) with

m > s(d,e (1 +1n(o™ 1))
it holds that

P |:”fdvmv?"d,s - f;Hiz(IPXd) S 5:| Z 1-— 0.
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Proof of Corollary 2.11. Observe that for every d € N, ¢ € (0,1) it holds that
max {In(|lagqlloe), L(ago)} < Plaaz) < q(d,e™)
and that the function h € C((0,00)®,R) from Theorem 2.9 satisfies for every x € (0,00)° that
h(z) < 128D%? [1 + a4 (acl + 2325 + 225 + In (128D max{1, [ul, [v]}) — 3)} (1 + a2).

Thus, Corollary 2.11 is a direct consequence of Corollary 2.10. |

3. Applications for the numerical approximation of high-dimensional PDEs. In the
present section we apply the general results of Section 2 to the numerical solution of high-
dimensional Kolmogorov equations.

3.1. Kolmogorov equation as learning problem. The following setting describes suitable
Kolmogorov equations and the data for the corresponding statistical learning problems.

Setting 3.1 (Kolmogorov equations). Assume Setting 2.5. Let K € (0, 00), for every d € N
let g € C(RY,RY) (drift coefficient) and o4 € C(RY,RI*Y) (diffusion coefficient) be affine
functions satisfying for every z € R that

loa(@)llz + [lpa()ll2 < K (1 + [lz]]2),

and let g € C(RY, [—~D, D]) (initial value). Assume that (¢4)gen can be approximated by
neural networks in the following sense: Let ¢ € [1,00) and 3,7, k, A, v € [0,00), and let

bic € Ag, Nde € Po,., dEN, e€(0,1), (neural network approzimation of pq)

such that for every d € N, € € (0,1), z € R? it holds that'’
(i) lpa(z) = F(nae) (@) < (1 + [z]3),
(i) [F(nae)(2)] < D,
(i) [[Maelloo < ¢dPe™", and
(iv) P(bge) < ¢dve™.

Let T € (0,00), and for every d € N let Fy € C([0,T] x R% R) be the unique'! function
satisfying the following:

(i) F4(0,2) = ¢(x) for every x € R,

(ii) Fy is at most polynomially growing, i.e., there exists ¢ € (0,00) such that for every
z € R? it holds that max,co ) Fa(t,z) <9 (1+ ||z[3); and

%Due to the boundedness assumption on g one can obtain the desired estimates in item (i) and (ii) by
adapting known neural network approximation results; see [14] and Appendix A.4.
"For a proof see [29, Proposition 3.4(i)].
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(iii) Fy is a viscosity solution of the d-dimensional Kolmogorov equation

%(t,x} = %Trace(ad(x)[ad(z)}*(Hessde)(t,:1;)) + pg(z) - (Vi Fy)(t, )
for every (t,z) € (0,T) x R%

Let the probability space (2,G,P) be equipped with a filtration (Gt)¢cjo,r) which fulfills the
usual conditions. For every d € N let (Bf)ieor): [0,7] x @ — R? be a d-dimensional (G¢)-
Brownian motion, and for every Go-measurable random variable x: Q — R% denote by

(SV)icpo,r: [0, T] x Q — R?  (SDE solution process with initial value )

the unique (G;)-adapted stochastic process'? with continuous sample paths satisfying the SDE

dSX = 04(SX)dBE + pg(SX)dt and S} =
P-a.s. for every t € [0, T]. For every d € N let the input data Xz: Q — [u, v]? be Go-measurable
and uniformly distributed on [u,v]¢ and define the label by Yy := god(S:,)f ).

The next result shows that computing the end value [u,v]? > 2 — Fy(T, z) of the solution to
the Kolmogorov equation can be restated as a learning problem.

Lemma 3.2 (Kolmogorov equation as learning problem). Assume Setting 3.1 and let d € N.
Then for a.e. x € [u,v]? it holds that

Fy(T, x) = fa ().

The result is based on work from [10] and the following formal calculation:

Fy(T,2) = Elpa (S7)] = Epa(S7*)|Xa = 2] = E [Ya| Xy = 2] = f;(x)

for a.e. x € [u,v]?; see Appendix A.7 for a rigorous proof.

3.2. Neural network generalization results for solutions of Kolmogorov equations. We
first show that the end value [u, v]? 3 x + F(T, x) of the solution to the Kolmogorov equation
can be approximated by hypothesis classes consisting of clipped ReLLU networks.

Theorem 3.3 (neural network regularity result for Kolmogorov equations).  Assume Set-
ting 3.1. Then there exist C,c € (0,00) such that the following holds: For every d € N,
£ € (0,1) there exist a € Ag, R € [1,00), and g € N'p , such that it holds that

1 2
(i) ﬁ“g — Fy(T, ‘)HLQ([%v]d) <eg,
(ii) P(a) < Ca/2H7e-3/2-2,
(iii) R < Cd¥st3)/2+Bz=r/2-1
(Zv) L(a) - L(bd,Cd_V/le/z); and

12The solution process is unique up to indistinguishability; see, for instance, [5, Theorem 6.2.2].
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(v) llalloe < Ce™H by g-v/221/2]lo0-

Except for property (iii) a similar result was shown in [29, Corollary 3.13]. We present the
proof in Appendix A.8 and briefly sketch the idea in the following. First we observe that in
our case of affine coefficients oy and pg there exist random variables 9t and 9% such that for
all z € R it holds P-a.s. that S% = Mz + N; see Lemma A.4. Let (MU, ND));cy be iid.
samples with (9, MM ~ (9, N). Then for fixed z € R? the mean squared error

B[ (FuT,) - %zn: nda(mt(”xjum())ﬂ

can be decomposed into the sum of the squared bias and the variance, i.e.,

E[@d(s%) F(nas)( ST} +V[}1i}" (Ma,5) 93?(])964-‘31(]))]
=1

0(5?) o)

where we used the Feynman—Kac formula, our assumptions, and properties of Monte Carlo
sampling. With more effort one can prove analogous estimates in the EQ(IP x,)-norm, and
our setting implies that Py, = = u)d)‘[u v)d, where A, ja denotes the Lebesgue measure on

[u,v]?. This suggests that, given e € (0, 1), for sufficient large n € N and small § € (0, 1) there
exists an outcome w € Q such that with M) := MU (w) and NU) := NU) (w) it holds that

(v—lu)d/ (Fd (T, z) %Z F(nas) M(J)x+N(J))>2dx <e.
[u,v]4 =

In Lemma A.5 we specify a network architecture a € A, and a parametrization 8 € P, such
that for every = € R? it holds that

:%Z (na)( M(J) +N(J))

and we bound the parameter magnitudes of 8 with the help of Lemma A .4.

Observe that the approximation result in Theorem 3.3 does not underlie the curse of
dimensionality, and by Corollary 2.10 we can establish a generalization result that is free of
the curse of dimensionality.

Theorem 3.4 (neural network generalization result for Kolmogorov equations). Assume Set-
ting 3.1 and let h € C((0,00)°,R) be given as in Theorem 2.9. Then there exist C,c € (0, 00)
such that the following holds: For every d,m € N, €, € (0,1) with

m > h (27" In(o™Y), In(Rllallc) , P(a), L(a))

there exist a € Ay and R € [1,00) such that it holds that

(Z) P [ﬁ”ﬁl,m}l - Fd(Ta ')HZQ([uw}d) < 5] >1-op,
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(i) P(a) < Cdv M2 tre=2/2-2,
(iii) R < CdWnt3)/24g—r/2-1
(Z"U) L(a) = L(bdycdfu/zauz), and
() llafle < Csiled,cdﬂ//?al/?”oo;
where H = N:;é -

Proof of Theorem 3.4. This is a direct consequence of Theorem 3.3 (with ¢ < ¢/2) and
Corollary 2.10. |

We can also reformulate this in a more compact form.

Corollary 3.5 (ERM for Kolmogorov equations without curse). Assume Setting 3.1. Then
there exists a polynomial p: R? — R such that the following holds: For every d,m € N,
g,0€ (0,1) with

m 2 p(d,e”")(1+1n(e™"))
there exist a € Ay and R € [1,00) such that it holds that
(i) P [ﬁnfd,m,?—t — FulT,) | o ey < e] >1— 0 and
(ii) max{R, P(a)} < p(d,e™1),
where H = :”]%D.
Proof of Corollary 3.5. This follows directly from Theorem 3.3 and Corollary 2.11. |

3.3. Pricing of high-dimensional options. The proof of Theorem 1.1 from the introduc-
tory section dealing with the pricing of high-dimensional European put options is now an easy
consequence of the above theory.

Proof of Theorem 1.1. We first show that the approximation of (¢4)4en by clipped neu-
ral networks according to Setting 3.1 is possible. Note that for every z € R it holds that
min{z, D} = D — ReLU,(D — z). This implies that for every d € N, x € R? it holds that

@q(z) = min { max {D — ¢4 - x,0}, D} = F(nq)(z),
where
na = ((—[ca]™, D), (=1, D),(~=1,D)) € Pg1,1,1),0-
Accordingly, Setting 3.1 is satisfied with
C:max{D,G}, 7:1) ﬁ:/{:)\:y:(), bd,sz(dalalal)a Nd,e = Nd-

Now Theorem 3.4 and a straightforward calculation prove the claim. |
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Appendix A. Proofs. This appendix contains various proofs and additional material
omitted from the main text.

A.1l. Measurability of the empirical target function. The following lemma shows that
the empirical regression function can be chosen measurable as required in Setting 2.1. This
implies that the risk of the empirical regression function Q 3 w — &, (j?qu{ (w)) is measurable
which is necessary for bounding the generalization error in Theorem 2.4.

Lemma A.1 (measurability of the empirical regression function). Letu € R, v € (u,00), and
d,m €N, let (2,G,P) be a probability space, let

Xy 0= w0 xR, ieN,
be random variables, and let H C C([u,b]?, R) be compact. For every w € Q one can choose

Fama(w) € argmin 2 37 (F(XP () - ¥V (@)
fer o

in a way, such that it holds that'

(i) Q5w ﬁlymﬂ(w) is G/B(H)-measurable and

(1)) Q5w &g (ﬁl,mﬂ(w)) is G/B(R)-measurable.

Proof of Lemma A.1. First observe that H is a separable metric space induced by the
uniform norm ||-||ze and that for every f € H the mapping

Q3w Egm(f)w)

is G/B(R)-measurable. By the reverse triangle inequality we obtain for every f,g € H that

-~

[Eam ()2 = Eam(@)?] < | (FXD) = gXENEL ]y < 1 = gllees-

This shows that for every w € 2 the function H > f — §d7m( f)(w) is continuous and the
Measurable Maximum Theorem in [1, Theorem 18.19] ensures that the set-valued function of
minimizers of

min Eam(f)

admits a measurable selector. That is to say, there exists a G/B(H)-measurable mapping
fam: 8 — H such that for every w € it holds that

Famn(w) € argmin Eqn (f)(w).
feH

13We denote by B(Z) the Borel o-algebra of a topological space Z.
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This establishes item (i). For the proof of the second item observe that the risk £&;: H — R
is continuous and thus B(#H)/B(R)-measurable. Indeed, an analogous computation as for the
empirical risk above shows that for f,g € H it holds that

Ea(NY? = Ea(9)?] < 1/(Xa) = 9(Xa)ll 2y < IIf = glleoe-

This yields the claim as compositions of measurable functions are again measurable. |
A.2. Bias-variance decomposition.

Proof of Lemma 2.2. For every f € L%(Py,) it holds that

Elf) = B [(F(X0) = fi(Xa) + £i(Xa) = Y2)’]
(A1) =B [ (£(Xa) — fi(Xa)*]| + B [(fi(Xa) - Ya)*]
+ 2 [(f(Xa) — f1(Xa)) (fi(Xa) — Ya)]

Observe that, due to the fact that it holds P-a.s. that f](X4) = E [Yd|Xd], the tower property
of the conditional expectation establishes for every f € £2(Py ,) that

B [(£(X4) — Fi(X0) (£i(Xa) = Ya)] = E [E [(F(Xa) ~ £i(X) (£i(Xa) - Ya) | X4
=B [(f(Xa) = fi(Xa)) (fi(Xa) = B [Ya Xa] )] = 0
which, together with (A.1), implies that
(A.2) If - f(}k”iz(PXd) =E [(f(Xd) - f&k(Xd))Q] =&(f) — &a(fa)-
This proves items (i) and (ii) and shows that it holds that

| Fama — f;HiZ(]de) = Ea(famp) — Ea(fap) + Ealfar) — Ea(f3)-

Finally, applying (A.2) (with f < fq) proves the lemma. [ |
A.3. Bound on the generalization error.

Proof of Theorem 2.4. First note that by assumption for every f € H it holds that
|f(Xa) = Yal < || flle + [Yal < 2D
and analogously for the samples ((Xc(li), Yd(i)));-il. The elementary identity

(1 —2)° = (Y2 — 2)° = (y1 — ¥2) (Y1 + Y2 — 22)

for real numbers yi,y2, 2z € R and Jensen’s inequality imply for every f,g € H that

1€a(f) = €a(9)| SE[|(f(Xa) — 9(Xa)) (f(Xa) + g(Xa) — 2Y5)|] <AD|f = gllzee
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and
(Eam(F) = Eam(9)| < Z X = g(X) (X)) + g(x7) = 2v,7)|
< 4D\|f gllcoe.
Now define N := Cov (’H, Il zoo s 32%) and choose f1, fa,..., fnv € H such that the balls

€ .
Balli::{feH If — fz||ﬁoo_3TD} ie{l1,2,...,N},

cover H. This establishes that for every i € {1,2,..., N}, f € Ball; it holds that

1Ea(f) = Eam ()] < |EaCF) — Ealf)| + |Ea(fs) — Eaum (F)| + [Eam(Fs) — Eam(F))
(A.3) <8D|f — fille= + |Ealfi) — Eam(fo)]
<e/d+ |Ealfi) — Eam(fi)]-

Our assumptions yield that for every w € it holds that

&a (ﬁl,m,H(W)) = &a(fan)
(A) < Ea(Fam (@) = Eam (Fam (@) (@) + Eqm (far) (@) — Ea(far)
<2 Jsclelg lé'd(f) — gd,m(f)(w)"

In summary (A.3) and (A.4) imply that
{w e 0: gd(ﬁl,m’q.[(w)) — gd(fd,?—t) > E}

N
A3 CU fwea s feuts) —Eum(Hw)| = 2/2}

N
U (b e [€alf) — Eam(F)(W)] = </4}.

Observe that for fixed f € H it holds that the random variables E; := (f (XC(;)) — Yd(i))2,
i€{1,2,...,m}, are independent and satisfy

E [E] = &a(f), % ZEz = gd,m(f), and 0< E; <4D?
=1

which by Hoeffding’s inequality (see [36, Theorem 2]) ensures that

P [|£i(H) — Eum(9)] 2 /4] < 20 (~ ).
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Together with (A.5), the monotonicity and subadditivity of the probability measure, and the
measurability assumptions according to Lemma A.1 this implies that

. N R me2
P [gd(fd,m,’H) — 5d(fdﬂ) > €:| < le |:|gd(f7,) — gd,m(fz)| > 5/4:| < 2Nexp <_1281)4> .
i=1

Using the complement rule and plugging in the definition of IV proves the theorem. |

A.4. Clipped neural networks are standard neural networks. We show that “clipped”
neural network hypothesis classes ./\f: ’;é p are in fact subsets of “non-clipped” ones.

Lemma A.2 (clipping function as neural network). Assume Setting 2.5 and let

o (LB 21[5) 0 1) em

Then it holds that
clipp = F(0).
Proof of Lemma A.2. A case distinction establishes that for every € R it holds that

F(6)(z) = — ReLU, (D — ReLU,(z)) 4+ ReLU, ( — ReLU,(—z) + D) = clipp(z),
which proves the claim. [ ]

Corollary A.3 (clipped neural networks are standard neural networks). Assume Setting 2.5.
Letd e N, R € [D,0), and a = (ag,a1,...,ar) € Ag, and define

b := (ag,a1,...,a5,2,2,1) € Ag.
Then it holds that
U S AR
Proof of Corollary A.3. The proof follows by the representation of the clipping function

in Lemma A.2 and the fact that composition with a neural network does not change the
magnitude of its parameters;'* see also [54, Definition 2.2] for a formal definition. [ ]

A.5. Lipschitz continuity of the realization map.

Proof of Theorem 2.6. Define L := L(a) and m := max {1, |ul,|v|}. We will show the
following stronger statement. For every 8,n € P, r it holds that

L
(A6) |FO) = F ) e < [mLRF ol 4+ ] UR ) |16~ 7l
=1

This directly implies the statement of Theorem 2.6, as it holds that
L

Y URllall) ™" < L (Rlalloo)" " < mLR Jla]l .
=1

14Because of that we did not choose the easier representation clip,(z) = —D +ReLU. (2D —ReLU.(D—x)).
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For the proof of (A.6) let us fix 8,1 € Py g given by
0= (Wi,B), and n=((Vi, 4))iy-
Let 7 :=||@ — n||x, and for every s € {1,..., L} define the partial parametrizations

0(s) = (W1, Br))i=1, and n(s) = ((Vi, A1))i=1,

the partial realization functions fs :== F*¥(6(s)) and g5 := F*?(n(s)), the partial errors'®

¢0:=0 and e4:= Hfs _gSHE‘x”
and the partial maxima
mg :=m = max {1, |u[,[v]} and m, :=max {1, HfSHLOO’ HQSHLOO} .

We are interested in estimating the error ¢; and try to bound mg relative to ms;_1 and e;
relative to es_1. Note that for every s € {2,..., L} it holds that

fsll g = [IWs ReLU. (fi-1) + B[ poe < Rllalooms—s + B

Analogous computations for the case s = 1 and the function g, establish that for every
s € {l,...,L} it holds that ms; < R||a||ccms—1 + R. By induction this implies that

(A7) ms < m(Rflale)® + Ri(RllaHoo)l
=0

for every s € {1,..., L}. Moreover, note that for every s € {2,..., L} it holds that

es = | [Wy ReLU, (f1) + B.] — [ViReLU. (g5-1) + Aq] [ 1
< [[[Ws = Vi] ReLU. (fs1) [z + [|[Vs[ReLU. (fs1) = ReLU. (g5-1)] ||z +7
< ||a]jos (rms—1 + Res—1) + 7

Together with (A.7), one proves by induction that for every s € {1,2,..., L} it holds that

o < [msR ! alli + Y URlallx)'
=1

Setting s = L proves the claim in (A.6). [ ]

For vector-valued functions f € C([u,v]?,R") we define the uniform norm on [u,v]¢ by ||f]lce =
Hf”coc([u,u]d) 1= MaAXy ey, v]d [1f (@) [l oo
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A.6. Covering numbers of neural network hypothesis classes.
Proof of Proposition 2.8. To simplify the notation we define m := max {1, |ul, |v|},

.
© 2mI(a)2RE@) L |af X

A and N := Cov(Par, |||, A)-

Choose 01,0:,...,0N € Py g such that for every 8 € P, g there exists i € {1,2,..., N} with
|6 — 0;|lcc <A, which by Theorem 2.6 and the fact that clipp is nonexpansive implies that

||clipD o F*¥(0) — clipp o .F“’”(Hi)HLOO < ||]:'“”(9) — f“’”(@i)||£oo
< 2mL(a)’R¥ @1 |a)|L@))6 - 0;]|s < r.

Lemma 2.7 and identifying Pap ~ {8 € R’® : |||, < R} hence show that

lnCOV(N:}%D, [l oo, 1) < lnCov(/\/;Li}%, [lzo, ) < InCov(Par, || [loc, A)
< P(a)ln ( [ﬂ ) < P(a)ln (%),

and this proves the proposition. |

A.7. Kolmogorov equation as learning problem.

Proof of Lemma 3.2. The proof is based on the Feynman—Kac formula for viscosity solu-
tions of Kolmogorov equations, which states that for every z € R? it holds that

(A.8) Fy(T,z) = E[eq (S7) |;

see [29, Corollary 2.23(ii)]. We claim that for every A € B([u,v]?) it holds that
E[LA(X0a(S5)] = [ Blea(SD)] dPx, (o)

This would prove the lemma as it implies that for P x,-a.s. = € [u,v]? it holds that
E[pa(S7)| Xa = 2] = Elea(57)],
which by (A.8) and Setting 3.1 ensures that for a.e. x € [u,v]? it holds that
fi(@) = B [Ya| Xa = 2] = Blpa(S7?)|Xa = 2] = Blpa (SF) ] = Fa(T, ).

For the proof of the claim let us fix A € B([u,v]?) and let g. € C*(R% R), ¢ € (0,1), be a
family of mollifiers. For every € € (0, 1) we define the convolution with the indicator function
lae:=14%g. € C®(RYR) and the continuous and bounded mapping

<1> .{C([O,T],Rd) — R
° f = 1ac(f(0)pa(f(T)).
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In [10, Lemma 2.6(v)] it is shown that for every ¢ € (0, 1) it holds that

B[Lae(Xa)eal 5] = i [ 1ac@Blea (7)) de

)

The fact that lim. 0 14c(x) = La(x) for a.e. € RY (see, for instance, [24, Appendix C.5))
and the dominated convergence theorem prove the claim when letting ¢ tend to zero. |

A.8. Neural network approximation result for solutions of Kolmogorov equations. The
proof of Theorem 3.3 is given after the following two auxiliary lemmas. First, we show that
given an SDE with affine coefficients o4 and pg, its solution S7. also admits a (random) affine
representation.

Lemma A.4 (representation of SDE solutions). Assume Setting 3.1. Letd € N, let e; € R,
i€ {1,...,d}, be the standard basis in RY, for every p, z € [0,00) let

p(2) == or/2 (z+ KT + max{Q,p}K\/T)p exp (pKQT[\/T + max{2,p}}2),
and define the random variables M : Q@ — R and 9 : Q — R by

M= [S5 -S89 SP -89 ... S#—5% and N:=S5.
Then for every x € R? it holds P-a.s. that S% = Mz + N = Amn(x) and it holds that'®
(i) L1190, + (|92l ] < er(1)d and
(ii) [[E[ [l Am

Proof of Lemma A.J. A proof of the first claim can be found in [29, Lemmas 2.7 and 2.15].
For the proof of items (i) and (ii) note that for every p € [0,00), € R it holds that

‘;] H[JQ(IPXd) < cl/(max{lv |u’7 ‘U|})dy/2-

max p/ max{2,p}
E[llAman(=)[15] = E[ISF5] < (E 15515 C2)) < p(floll2);
see [29, Proposition 2.14]. Together with the facts that it holds that
d d
E[ [l + 19, ] < B [$8], + D155 = 51, ] < @+ DE[IS],] + > E[|I5]),]

i=1 =1

and that

y 9 1/2
HE[ ”Aﬁm,m ‘2 ] ||£2(IPXd) < (/[ Ja [CV(HmHQ)] dPXd(x>) < CV(\/gmaX{lv ’u‘7 ‘U’})
this implies the desired estimates. |

In the next lemma we show that the average of the composition of a neural network with
different affine functions can be represented by a single neural network and we bound the
number and size of its parameters.

6Recall that for a matrix M € R¥? we denote by || M||2 := (Eszl ij)l/z its Frobenius norm.
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Lemma A.5 (compositions of neural networks and affine functions). Assume Setting 2.5.
Letd,neN, be Ay, n € Py, and

(MWD NON_ e (R x RT)™.
Then there exist a € Ay and 0 € P, such that it holds that
(i) F(68) = 5 X5—1 F(n) o Apoy n»
(ii) P(a) < n?*P(b),
(iii) (18]l < V|l max_y (D2 +[IND 2 + 1),
(iv) L(a) = L(b), and
(v) llalloo = n[blloo-

Proof of Lemma A.5. With the exception of item (iii) this result is proven in [29, Lemma
3.8]. There it is shown that for n = ((V}, 4;))~, a suitable parametrization 8 = (W, B))L,

is given by Wy, := [2Vv, Lvy ... ivi] By = A4y,
vim® ViN® 4 4, Vi .0 A

Wy = : , Bi:= : ,oand Wii=|: .. |, Bi=]:],
VM) VAN 1+ A4 0 ... V A,

le{2,...,L —1}. Now observe that
Wille < Vo m MO and [Billse < Vo mis (1IN0 + 1),

which proves the lemma. [ |
Now we are ready to prove Theorem 3.3.

Proof of Theorem 3.53. Fix d € N, ¢ € (0,1) and define m := max{1, |u|, |v|}. Let 9, N,
¢1(1), and ¢, (m) be given as in Lemma A.4, let (M), N0)));cy be i.i.d. random variables
with (MW, 9M) ~ (91, 0N), and let

(A.9) ne [16D%71,32D% ) NN and 6:= (8¢, (m)) d /%"

Define g := F (n4,5) and note that Setting 3.1, Lemma A .4, and the Feynman-Kac formula [29,
Corollary 2.23(ii)] establish that for every x € R? it holds that

(A10) |g(@)| < D, lpa(z) —g(x)] <61+ |lz]l3), and Fy(T,z) = [(¢q° Amm)(z)] .

We now use techniques from [29, Proof of Proposition 3.4] to show that the random variable
G: Q — [0,00), given by

G =12 HFd(T, )= %Zg o Ag(i) s +(6c1(1)aln)71 Iy}lx (||9ﬁ(j)H2 + H‘ﬁ(j)HQ),
j=1

‘CQ(]PXd)

=G :=Ga
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satisfies E[G] < 1. First, note that (A.9) and (A.10), together with Jensen’s inequality,
Fubini’s theorem, the Bienaymé formula (see also [29, Lemma 2.3]), and Lemma A.4, ensure

that
L2 (IPXd):|
n

+ (E[/[u,v]d( [(goAgmm (x - i; go.Am(j)’m(j))(x))2dIPXd(:E)})l/Q

E[G1] < [E[(¢a— g) o Amsi|

n
1 . .
L2(Pyx, ) HE QOAzmm E; OADR(J),ER(J)

< |[E[s(1 + [[Amml3)] ||L2(]pxd)

3 n 1/2
5(1+ [E[Mmanlly] [ oo ) + ( /[ ]dV[i S (90 Ay o100 (2)] dPx, ()
u,v j=1

< 20, (m)d"/%5 + Dn~1/% < 112,
Next, observe that Lemma A.4 establishes that
E[G] < B[ ([P, + [mD]],) | < nE[I9ll, + 190],] < 361 (1)dn
Jj=1

which proves that B[G] = ¢~ /?E[G1] + (6c1(1)dn)71E[G2] < 1. Thus, there exists w €
such that G(w) <1 (see [29, Proposition 3.3]), and with

MU = 9mU(w) and NU) :=nW(w), je{1,...,n},
it holds that

= Fw) <G (w)e<e

A1l
( ) ?([uw0]?)

1
(v—u)?

n
2
Fy(T,-) = £ g0 Ay no .
j=1
and that
i (||M<J'>||2 + ||N(j)||2) = Ga(w) < 661(1)G(w)dn < 192D%; (1)de"".
]:

By Lemma A.5, our assumptions, and (A.9) there exist a € Ay and 08 € P, satisfying the
following:

(i) clipp o F(0) = F(0) = £ 37— F(nas) © Ay i) = 5 2 j=1 9 © Ao N3
(i) P(a) < n?P(bgs) < 322D*(dVe 267> < CdvM2+71e=M272,
(iii) [0l < Vdlnasllo (192D%c1(1)de™" + 1) < Cd /240271,
) L(a) = L(bgs) = L(by cq-v/2.1/2); and
)

allcc = nl[baslloc < 32D%H|baslloc < Ce™ by gg-v/21/2 o0,

(iv

(v <
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where C := ¢ max {322D%(8¢,(m))", (192D2%¢; (1) + 1) (8¢, (m))"} and ¢ := (8¢, (m)) ", To-
gether with (A.11) this proves the theorem. |
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Abstract

We present a deep learning algorithm for the numerical solution of parametric fam-
ilies of high-dimensional linear Kolmogorov partial differential equations (PDEs).
Our method is based on reformulating the numerical approximation of a whole
family of Kolmogorov PDEs as a single statistical learning problem using the
Feynman-Kac formula. Successful numerical experiments are presented, which
empirically confirm the functionality and efficiency of our proposed algorithm in
the case of heat equations and Black-Scholes option pricing models parametrized
by affine-linear coefficient functions. We show that a single deep neural network
trained on simulated data is capable of learning the solution functions of an entire
family of PDEs on a full space-time region. Most notably, our numerical observa-
tions and theoretical results also demonstrate that the proposed method does not
suffer from the curse of dimensionality, distinguishing it from almost all standard
numerical methods for PDEs.

1 Introduction

Linear parabolic partial differential equations (PDEs) of the form

Ouy _

ot — %Trace (UV[UV]*Viuw) + (i, Vatiy),  uqy(2,0) = ¢, (2), (D

are referred to as Kolmogorov PDEs, see [23] for a thorough study of their mathematical properties.
Throughout this paper, the functions

Oyt R? 5 R (initial condition) and Oy R? — R¥*4, oy R? 5 R?  (coefficient maps)

*Equal contribution.
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are continuous, and are implicitly determined by a real parameter vector v € D, whereby D is a
compact set in Euclidean space.

Kolmogorov PDEs frequently appear in applications in a broad variety of scientific disciplines,
including physics and financial engineering [9]|41//56]. In particular, note that the heat equation from
physical modelling as well as the widely-known Black-Scholes equation from computational finance
are important special cases of Equation . Typically, one is interested in finding the (viscosity)
solutior}?
wy : [v,w]? x [0,T] — R

of Equation (1) on a predefined space-time region of the form [v,w]? x [0, T. In almost all cases,
however, Kolmogorov PDEs cannot be solved explicitly. Furthermore, standard numerical solution
algorithms for PDEgs, in particular those based on a discretization of the considered domain, are known
to suffer from the so-called curse of dimensionalit)’g] meaning that their computational cost grows
exponentially in the dimension of the domain [2!/50]. The development of new, computationally
efficient methods for the numerical solution of Kolmogorov PDEs is therefore of high interest for
applied scientists.

In this work, we present a novel deep learning algorithm capable of numerically approximating the
solutions () ep of a whole family of y-parametrized Kolmogorov PDEs on a full space-time
region. Specifically, our proposed method allows to train a single deep neural network

®: D x [v,w]!x[0,T] = R )
to approximate the parametric solution map
:Dx[wwx[0,T] =R, (v,z,t)— a(y,z,t) = Uy (2, 1), 3)

of a family of ~y-parametrized Kolmogorov PDEs on the generalized domain D x [v, w]? x [0, T.
Most notably, we also theoretically investigate the associated approximation and generalization errors
and rigorously show that our algorithm does not suffer from the curse of dimensionality with respect
to the neural network size as well as the sample size. We emphasize that our empirical results strongly
suggest that also the empirical risk minimization (ERM) algorithm, usually a variant of stochastic
gradient descent, does not suffer from the curse of dimensionality but proving this is out of scope of
this paper.

1.1 PDEs and Deep Learning: Current Research and Related Work

Interest in deep-learning based techniques for the numerical solution of PDEs has been growing
rapidly in recent years |6/|24!/32//46.|51)/54]|55]. This sharp rise in interest can partly be explained
by the remarkable ability of deep neural networks to avoid incurring the curse of dimensionality when
used to approximate PDE solutions in particular settings. More specifically, in some situations it has
been possible to find theoretical upper bounds for the size of the required neural network architectures
which do not depend exponentially on the dimension of the PDE [14!/20!/29//49/|47]. This represents
arare and crucial advantage over classical finite difference and finite element methods, all of which
typically cannot be used in high dimensions due to the resulting exponential explosion of required
computational costs.

As a result of these successes, deep learning has recently been studied as a numerical solution
technique for the more general group of parametric PDEs and their associated parametric solution
maps [12][27]33]/35!/136|49]. The investigation of the capabilities of deep artificial neural networks
to learn parametric solution maps of specific parametrizable families of PDEs has become a new and
active area of research. In this work, we provide novel theoretical and empirical results which, for
the first time, demonstrate the viability of deep learning algorithms for the scalable solution of large
classes of parametric Kolmogorov PDEs.

The formulation of the learning problem underlying our method is inspired by the work of Beck
et al. [5]. There it is shown how deep neural networks can be used to numerically solve a non-
parametric version of Equation (1) with fixed initial condition ¢, and fixed coefficients maps o, /i

2Viscosity solutions are the appropriate solution concept for a wide range of PDEs [10/[23]. Viscosity
solutions are continuous, but not necessarily differentiable.

3The classical way to circumvent the curse of dimensionality has been the employment of stochastic Monte
Carlo based methods, see e.g. [19]; these techniques, however, are only suitable to approximately compute the
solution u., (1, t) at a single fixed space-time point (,t) € [v, w]? x [0, T, limiting their usefulness in practice.



on a predefined space region [v,w]? and at a predefined time slice 7' > 0. In other words, their
non-parametric method allows to approximate the function

wy (-, T) o, w]t - R, x> uy(z,T),
for fixed v € D by training a deep neural network with suitable simulated data of the form
(X, 0,(Sy.x.7)) € [v,w]? x R,

Here, X is uniformly drawn from the spatial hypercube [v, w]? and the random vector S, x 7 is the
value of the solution process (S, x,¢)¢>0 of the stochastic differential equation (SDE)

ds’y,X,t = /L"/(S'y,X,t)dt + U’y(S'y,X,t)dBty S’y,X,O = X’

attime ¢ = T, whereby (B;);>0 is a standard d-dimensional Brownian motion.

The choice of training data is based on the following important identity, which under suitable
regularity assumptions holds for all 2 € [v,w]?, ¢t € [0,T], and vy € D:

uv(xat) = E[‘Pv(sv,x,t)]- “4)

Equality (4) is a version of the well-known Feynman-Kac formula which establishes a link between the
theory of parabolic PDEs and the theory of stochastic differential equations [23]. Using the Feynman-
Kac formula, one can show within the mathematical framework of empirical risk minimization [11.
53] that u., (-, T") is in fact the solution of the supervised statistical learning problem defined by the
predictor variable X, the target variable ¢~ (.S, x,7), and a standard quadratic loss function [5].

1.2 Novel Contribution

In this work, we introduce the first algorithm for the numerical solution of parametric Kolmogorov
PDEs on a whole space-time region. No previous technique has achieved this degree of generality;
all former methods for parametric Kolmogorov PDEs were either only capable of computing local
solutions at single space-time points of the domain using Monte Carlo based approaches or did
not employ deep neural networks and were thus not able to break the curse of dimensionality. Our
technique is made possible by constructing a suitable supervised learning problem via a nontrivial
application of the Feynman-Kac formula (4), which involves random initial conditions and SDEs
with random coefficients and stopping times. This reformulation of a broad class of parametric PDEs
as learning problems provides a new theoretical framework to analyze the convergence behavior of
deep learning algorithms. Building upon this framework, we prove theoretical guarantees for the
computational performance of our technique and, to the best of our knowledge, establish the first
combined approximation and generalization results for parametric PDEs.

Note that the parametric nature of the presented algorithm opens up the novel possibility to study
changes in the potentially high-dimensional solution manifold of Equation (1) as its initial conditions
and coefficient maps vary with v € D. The study of such changes is commonly referred to as
sensitivity analysis. Recall that the proposed method delivers a neural network ® which approximates
the parametric PDE solution map, i.e. ® ~ @. The partial derivatives of ® with respect to the
parameter -y, the spatial variable x, and the time variable ¢ can then be readily computed via automatic
differentiation. Thus, the partial derivatives of ® become computationally accessible approximations
of the partial derivatives of %. The partial derivatives of # in turn play an important role in a
variety of widespread applications, such as in the computation of the “Greeks” associated with the
Black-Scholes model from financial engineering (see Section.

Another highly relevant application area opened up by our method is the calibration of the usually
unknown PDE coefficients 0., p using real-world data. After solving a parametric PDE with our
technique, one can fit v such that the PDE solution manifold best describes a real data set and
additionally apply uncertainty quantification techniques if 7y is modelled as a random variable.

Finally, we establish a new architecture and compare different learning schemes to provide future
researchers with a robust framework for parametric PDEs, which are inherently less stable than
their simpler non-parametric counterparts. Further, this work is complemented by an extendable
implementation with the possibility of distributed training and hyperparameter optimization for the
special use-cases of other researchers.
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2 Algorithm

The key idea of the presented algorithm is to describe the parametric solution map of the -
parametrized Kolmogorov PDE (1) as the regression function of an appropriately chosen supervised
statistical learning problem. One can then use simulated training data in order to learn % by means
of deep learning. Inspired by the Feynman-Kac formula , we construct a new statistical learning
problem via a uniformly distributed predictor variable and a statistically dependent target variable:

A:=0,X,T)e D x [v,w]d x [0,T] (predictor) and Y :=¢p(Sx) € R (target).

The random vector S is defined as the value of the solution process (Sp x,)¢>0 of the I'-
parametrized stochastic differential equation

dSr.x+ = pr(Sr,x,¢)dt + or(Sr.x+)dBy, Sr.xo=X, )

at the (random) stopping time ¢ = 7. For suitable regularity assumptions, the Feynman-Kac
formula (4) then ensures that

E[Y |A=(y,z,t)] = E[er(Sa) | A= (7, 2,t)] = Elp(Sy,2,¢)] = uy (2, t) = a7y, z,1).
This shows that the minimizer of the corresponding statistical learning problem with quadratic loss

function is indeed the parametric Kolmogorov PDE solution map, see Theoremin the appendix
for the precise assumptions and a detailed proof.

Theorem 1 (Learning Problem). It holds that the parametric solution map u is the unique minimizer
of the statistical learning problem

ming E[(f(A) - Y)?]. ©6)

Restricting to a hypothesis space of suitable neural networks / and minimizing the empirical mean
squared error (MSE) loss corresponding to @ we arrive at the feasible supervised ERM problem

mingey ¢ 307 (P(N) = 1:)? (7)
where ((\;, y;));_, are realizations of i.i.d. samples drawn from the distribution of (A, Y"). Typically,

this problem is then solved by a variant of stochastic gradient descent [48]. The algorithm is
graphically illustrated in Figure

It is trivial to simulate i.i.d. samples of the predictor variable A, due to its uniform distribution. On the
other hand i.i.d. samples of the target variable Y = or(S4) can be obtained via standard numerical
SDE solution techniques without curse of dimensionality [34]. An example for such a technique is
given by the Euler-Maruyama approximation with M € N equidistant steps (Sy"™)M_, which is
defined by the following scheme:

SEOZ X and SYTH = SY 4 un(SY)E + on(SU7) (Buagnr — Bagg).

The following theorem shows that solving the learning problem with data simulated by the Euler-
Maruyama scheme does indeed result in the expected approximation of the parametric PDE solution
map u, see Theoremin the appendix for a proof.



Theorem 2 (Approximated Learning Problem). The unique minimizer ™ of the approximated
statistical learning problem

ming E[(f(A) — YM)Q}

where YM = or (SM M) is simulated using the Euler-Maruyama scheme with M ~ 1/&?
equidistant steps satisfies that

||ﬁ]w - a||£°°(D><['U,w]d><[0,T]) <e.

In other words, the approximation of the SDE solution S% M ~ S, carries over to the approximation

of the corresponding minimizer @ = @. Therefore there exists no constraint of having to solve
the SDE in (5) analytically. The ability to easily simulate artificial training data opens up the highly
desirable capability to supply the learning algorithm with a potentially infinite stream of i.i.d. data
samples. Instead of having to use a train/val/test split on a given finite data set, one can thus constantly
simulate new data points on demand during training. Since the number of samples then grows at will
parallel to the training process, the first epoch never finishes and every new gradient computation can
be done on the basis of previously unseen data.

2.1 Example: Affine-Linear Coefficient Functions

In Sectlon.we present numerical experiments based on our algorithm for the 1mportant special case
where o, and j., are affine-linear functions. Thus from now on let us assume tha*

o, RS R o (1) = [You2] - [Youd2] + Vo.dt1s
v RIS RY g (2) = Y1 + 2,
are affine-linear functions, which are determined by parameter tuples of matrices and vectors
Yo € Dy C (R*4)a+1 v €D, C RIxd « R4
The parameter sets D, and D,, are chosen to be compact. Together with a suitable compact parameter
set D, C R¥ for the initial function ~, We obtain
Y 1= (Yo YusVp) € Do X Dy x Dy := D C (RP¥)IHL 5 (RIX¥D x RY) x R*,
This leads to an input dimension of our neural network ® of
dimy, (®) = dim(D x [v,w]? x [0,T]) = d® +2d* +2d + 1 + k.

Kolmogorov PDEs with affine-linear coefficient functions regularly appear in applications; the heat
equation from physics and the classical and generalized Black-Scholes equations from computational
finance are important examples of Kolmogorov PDEs with affine-linear coefficient maps [13//44].
Note that while affine-linear coefficient functions are important in practice, computationally fast to
evaluate, and easy to parametrize, the presented method is not restricted to the case of affine-linear
coefficients and can as well be used in a substantially more general setting.

3 Numerical Results

We implemented the framework described in Sectionin PyTorch [42] and computed our results on
a Nvidia DGX-1 using Tune [38] for experiment execution and hyperparameter optimization. In this
section, we describe our setting and present four encouraging demonstrations of the performance of
our algorithm

For the neural network ® we propose a Multilevel architecture which is inspired by multilevel
techniques such as Multilevel Monte Carlo methods [18], network architectures in [26!(59], and the
architecture for the squaring function used in the proofs of our theoretical results in Sectlon- see

also [58] Figure 2c]. One can view the output of the network ® as a sum Z =0 <I>l of sub-networks

*We denote by [a1] . . . |aq] € R the horizontal concatenation of the vectors a1, . . ., aq € R%.
>For the implementation details we refer the reader to Sectionin the appendix and the repository
associated with this work on https://github.com/juliusberner/deep_kolmogorov,


https://github.com/juliusberner/deep_kolmogorov

®; with 2! layer each. We think of the shallow network ®, as computing a coarse approximation of %

facilitate optimization we normalize our input4’|and to enhance expressivity we add an initial layer
which increases the width by a given factor ¢q. The Multilevel architecture is depicted in Figureand
described in detail in Deﬁnitionin the appendix.

and of the deep networks ®; (with [ > 1) as a[?@roximately learning the residuals @ — Zé;(l) P,. To

Our optimized hyperparameters as well as an ablation study of our architecture and training scheme
can be found in Sections|A.2|and|A.3|in the appendix. For all our experiments we were able to stick
to a similar setup which depicts its robustness and general applicability. This is also mirrored by the
small standard deviations of our considered errors across independent runs in Tables and|4}
These tables report average runtimes (in seconds), average approximation errors, and their standard
deviations w.r.t. 4 independent runs each 4000 gradient descent steps. As an evaluation metric we
approximately computed £!-errors via Monte Carlo sampling, that is

L =F {\@(A)—amn} Ly 1200 -a()] ©)

H B(A)—u(A) ~
1+]a(A)| n =1 I+]|a(N;)]

1+|a(A)]

with n € N realizations (\;)?_; of i.i.d. samples drawn from the distribution of A (drawn indepen-
dently of the training data in (7) and drawn independently for each evaluation step). This means that
we always evaluate our model w.r.t. to the parametric solution map % on unseen input data; if no
closed-form solution for « is available, as in the case of the Basket option in Section below, we
approximate @(\;) pointwise via Monte Carlo sampling, i.e.

a(Ni) = W(vi, wi, ti) = By, (Sy, 0] = 77 X701 0, (55) (10)
where (sj)g’;1 are realizations of i.i.d. samples drawn from the distribution of the Euler-Maruyama

approximation Sf\vf M (drawn independently of the training data in {7) and drawn independently for
each point and each evaluation step). Note that @ is invariant under scaling of the hypercubes and
locally corresponds to relative errors where the solution @ is large and absolute errors where it is
small, which in particular prevents division by zero.

3.1 Black-Scholes Options Pricing Model

Our first example shows that neural networks are capable of learning a parametric version of the
highly-celebrated Black-Scholes option pricing model [9]. We consider a European put option which
gives its owner the right, but not the obligation, to sell a single underlying financial asset at a specified
strike price and at a given time. Formally, this corresponds to d = 1 and

J’Y(I) = Yo, .U"Y(w) =0, SO’Y(I) = max{%ﬁ - .1',0}, z € R,

wit% € D, C Rand v, € D, C R. Effectively, this leads to an input dimension of our
neural network ® of dim;, (®) = 4. In case of the present Black-Scholes model, the associated SDE
in (5) can actually be solved explicitly; it gives rise to geometric Brownian motion with uniformly
distributed volatility ', € D, initial value X € [v, w], and stopping time 7 € [0, T7, i.e.

Sy = Xe—O.STF§+ﬁFUN

where N ~ N(0,1) is normally distributed and independent of A. We thus obtain an analytic
expression for the parametric PDE solution,

’a(’}/,.%‘,t) = ’YSO\Ij(h’Y(x?t) + \/2’70) - 'T\I’(h’)’('r’t))v

and the partial derivatives, e.g.

25y, 2,1) = eV (s (2, 1),

where

2
U(z):=1(1+erf (%)) and Dy (z,t) = _\/51% (In (%) + t%"),

see [4] Section 13.7]. This analytic expression can be used to evaluate the performance of our
algorithm. We point out that the partial derivatives of « are crucial in option pricing and each of

5We know the underlying (uniform) distribution and therefore can normalize each input in an exact manner.
"Note that o, = 0,1 in the formal framework described in Sectionbut here and in the following we use
the natural identifications, e.g. D, = D, x {0}.
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them is associated with a distinct economic interpretation. They are often referred to as Greeks and
describe the sensitivity of the option price w.r.t. different model parameters, see for instance [4//50].
The most prominent Greeks are given by

__ Ou __ Ou _ ou
A—%7 Vega—m, @—7§

On the basis of the proposed algorithm, our neural network & is capable of learning the parametric
solution map @ of the above problem in 24000 gradient updates up to an average £*-error of 0.0011,
see Table|1|and Figure As expected, the partial derivatives of our network ¢ (computed via
automatic differentiation) approximate the partial derivatives of @ as can be seen in Figure Further
evidence can be found in Figures@ andin the appendix. Even though the parametric PDE
problem can be solved explicitly in this special case, we use this relatively simple example for the
purpose of illustrating our algorithm in an intuitive setting. As we will see below, the proposed
algorithm is by no means restricted to such basic examples and can be applied successfully to much
more complex and high-dimensional problems as well.

3.2 Basket Put Option

In the following we show that we can obtain comparable results to Section in the case of a
considerably more complicated Basket put option pricing problem, where analytical solutions of the
PDE and the SDE are lacking. In such cases, our algorithm allows practitioners to nevertheless gain
valuable insights into the behaviour of the PDE solution manifold as input parameters vary. By means

o . du 0% . du ~ 0u

of our trained model ® one can easily compute sensitivity values ik i i and 3> ~ 57

via automatic differentiation or fit the parameter ~ to a real-world data-set ((x;,t;), w~y (24, 1)),
with unknown by minimizing minep 1" (®(v, @, t;) — uy (24, t;)) " via stochastic gradient
descent. Moreover, one can obtain estimates for probabilistic quantities related to uncertainty such as

W[“E(xat)] = W[Q(Eaxat)] ~ ﬁ Z;ﬂ;l (q)(giaxat) - %227;1 (I)(gjaxat))Q

where (&;); are realizations of i.i.d. samples drawn from the distribution of a random variable Z of
interest. None of these types of insights were accessible before the presented deep learning method.

We proceed by demonstrating the performance of the proposed algorithm for a general multidimen-
sional affine-linear setting as described in Section To this end, let d = 3 and define the initial
condition via

¢~ (x) = max {'Yw — %Zg’zl xi,O}, x € R3,
with v, € D, C R. This corresponds to the situation of a Basket put option in a very general
multidimensional Black-Scholes model with 3 potentially highly correlated assets. Note that within
the above setup, the input dimension of our neural network ® is given by

dimy, () = d® +2d* +2d + 1+ 1 = 53.

To generate samples of our target variable (S, ), we simulate solutions of the SDE in (5) using
the Euler-Maruyama scheme (8) with M = 25 equidistant steps. Moreover, we use a Monte Carlo



Table 1: Results for the Black-Scholes model Table 2: Results for the Basket option

step avg. time (s) avg. Ll-error step avg. time (s) avg. Ll-error

0 0+0 0.6812 £ 0.0704 0 0+0 0.7912 £ 0.0276
4k 471+3 0.0088 +£ 0.0056 4k 811 +£7 0.0131 £ 0.0019
8 943 +6 0.0062 £ 0.0025 8k 1614 £ 4 0.0087 £+ 0.0013
12k 1413 +9 0.0030 £ 0.0004 12k 2434 £+ 28 0.0062 £ 0.0009
16k 1885+ 11 0.0017 £ 0.0001 16k 3236 + 27 0.0058 £+ 0.0011
20k 2356 + 14 0.0013 £ 0.0002 20k 4162 £ 154  0.0046 £ 0.0007
24k 2827 £ 17 0.0011 +£ 0.0001 24k 5077 £291  0.0042 + 0.0002

28k 6024 £463  0.0039 + 0.0001

approximation with m = 220 samples to compute the pointwise evaluation of the reference solution
@(\;) according to (10] m as needed for the error estimation in @ Despite the considerably higher
dimension of this problem compared with the previous problem from Section(3.1] our deep learning
approach shows almost the same appr0x1mat10n behavior, see Table l This remarkably weak
dependence on the dimension of the input data is further supported by the next examples from

physical modelling, where we shall increase the dimensionality of the studied problems even further.

3.3 Heat Equation with Varying Diffusion Coefficients

In this Section, we present two examples of high-dimensional heat equations in d = 10 and d = 150
dimensions with paraboloid and Gaussian initial conditions

2 .
—lI=I” (Gaussian).

¢, (z) = ||z||* (paraboloid) and ¢, =e
This formally corresponds to
o4(x) =7 and ps(z)=0
where we use a matrix v, € D, C R'9%10 for the paraboloid case and a scalar v, € D, C R in the
Gaussian case, leading to input dimensions of our models ® of

dim;,(®) =d? +d+1 =111 (paraboloid) and dim;,(®)=d+1+1=152 (Gaussian).

Notice that here the solution of the corresponding SDE can be directly sampled via a Brownian
motion with uniformly distributed scaling I';, initial position X, and stopping time 7T, i.e.

Sy =X+ VTI,N

where N ~ N(0, ;) is normally distributed and independent of A, see [5| Section 3.2]. For
evaluation purposes, these examples were purposefully constructed to have analytic expressions for
the parametric solution maps %, which are given by

~ leﬁ

1+2t'ya

W
However, in almost all other practical cases an analytic solution for # is impossible to obtain and
numerical methods are the only path forward.

(Yo, x,t) = ||z||* + t Trace(y,7%) (paraboloid), u(y,,z,t) = (Gaussian).

The above dimensionality settings represent regimes which are completely out of scope for all
preexisting numerical schemes. Nevertheless, Tablesandconﬁrm that our proposed deep learning
method once again efficiently converges to the desired parametric solution map %. Our results
empirically demonstrate that, contrary to conventional numerical solvers, our deep learning based
method does not suffer from the curse of dimensionality, see also FigureE]in the appendix. We will
rigorously prove this fact in the next section.

4 Theoretical Guarantees

As a first example, we stick to the heat equation with paraboloid initial condition from above and
show that neural networks are capable of simultaneously approximating the parametric solution map
u and its gradient with the number of network parameters scaling only polynomially in the dimension
d, see Theoremin the appendix for a proof. Such an approximation guarantee without curse of
dimensionality ensures that sensitivity analysis is possible even in very high dimensions.



Table 3: Results for the heat equation with Table 4: Results for the heat equation with

paraboloid initial condition Gaussian initial condition

step avg. time (s) avg. Ll-error step avg. time (s) avg. L£l-error

0 0+0 0.9609 £ 0.0052 0 0+0 0.2035 £ 0.0714
4k 1904 £+ 19 0.0150 £ 0.0008 4k 2070 £40 0.0123 £ 0.0047
8k 3808 + 37 0.0120 £ 0.0007 8k 4131 +£82 0.0050 £ 0.0018
12k 5712 £ 57 0.0093 +£ 0.0006 12k 6192 £ 124  0.0051 £ 0.0022
16k 7616 =76 0.0068 £ 0.0001 16k 8258 £165  0.0033 £ 0.0015
20k 9520 £ 95 0.0062 £ 0.0003 20k 10323 £206 0.0025 + 0.0011
24k 11424 £ 114 0.0057 £ 0.0001 24k 12388 £247 0.0024 + 0.0008
28k 13328 £ 132  0.0056 £ 0.0000 28k 14454 £290 0.0019 + 0.0002

Theorem 3 (Sobolev Approximation). There exists a neural network ® with ReLU activation function
and O(d*log(d/e)) parameters satisfying that

1@ — oo (Dxfv,wlaxfo,r)) <€ and |V — V|l goo (pxv,u)dx[0,1]) < €-

Let us now consider the heat equation with varying diffusivity and Gaussian initial condition. In fact,
our framework allows us to rigorously prove sample complexity estimates for this problem which
represents an almost unique scenario for deep learning based methods. This is rendered possible by
the structure of the underlying parametric Kolmogorov PDE and its associated SDE which allows
us to describe the distribution of the predictor and target variable, simulate i.i.d. samples, and infer
regularity properties on the regression function. We briefly sketch the theorem in the following; the
precise formulation and the proof is given in Theorem|A.5|in the appendix.

Theorem 4 (Generalization). Using s ~ (d/<)? polylog(d/e) many samples, every empirical risk
minimizer ® of (7) in a suitable hypothesis space H of neural networks with ReLU activation function,
O(polylog(d/e)) layers, O(d) neurons per layer, and parameters bounded by O(1) satisfies with
high probability that

FlI® = 8l Z2 Do wfixjor]) <€
where V := vol(D x [v,w]¢ x [0,T]).

Note that it holds that ) )

1

V” ’ HEQ(DX[mw]dX[O,T]) = HLZ(IPA)
where P, is the uniform probability measure on D x [v, w]¢ x [0, T']. Thus the estimate in Theorem
can be viewed as an estimate in the space £2(IP4 ) and we want to emphasize that our setting easily

allows us to choose arbitrary probability measures IP on D x [v,w]? x [0, T] and prove analogous
results w.r.t. the £2(IP)-norm.

5 Conclusion

The method introduced in this paper is the first deep learning algorithm for the numerical solution
of parametric Kolmogorov PDEs and one of few existing algorithms whose use is computationally
tractable in high-dimensional settings. The parametric nature of our approach readily allows for
sensitivity analysis, model calibration, and uncertainty quantification, all which is of high interest
in a variety of applications. Successful numerical experiments in both low- and high-dimensional
settings empirically confirm the functionality of the proposed algorithm. In addition, we are able to
provide theoretical guarantees for the applicability of our method in high-dimensions.

Besides solving an important problem in scientific computing, our work introduces a class of learning
problems that allows for the rigorous investigation of expressivity and sample complexity, along
with stable and interpretable algorithms. Such strong results become possible by leveraging the
mathematical structure of the learning problem associated with the parametric PDE. We anticipate that
the formulation and study of such structured problems will constitute an important future direction
of research in the scientific machine learning community as it can enable reliable and interpretable
algorithms for the solution of previously intractable problems: in our case parametric families of
Kolmogorov PDEs. This contributes substantially to areas like physical modelling of diffusion
processes and computational finance, which all rely on the use of such PDEs.



Broader Impact

The deep-learning technique presented in this work is the first computationally scalable method for
the numerical solution of high-dimensional parametric Kolmogorov PDEs. It is also the first method
which allows for a straightforward sensitivity analysis of the associated high-dimensional PDE
solution manifold with respect to input parameters. In addition, it newly allows for high-dimensional
data-driven model calibration and uncertainty quantification. While it is a difficult task to precisely
estimate the cascading effects of technological innovations on wider society, it is reasonable to assume
that the ubiquity of Kolmogorov equations in science and engineering will lead to a positive impact
of our new findings on a multitude of technical areas of social importance.

As an example, Kolmogorov PDEs are heavily used in physics for the modelling of heat flow and
diffusion processes [41!/56]. Simultaneously, Fokker-Planck equations, which take the form of
Kolmogorov equations in particular special cases, are used in the geophysical and atmospheric
sciences as modelling tools for climate change projections [25]|52]. Our described algorithm has clear
promise to make previously intractable high-dimensional physical models computationally accessible
to scientists. Additionally, our method allows for an easy investigation of changes in complex model
forecasts as input parameters are varied during sensitivity analysis. Such advancements have the
potential to accelerate scientific research and can directly lead to better predictive models in applied
physics and engineering. Reliable and efficient predictive models in turn are essential to rationally
inform public policy.

A conceivable risk posed by our work might come in the form of the uncritical use of our algorithm in
applications related to financial engineering. The Black-Scholes equation and associated models have
been notoriously misused in the last decades by semi-technical users working in financial sectors
around the world [31//57]. The naive usage of technical tools in computational finance has thus
likely been a contributing factor to periods of economic instability in recent history. Our technique
can now add a powerful solver for high-dimensional parametric PDE problems to the tool kits of
individual end-users in finance with various degrees of scientific expertise. Inexperienced users
without appropriate quantitative background might be prone to erroneously taking the complexity of a
high-dimensional financial model as an indicator for its accuracy. Therefore, one must take great care
to systematically inform users without suitable experience in such a scenario that merely increasing
the dimension of an inadequate financial model might not necessarily make its results more accurate.

In total, we are confident that the net impact of our work on the scientific community as well as
broader society is positive. The probability of uncritical use of our technique and other algorithms
in financial engineering can likely be substantially mitigated by targeted educational interventions
and we would encourage practical research in this direction. At the same time, we note that our
technical contribution is a general-purpose tool which has the potential to stimulate the acceleration
of scientific progress in a wide variety of disciplines.
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A Appendix

A.1 Theoretical Results

First we state our assumptions on the coefficient maps and initial conditions.

Assumptions A.1 (Coefficient Maps & Initial Conditions). Let D be a compact set in Euclidean
space and for every v € D let ¢, € C(R,R), 0., € C(RY, R™?), and i, € C(RY, RY). Assume
that for every x € R? the mappings

Y= oy(@), v oy(x), and = ops ()
are continuous and that there exists ¢ € (0, 00) such that for every v € D, x,y € R% it holds tha
(D) loy(x) = oy ()] < cllz =yl + (=] + [ly]°),
(ii) |y (@) = py (W + lloy (z) — oy (W)l < cllz —y
(iii) o5(0)| + [y (0)[ + [lo ()| < .

Note that the continuity assumptions on o, and j, and the condition in Item are fulfilled for

the case of affine-linear coefficient functions as described in Sectionand used 1n our examples.

Further, the polynomial growth condition on the local Lipschitz constant in Item|(i)| the uniform
( !

, and

bound in Item|(iii)| and the continuity assumption on ., are also satisfied for all our considered
examples. Under these assumptions we can precisely formulate the setting we are working in.

Definition A.1 (Parametric Kolmogorov PDEs). For every v € D let u,: R? x [0,00) — R be

the unique continuous, at most polynomially growing function satisfying for every x € R? that
U~ (2,0) = ¢, (x) and satisfying that u|ga 0,0 is @ viscosity solution of the Kolmogorov PDE

%i (1) = § Trace (0 (@) [0y (@)]*(Vaus) (2, 6)) + {15 (2), (Vou,) (@, 1))

for (z,t) € R% x (0,00), see [23] Corollary 4.17]. Let (2, F, (Ft)tefo,r), P) be a suitable filtered
probability space satisfying the usual conditions, let

(By)is0: [0,00) x Q — R? (11)

be a standard d-dimensional (F;)-Brownian motion, let T € (0,00), v € R, w € (v, 00) and let
A= (1, X,7): Q— D x [v,w]? x[0,T]
be a Fo-measurable, uniformly distributed random variable. Let
(Sy,z,t)t>0: [0,00) x Q — RY,  (y,z) € D xR and (Sr,x.t)t>0: [0,00) x Q@ — R?

be the up to indistinguishability unique (F;)-adapted stochastic processes with continuous sample
paths satisfying that for every (y,z,t) € D x R? x [0, 00) it holds P-a.s. that

t

t
Sy.ait :r+/ M(sws)dw/ 0+(Sy,2,5)dBs, (12)
0 0

and that for every t € [0, 00) it holds IP-a.s. that

t

t
Sroxt = X+/ NF(SF,X7s)dS+/ or(Sr,x,s)dBs, (13)
0 0

see, for instance, [17) Proof of Theorem 8.3]. For every M € N, (v,x,t) € D x R? x [0, 00) let
(SIM_:{0,..., M} x Q — R?

7‘/1;7

SMO — & and for every m € {0,..., M — 1} that

be a stochastic process satisfying that 52 "y =

M, 1 M, M, M,
S’Y,x?er = S"/@T + MW(S%xZL)ﬁ + UW(SW,mTZ)(B(""JEl)t — B%)

$For a finite index set / and a,b € R” we define [jal| = {/>°,; [ai|?> and (a,b) = >, ; abi.
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and for every M € N let
(SN {0,..., M} x Qs RY

m=0*

be a stochastic process satisfying that Sli\/’[)’?j = X and for everym € {0,..., M — 1} that
M,m+1 M, M, M,
SF,XW,lT+ = SF,XW,LT + /J‘F(SF,XW,LT)JTC + UF(SF,XN,LT) (BW - BWTZ)'
Finally, let the random variable Y : Q) — R be given by
Y :=or(Sa) = r(Sr.x,7)
and for every M € N let the random variable Y™ : Q) — R be given by

M,M M,M
yM = er(Sy ) = (PF(SF,X,T :

In order to prove Theoremwe assume the following regularity on our SDEs in and .
Assumptions A.2 (Regularity Assumptions). Assume that there exists a jointly measumblfﬂfunction
T:C([0,T],RY) x D x [v,w]® x [0,T] = R

such that it holds P-a.s. that
T(B,T,X,T)=er(Sa)
and for every (v, z,t) € D x [v,w]? x [0,T) it holds P-a.s. that
T(Bv Y, X, t) = SD’Y(S’y,:E,t)7

where B: Q — C([0,T],RY), w + (t + By(w)), denotes the mapping to the sample paths of the
Brownian motion in

Note that the above assumptions are satisfied for the Black-Scholes model in Sectionand the heat
equations in Section In the former case we can write

T(ba Vs Ty t) = maX{’y(p — e 051 "/iJF\ﬁ’Ycrb(l)7 O}

and in the latter
Y(b,v,z,t) = ||z + Vty,b(1)||* (paraboloid), Y (b,,x,t) = e le+virebMI®  (Gaussian)

where (b,7,x,t) € C([0,T],R%) x D x [v,w]? x [0, T]. Moreover, the existence of a suitable T
is in general given for non-parametric Kolmogorov PDEs, see [17| Theorem 8.5] and [5]. First we
establish that under our assumptions the minimizer of the statistical learning problem is indeed the
parametric Kolmogorov PDE solution map.

Theorem A.1 (Learning Problem). Let Assumptionsandbe satisfied. Then it holds that
i:D x [v,w]? x [0,T] =R, (y,z,t) = a(y,z,t) := uy(z,t)

is the (up to sets of Lebesgue measure zero) unique minimizer of the statistical learning problem
ming B[ (£(A) — V)] (14)
where the minimum is taken over all measurable functions f: D x [v,w]? x [0,T] — R.

Proof. Note that one can extend standard results on the moments of SDE solution processes (see [34.
Theorems 4.5.3 and 4.5.4] and [16] Chapter 5, Theorem 2.3]) to prove that S, and thus also the
target variable Y = r(Sa) have bounded moments. It is well-known that under this condition the
(up to sets of measure zero w.r.t. the distribution of A) unique solution of the statistical learning
problem is given by the regression function

Foy2,t) =E[Y |A=(v,2,t)], (y,2,t)€Dxv,wx|0,T], (15)

that is )
= argmianE{(f(A) — Y) ]7

°If not further specified, we consider measurability w.r.t. the corresponding Borel sigma algebras.
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see, for instance, [11]. Moreover, the Feynman-Kac formula establishes for every (v,z,t) €
D x [v,w]¢ x [0,T] that

Elpy(Sy 2,t)] = uy(z,t) = a7y, z, 1), (16)
see [23] Corollary 4.17]. Finally, Assumptionsand the independence of B and A ensure that for
every Borel measurable set A C D x [v,w]? x [0, T it holds that

E[Lieaor(Sa)] = / / T(b,y, 2. 1) dP 5 (b) dP 1 (7. 2. )
A Je(o,1],R)

:/A]E[gov(S%z,t)} dPr x1)(7,2,t)

where we denote the distributions of A and B by P x 1) and IP g (Wiener measure), respectively.
Together with the fact that A is uniformly distributed, this proves that for almost every (v, z,t) €
D x [v,w]? x [0,T] it holds that

E[Y|A = (v,z,t)] = Elpr(Sa) [ A = (v,2,1)] = E[py(Sy,2,0)],
see |45/ Chapter 4] and [1! Theorem 13.46]. Combined with and , this proves the claim. [

Next, we establish the stability of the statement in Theoremw.r.t. approximate data generation
via the Euler-Maruyama scheme.
Theorem A.2 (Approximated Learning Problem). Let Assumptionsandbe satisfied and for
every M € N let

a™: D x [v,w]? x [0,T] = R
be the (up to sets of Lebesgue measure zero) unique solution of the approximated learning problem

mj@nE[(f(A) ~ vy

where the minimum is taken over all measurable functions f: D x [v,w]? x [0,T] — R. Then there
exists a constant C' > 0 such that for every M € N it holds that

[at — Ul oo (Dx[w,w]dx[0,7]) < \/%

Proof. Extending results on the Euler-Maruyama scheme (see, e.g., |34, Theorem 10.2.2]) one can
prove that also in the parametric case for every p > 2 there exists a constant C' > 0 such that for
every M € N, (v,z,t) € D x [v,w]? x [0, T] it holds that
M, M,M 1/
E[”S'y,z,t Hp] <C and (IE[HSW,m,t - S’y,meD g < \/% a7
Similar to the proof of Theorem|A.1[one can further establish that for every M € N and almost every
(v,2,t) € D x [v,w]? x [0, T] it holds that

a (v, 2,t) = E[YM| A = (7,2,1)] = E[pr(Sy"") | A = (3,2, 1)] = Elp, (S5 )]

where the existence of functions Y™ with analogous properties as in Assumptionsis guaranteed
by the Euler-Maruyama scheme. The local Lipschitz property of ¢, now ensures that for every

M € N and almost every (v, x,t) € D x [v,w]? x [0, 7] it holds that

[@™ (v, ,t) — (v, 2, 1) = [E[oy(S35)] — Elpy (Sy 0] 18
M, M M,M ¢ c (18)
< cB[1Syar — Syl (L1185 116+ 115y ,2.61°)]

v,x,t Y55t
which together with the Cauchy-Schwarz inequality and proves the theorem. O

Note that this result can also be used to show that our generalization result in Theoremis not
compromised by using data simulated by the Euler-Maruyama scheme.

Now we outline how to prove the simultaneous approximation of the parametric solution map and its
partial derivatives by a neural networks without curse of dimensionality, i.e. with the network size
scaling only polynomially in the underlying spatial dimension. In mathematical terms, we prove
approximation results in the Sobolev norm ||-||yy 1., see [15]. As a motivating example, we take the
heat equation from Sectionand from now on we only consider feed-forward neural networks with
ReLU activation function (ReLU networks), see e.g. [43] Section 2] for a precise definition.
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Theorem A.3 (Sobolev Approximation). Leta € R, b € (a, ), and for every d € N let
ud(707 T, t) = ”IH2 + tTrace('yU’y;)7 (’Ym%f) € [a7 b}dXd X [1}7 w]d X [0>T]7

be the parametric solution map for the d-dimensional heat equation with paraboloid initial condition.
Then there exists a constant C' > 0 with the following property: For every ¢ € (0,1/2), d € N there
exists a ReLU network ®. 4 with at most | Cd*log(d/e) | parameters satisfying that

[19c,a — Tallw.o ([a,0)a% @ x [v,w]d x[0,77) < E-

Proof. Our result is based on ReLU network approximation results in [22} Propositions C.1 and C.2]
and |21/ Propositions III.2 and I11.4], which are extensions of the work by Yarotsky [58]. Specifically,
let A > Oandletsq: [—A, A] — R be the squaring function given by sq(z) := x?. Then there exists
a ReLU network ®29 with O(log(1/¢)) layers, O(1) neurons per layer, and parameters bounded by
O(1) satisfying that

1927 —sd [wie(-a,a) <e

By the polarization identity zy = %((il? +y)? — 22 — y?) an analogous result holds for the multi-

plication function mult: [-A, A]?> — R given by mult(z, y) := xy. We can therefore imitate the
representation

d d
(Yo, x,t) = _sq(w:) + Y mult (£,5q((70)7))
i=1 i,j=1
using ReLU network concatenation and parallelization |14, Section 5]. Finally, we can estimate the
error using a chain rule for ReLLU networks, see |7] and [22] Section B.1]. O

Next, we show that our setting even allows for combined approximation and generalization results
without curse of dimensionality. To prove this, we focus on the d-dimensional heat equation with
varying diffusivity and Gaussian initial condition. We first show that ReLU networks are capable of
efficiently approximating the parametric solution map.

Theorem A.4 (Approximation). Leta € R, b € (a, 00) and for every d € N let

1 Lz

il 7:1) = ¢ T (v, 2,0) € [a,b] X [, 0] x [0,7],  (19)

1+ 2t92)3/2°
be the parametric solution map of the d-dimensional heat equation with Gaussian initial condition.
Then there exist a constant C > 0 and a polynomial q: R — R with the following property: For
every € € (0,1/2), d € N there exists a ReLU network ®. 4 with at most | q(log(d/c))] layers, at
most | Cd| neurons per layer, and parameters bounded by C' satisfying that

®c,a — Udll £oo (ja,b]x [v,w]d x [0,7]) < E-

Proof. The proof is based on combining ReLU approximation results for Chebyshev polynomials
(see |21 Lemma A.6]) and the squaring and multiplication functions sq, mult (see the proof of
Theorem. Specifically, for given A > 0 we can approximate the functions

[0,A] 32— h(z) == /175 and [0,A] >z g(z) = e

up to precision ¢ by ReLU networks with O(polylog(1/¢)) layers, O(1) neurons per layer, and
parameters bounded by O(1). Moreover, observe that

d
(Yo, v,t) = Hmult (g(mlﬂt(xia f(t7'70)))a f(t%f))

F(t,7) = hmult(t, sa(v))) = /7

We can imitate this representation using ReLLU network concatenation and parallelization and hi-
erarchical, pairwise multiplications for the tensor product, see 14! Section 5 and Proposition 6.4].
Finally, we can estimate the error via the mean value theorem. O

where
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Now we show that the number of samples s in , needed to learn the parametric solution map
i, does not suffer from the curse of dimensionality, either. To satisfy boundedness assumptions
commonly used in statistical learning theory, we restrict ourself to clipped ReLU networks, the output
of which is assumed to be bounded by 1. This can be achieved by composing each ReLU network
with a simple clipping function, which itself can be represented as a small ReLU network [8! Section
A.4]. Note that this incorporates our pr10r knowledge that the parametric solution map of the heat
equation with Gaussian initial condition in - [19) satisfies ||l zoo (ja,b]x [v,0]2x[0,7]) < 1-

Theorem A.5 (Generalization). Let a € R, b € (a,o0) and for every d € N let
Vi == vol([a, b] x [v,w]? x [0,T]) = T(b—a)(w — v)?,

let tig: [a,b] x [v,w]? x [0, T] = [0, 1] be the parametric solution map of the d-dimensional heat
equation with Gaussian initial condition as defined in , let

Ag = (Tg, Xa, Ta) ~ U([a,b] x [v,w]? x [0,T]) and Ny~ N(0,I;)

be independent random variables, define Yq = eI Xa+VTaTaNall® | g fet ((Agir Ya,i))ien be iid.
random variables with (Mg 1,Y41) ~ (Ag, Yq). Then there exist a constant C > 0 and a polynomial
q: R — R with the following property: For everye,p € (0,1/2), d,s € N with

s > (d/<)*q(log(d/e)) log(1/p)

there exists a neural network architecture A, q with at most |q(log(d/<))] layers and at most | C'd]
neurons per layer such that every measurable empirical risk minimizer

i’ad’sz Q= Hea, és,d,S( € argmin 1 Z (Ag,i(w Ydﬁi(w))Q, w € Q,
(I)EHE d i=1

in a hypothesis space H. q of clipped ReLU networks with architecture A, q and parameters bounded
by C satisfies that

P| -9 a5 — Gall 22 (0 5y x fo.jax [0,7]) < 5} >1—p.

Proof. Let A 4 be the architecture of the ReLU network @,/ 4 in Theorem A.4] To simplify
notation, we define ||| 22 := [|*|| £2({a,b] x [v,u]¢x [0,7) @nd for every ® € H ; we define its risk R(P)

and its empirical risk 72 (®) by

R(®) = B[(0(Aa) - Ya)’| and R(®) = 1> (®(Aus) ~ Yai)*

i=1

The fact that the regression function coincides with the parametric solution map (see Theorem
and the bias-variance decomposition (see [8! Lemma 2.2] and [11]) imply that

Vill®eds — Galze = R(Peas) = R(D*) + 3 19* — @l Z2

generalization error approximation error

where ®* € argmingcy,_, ||® — gl 22 is a best approximation of @g in H, 4. Our choice of A 4
and Theorem[A.4ensure that

E P = @alZe <119 = @allZoe (fap)x fo.u)ax 0,17 < E/2-

For the generalization error we make use of results on the covering numbers of neural network
hypothesis spaces, see e.g. |8/ Proposition 2.8]. They ensure the existence of clipped ReLU networks
(i) C He g with

log(n) € O(d? polylog(d/<)) (20)
such that balls of radius /64 (w.r.t. the uniform norm) around those functions cover #. 4. Further,
note that the boundedness of the target variable, i.e. sup,,cq |Ya(w)| < 1, and the boundedness of
the clipped ReLU networks in our hypothesis space, i.e. supgeg;. , | Pl 2o ([a,5]x [o,w)2 x[0,7]) < 1o
ensure that the (empirical) risk is (uniformly) Lipschitz continuous with

Lip(R) <4 and Lip(R) < 4,
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see |8 Proof of Theorem 2.4]. Thus we can bound the generalization error by
R(Pes) = R(D7) < R(Pey,s) = R(Deas) + R(S) — R(P”)
= QI?Zaf( IR(®;) — R(®;)| + 2s(Lip(RgILip(7g))
<2 I?E? IR(®;) — R(®;)| + /4
Employing Hoeffding’s inequality [28] and a union bound, it holds that
IP[T?ZalX [R(®;) — R(®;)| < /8] 21— p
where we need s ~ log(n/p)/c? many samples. Together with this implies the claim. O

A.2 TImplementation Details

First, we want to present a rigorous definition of our Multilevel network architecture.

Definition A.2 (Multilevel Architecture). Let L,q,p € N, x € {0,1}, and p: R — R. We define the
Multilevel network ®: RP — R with input dimension dim;,,(®) = p, L levels, amplifying factor q,
(component-wise applied) activation function o, and residual constant x for every x € RP by

O(z) == Lzl ¥ (z) R 1)
1=0
where the intermediate network outputs ®!(x) are given by the following scheme:
@} (z) = A} (o(Norm; (AY(z))), 1ef{0,...,L—1},
®i(x) = Ao Norm| (@i *(x) + X@?rl?(:r))), le{l,...,L—2},ie{2,...,2"},
o} () = A}y (e(Normj_ (977 (2))), ief2,... 2"}

In the above, the constant x controls whether we use intermediate residual connections, and for every
1€{0,...,L— 1} the functions

Norm}: R?” — R%?, e {1,...,2'},
are denoting normalization layers, e.g. batch normalization |30] or layer normalization |3, and
AV RP 5 R, A R® S R®P, e {l,...,2 —1}, AZ:R? 4R
are learnable linear mappings (or affine-linear in case ofAZQZ ).

In the implementation of our examples we used y = 1 to propagate intermediate residuals from the
corresponding higher level using additive skip-connections, followed by a batch normalization layer
as proposed by [30]. This allows the length of the shortest gradient path during backpropagation to
scale like the number of levels L instead of the number of layers 2%; a feature commonly known to
prevent diminishing or exploding gradients [59]. Thus, we can maintain computational tractability
while at the same time having rather deep architectures. Note that a certain depth is needed for
our approximation and generalization results in Section as well as to optimally approximate
certain families of functions [40//43/|58]. We pick the RelLU activation function as non-linearity
to remain consistent with our theoretical guarantees in Sectionand with the growing body of
literature on the approximation and generalization capabilities of ReLLU networks. To optimize the
networks we use the Adam optimizer (with decoupled weight decay regularization as proposed
by [39]) and exponentially decaying learning rate. The precise setup is summarized in Tableand
the hyperparameters over which we optimized using Tune [37!/38] are given in Table@
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Table 5: Training setup

Black-Scholes  Basket Put Heat Paraboloid Heat Gaussian
Input sets
D, [0.1,0.6] x {0} ([0.1,0.6)3%3)* {0} x [0,1]0*10 {0} x [0,0.1] 150
Dy {0} [0.1,0.6]** {0} {0}
D, [10,12] [10,12] {} {
[v, w] [9,10] [9,10] [0.5,1.5] [—0.1,0.1]
[0, 7] [0,1] [0,1] [0,1] [0,1]
Network
dimj, (®) 4 53 111 152
architecture Multilevel Multilevel Multilevel Multilevel
(L,q,x) 45,1 4.5.1) (4.4.1) (4.4.1)
activation o ReLU ReLU ReLU ReLU
Norm layer batch norm. batch norm. batch norm. batch norm.
#parameters 5.4K 0.8M 24M 4.5M
Training
solution SDE analytic Euler-M analytic analytic
optimizer AdamW AdamW AdamW AdamW
param. init. U([-¢,¢l) U([-¢,¢)) U([-¢,¢)) U([-¢,¢l)
weight decay 0.01 0.01 0.01 0.01
batch-size 216 217 217 217
@init. Ir., min. Ir.)  (1072,107%) (1073,107%) (1073,107%) (1073,107%)
(decay, patience)  (0.25,4000) (0.4, 4000) (0.4, 4000) (0.4, 4000)
Validation
solution PDE analytic MC-approx. analytic analytic
batch-size 216 217 217 217
#eval. batches 150 1 150 150
Execution
seeds 0,1,2,3 0,1,2,3 0,1,2,3 0,1,2,3
#GPUs per run 2 (Tesla V100) 4 (Tesla V100) 2 (Tesla V100) 2 (Tesla V100)

1. Input sets: input sets for the parameter v = (Yo, Vu, V) € Do X Dy x D, = D, the
spatial variable = € [v, w], and the time variable ¢ € [0, T, as defined in Section

. Network: input dimension dim;,(®), activation function g, number of levels L, amplifying

factor ¢, usage of intermediate residual connections y, normalization layers Norm/, and
approximate number of parameters of the Multilevel architecture, see Deﬁnition

. Training: computation of the SDE solution, optimizer, initialization of the linear mappings
Al where £ := d;l/ % with dip denoting the input dimension, weight decay, batch-size, initial
learning rate, and factor for learning rate decay each patience steps as long as the learning
rate is larger than the minimal learning rate. Note that the training data size in (7) is given
by s = batch-size - #steps where the number of steps is reported in Tables and|4}

. Validation: pointwise computation of the PDE solution, batch-size, and number of batches
per evaluation Note that n = batch-size - #eval. batches for each reported £!-error,
see

. Execution: PyTorch module and random module seeds for the 4 independent runs and
number and type of GPUs per run.

1The evaluation of the PDE via Monte Carlo simulation as in is computationally very expensive. That is
the reason why we only took one evaluation batch per iteration for the Basket put option. However, note that
training the network with Euler-Maruyama simulated data does not increase the training time significantly (see

which underlines the general applicability of our algorithm.
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Table 6: Ranges for hyperparameter optimization

hyperparameter range

(L, q) {3,4} x {4,5,6}

optimizer {AdamW, SGD (with momentum & weight decay)}
batch-size {16384, 32768, 65536, 131072}

learning rate (1071,107%)

Ir. decay factor  (0.2,0.6)

Table 7: Ablation study for the Black-Scholes model

architecture, normalization layer ~avg. time (s) avg. best L'-error  #parameters

Feed-Forward, layer norm. 809 +9 0.1476 + 0.0772 6741
Feed-Forward, none 496 + 26 0.0526 + 0.0002 6101
Feed-Forward, batch norm. 3755 + 57 0.0017 = 0.0003 6741
Multilevel x = 0, layer norm. 867 £ 10 0.0349 + 0.0000 5404
Multilevel x = 0, none 570 £ 6 0.0069 + 0.0001 4804
Multilevel x = 0, batch norm. 3414 £ 18 0.0012 + 0.0000 5404
Multilevel xy = 1, layer norm. 874 + 13 0.0348 + 0.0001 5404
Multilevel x = 1, none 581 £ 10 0.0069 + 0.0000 4804

Multilevel x = 1, batch norm. 3453 + 34 0.0011 £ 0.0001 5404

Table 8: Ablation study for the heat equation with paraboloid initial condition

architecture avg. time (s)  avg. best Ll-error  #parameters

Feed-Forward 14764 £ 65  0.0090 &+ 0.0003 3020977
Multilevel y =0 13892 £83  0.0058 £ 0.0001 2380732
Multilevel y =1 14049 £+ 138  0.0055 £+ 0.0001 2380732

A.3 Additional Numerical Results

In Tablesandwe present an ablation study which empirically proves the superior performance
of our Multilevel architecture in combination with batch normalization compared to feed-forward
architectures or the usage of layer normalization |3]. For the feed-forward architecture we used the
network <I>2LL defined in , i.e. only the highest level of the corresponding Multilevel network
with L + 1 levels and x = 0. Despite having slightly less parameters, our Multilevel architecture
consistently outperforms the feed-forward architecture. Moreover, the use of residual connections,
i.e. x = 1, has a positive impact. Note that all not-mentioned settings are kept as in Table

The performance of our algorithm in the case of the Black-Scholes option pricing model from
Sectionis further illustrated in Figures@ and Finally, Figure[ﬁdepicts the computational
cost of our algorithm as a function of the prob

paraboloid initial condition.

lem 1nput dimension for the heat equation with
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Figure 9: Shows the cost in terms of number of network parameters times average number of steps
to achieve an £!-error of 10™2 w.r.t. to the problem dimension d? + d + 1 for the heat equations
with paraboloid initial condition and d = 1, ..., 15. The absence of the curse of dimensionality is
underlined by the linear behaviour in the log-log inset. The error was evaluated every 250 gradient
descent steps and except of the varying dimension all settings are kept as in Table
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Robust SDE-Based Variational Formulations
for Solving Linear PDEs via Deep Learning

Lorenz Richter “ ! 23 Julius Berner *

Abstract

The combination of Monte Carlo methods and
deep learning has recently led to efficient algo-
rithms for solving partial differential equations
(PDE?5) in high dimensions. Related learning prob-
lems are often stated as variational formulations
based on associated stochastic differential equa-
tions (SDEs), which allow the minimization of
corresponding losses using gradient-based opti-
mization methods. In respective numerical im-
plementations it is therefore crucial to rely on
adequate gradient estimators that exhibit low vari-
ance in order to reach convergence accurately and
swiftly. In this article, we rigorously investigate
corresponding numerical aspects that appear in
the context of linear Kolmogorov PDEs. In par-
ticular, we systematically compare existing deep
learning approaches and provide theoretical ex-
planations for their performances. Subsequently,
we suggest novel methods that can be shown to
be more robust both theoretically and numerically,
leading to substantial performance improvements.

1. Introduction

In this paper we suggest novel methods for solving high-
dimensional linear Kolmogorov PDEs. In particular, those
methods allow for more efficient approximations by reduc-
ing the variance of loss estimators, as illustrated by numeri-
cal experiments like the one displayed in Figure 1.

High-dimensional PDEs are ubiquitous in applications ap-
pearing in economics, science, and engineering, however,
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Julius Berner <julius.berner@univie.ac.at>, Lorenz Richter
<lorenz.richter@fu-berlin.de>.

Proceedings of the 39*" International Conference on Machine
Learning, Baltimore, Maryland, USA, PMLR 162, 2022. Copy-
right 2022 by the author(s).
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Figure 1. Standard deviation and performance (in terms of the
mean squared error (MSE) on evaluation data) of different losses
as a function of the batch size after training a neural network for
30k steps, where due to memory constraints different losses allow
for different maximal batch size values.

their numerical treatment poses formidable challenges since
traditional grid-based methods suffer from the curse of di-
mensionality. Recently, the combination of Monte Carlo
methods and deep learning has led to feasible algorithms
(E et al., 2017; Sirignano & Spiliopoulos, 2018; Han et al.,
2018; Raissi et al., 2019; Pfau et al., 2020; Berner et al.,
2021), which, at least in some settings, are able to beat
this curse (Jentzen et al., 2018; Reisinger & Zhang, 2019;
Berner et al., 2020b). The general idea is to rely on stochas-
tic representations of the PDE which may be interpreted as
variational formulations that can subsequently be minimized
by iterative gradient decent methods (Niisken & Richter,
2021a). In respective algorithms it is therefore crucial to
rely on adequate gradient estimators that exhibit low vari-
ance and eventually lead to robust numerical optimization
routines, where robustness refers to the ability of coping
with stochasticity in the optimization process.

In this article we focus on linear Kolmogorov PDEs for
which variational formulations may be based on the cel-
ebrated Feynman-Kac formula (Beck et al., 2021). This
method is handy from an implementational point of view,
however, we can demonstrate potential non-robustness is-
sues that might deteriorate the numerical performance. To
overcome these issues, we suggest alternative approaches
resting on backward stochastic differential equations which
lead to variance-reduced estimators and robust algorithms.
Our contributions can be summarized as follows:

* We provide a systematic numerical comparison of loss
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functions for solving linear Kolmogorov PDEs via deep
learning.

* We can show both theoretically and numerically why
certain methods are non-robust and might therefore
incur numerical instabilities.

¢ We provide new loss functions and optimization meth-
ods which are provably robust and ultimately yield
significant performance improvements in relevant high-
dimensional numerical experiments.

1.1. Related Work

Solving linear Kolmogorov PDEs via the Feynman-Kac for-
mula by means of deep learning has been suggested in Beck
et al. (2021) and further analyzed in Berner et al. (2020a).
For an analysis of certain kinds of elliptic linear PDEs we re-
fer to Grohs & Herrmann (2020). Variational formulations
of nonlinear PDEs based on backward stochastic differ-
ential equations (BSDEs) have been pioneered in E et al.
(2017) and extensions that aim for approximations on entire
domains have, for instance, been suggested in Niisken &
Richter (2021a). We refer to Richter (2021) for a comprehen-
sive introduction and further perspectives, and to Beck et al.
(2019) for the treatement of fully nonlinear equations. An al-
ternative method for the approximation of high-dimensional
PDEs is termed physics-informed neural networks (PINNs)
(Raissi et al., 2019; Sirignano & Spiliopoulos, 2018), which
relies on iterative residual minimizations. Note that in con-
trast to most SDE-based methods it relies on the explicit
computation of Hessians and involves additional loss terms
for the boundary values, which need to be tuned carefully.

In terms of variance reduction of Monte Carlo estimators we
refer to Vidales et al. (2018) for a control variate attempt via
deep learning. Robustness and variance analyses of certain
loss functions related to PDE problems have been conducted
in Niisken & Richter (2021b). The related observation that
including a certain It0 integral term into the objective func-
tion can lead to variance-reduced estimators has been made
in Zhou et al. (2021). Both works, however, consider differ-
ent settings and focus only on Hamilton—Jacobi—-Bellman
(HJB) equations. Furthermore, they do not provide a de-
tailed analysis of the interplay between robustness proper-
ties, performance, and computational feasibility, which is
crucial for practical applications.

1.2. Notation

We assume that our random variables are defined on a suit-
able underlying filtered probability space (Q, F, (F3):, P)
satisfying the usual conditions (Klenke, 2013). We de-
note the expectation of a random variable A: Q@ — R
by E[A] := [AdP. Given another random variable
B:Q — R* with k € N, we also consider the condi-

tional expectation IE[A|B] of A given B and the conditional
expectation b — IE[A|B = b] of A given B = b, see,
e.g., Ash & Doléans-Dade (2000) for the definitions. We fur-
ther define the variance of A by V[A] := E [(4 — E[A])?]
and the conditional variance of A given B by V[A|B] :=
E [(A — E[A|B])?|B]. Throughout the article, W is a stan-
dard d-dimensional Brownian motion which is adapted to
the underlying filtration and we consider stochastic integrals
w.r.t. W as, e.g., defined in Gall (2016). Further remarks on
the notation can be found in Appendix A.

2. SDE-Based Variational Formulations of
Linear PDEs

In this paper we consider linear Kolmogorov partial differ-
ential equations' of the type

(z,t) e RY < [0,T), (la)
z R (1b)

(0r + L)V (x,1) = 0,
Vi, T) = g(),

where g € C(R%, R) is a given terminal condition and

d

d
> (00 7)ij(@,1)05, 05, + Y bi(z, )02, (2)

i,j=1 i=1

L=

N | —

is a differential operator based on given coefficient functions
o € C(R? x[0,T]),R™%) and b € C(R? x[0, T],R?). For
simplicity, let us assume the existence of a unique strong so-
lution V e C%1(R?% x [0, T],R) to the PDE in (1) and refer
to Assumption 1 in Appendix B for further technical details.
At the same time, let us note that most of our results also
hold for the more general concept of viscosity solutions that
are continuous but not necessarily differentiable and require
weaker conditions on the functions b, o, and g, see Hairer
et al. (2015). Furthermore, we can also consider more gen-
eral linear PDEs as well as elliptic and parabolic problems
on bounded domains, as elaborated on in Appendix C.

This covers a broad spectrum of PDEs, for which accurate
and reliable solvers are of great importance to practitioners.
For instance, such PDEs frequently appear in physics for
the modelling of heat flow and diffusion processes (Widder,
1976; Pascucci, 2005). Moreover, the PDE in (1) includes
the Black-Scholes equation and extensions thereof, used
for pricing financial derivative instruments (Black & Sc-
holes, 1973; Pironneau & Achdou, 2009; Ekstrom & Tysk,
2010). Finally, we want to emphasize appearances of such
PDE:s in the field of machine learning, e.g., in the context
of reinforcement learning (Theodorou et al., 2010; Kiu-
marsi et al., 2017) and diffusion-based generative model-
ing (Huang et al., 2021).

'PDE:s of this type are often also referred to as Kolmogorov
(backward) equations and their adjoints are known as Fokker-
Planck equations or Kolmogorov forward equations.
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In order to design machine learning algorithms aiming to
approximate solutions to (1), we consider loss functions

L IU%RZO, (3)

which shall be minimal if and only if v € U fulfills (1),
thereby offering a variational formulation that allows for
iterative minimization strategies. Here, U/ is an appropri-
ate function class holding sufficient approximation capacity
and containing, for instance, a class of certain neural net-
works. Moreover, we implicitly assume that ¢/ is chosen
such that V' € U and, for our theoretical results, we require
the functions in U to be sufficiently smooth.

A first obvious choice for the loss could be the squared
difference between the approximating function v and the
solution V/, i.e.

Lrwai(w) =E[(V(e,7) — ule, T))ﬂ , (&)

where ¢ and 7 are suitable? random variables with values in
R? and [0, T, respectively. At first glance, this loss seems
intractable since the solution V' is just the quantity we are
after and is therefore not known. However, let us recall the
Feynman-Kac formula, which connects the deterministic
function V' to a stochastic process by stating that almost
surely it holds that

V(& 1) =E[g(X7)|(& )], ®)
where X is the solution to the SDE
dX, =b(Xs,8)ds + 0(Xs,8)dW,, X, =&, (6)

see Appendix C for details. This allows us to rewrite (4) as
Lova(u) = E | (Elg(X7)|(&, 7)) - u(&,7)’]  (7a)
_E []E (A&, T)ﬂ (7b)
=E[E[A, - 8.l 7], 70)

which now relies on the (random) quantities’
Ay = g(Xr) —u(§,7), (8a)

T
S, = / (0T Vou)(Xs, s) - dWs. (8b)

%In practice, one often chooses random variables that are uni-
formly distributed on a given hypercube. For our theoretical results,
we assume that £ and 7 are Fp-measurable and exhibit sufficiently
many bounded moments. This ensures that £ and 7 are sufficiently
concentrated and independent of the Brownian motion W'.

3For the sake of readability, we omit several implicit depen-
dencies. Specifically, the stochastic process X and the quantities
A, and S, depend on the random variable (£, 7), defining the
initial time and value of the SDE, i.e., X; = £. Also note that the
stochastic integral S, and the SDE in (6) are driven by the same
Brownian motion W.

The last step (7c) follows from the fact that, under mild regu-
larity assumptions, the stochastic integral .S,, is a martingale
which has zero expectation given (&, 7). Adding quantities
with a known expectation is a common trick for variance
reduction of corresponding estimators known as control
variates, see, e.g., Section 4.4.2 in Robert & Casella (2004).
The benefit of particularly choosing S, becomes clear with
the following Lemma, which states that for u = V' the cor-
responding control variate actually yields a zero-variance
estimator.

Lemma 2.1 (Optimal control variate). Let V' be a solution
to the PDE in (1). For Ay and Sy as defined in (8a) and
(8b) it almost surely holds that

Ay = Sy, (€))

which implies that V [Ay — Sy |(€,7)] = 0.

Proof. The proof is an application of Itd’s lemma. Together
with the observation that X is an Itd process given by the
SDE in (6), it implies that almost surely it holds that

V(X7 T) - V(E,7) = /T(at + L)V(X,,s)ds + Sy,

assuming that V € C>1(R? x [0, T], R), see, e.g., Theorem
3.3.6 in Karatzas & Shreve (1998). Using the fact that V'
solves the PDE in (1), this implies the statement. O

While, in principle, the new representation in (7) makes the
loss Ly, computationally tractable, an immediate disad-
vantage are the two expectations, which, for a numerical
implementation, might be costly as they would both need to
rely on Monte Carlo approximations.

It turns out, however, that the conditional expectations
in (7b) and (7¢) are in fact not needed and we can further
define the two losses

Lrk(u) = E [AZ] (10)

and
Lrspp(u) = E [(Au - su)ﬂ . (11)

Note that now the expectations in (10) and (11) are to be
understood with respect to the random initial time 7, random
initial value £, and the randomness of the Brownian motion
W, which defines the evolution of the stochastic process X
on the (random) interval 7, T'].

In the remainder of this article we will investigate the above
losses with respect to certain robustness properties that will
turn out to imply different statistical properties and con-
sequently lead to different optimization performances of
corresponding algorithms. Let us start with the following
proposition which relates the three losses to one another and



Robust SDE-Based Variational Formulations for Solving Linear PDEs via Deep Learning

therefore guarantees that Lrk and Lpspg indeed constitute
meaningful objectives for approximating the solution V' to
the PDE in (1).

Proposition 2.2 (Minima of Lrk and Lgspg). For every

measurable u: R? x[0,T] — R it holds that
£Eval(u) = EFK(U) -V [SV]

= Lpspe(u) — V[Sy_.].

(12a)
(12b)

This implies that the solution V' to the PDE in (1) is the
unique* minimizer of Lri and Lespg. The minima satisfy

(i) min, Lrk(u) = Lrx (V) = E[A2] = V[Sy],
(ii) min, Lpspr(u) = Lspe(V) = 0.

Proof. See Appendix B. O

Remark 2.3 (Origin of the losses). As already hinted at,
the names of the losses originate from the Feynman-Kac
(FK) formula and backward stochastic differential equations
(BSDE), respectively. The former, as stated in (5) and de-
tailed in Appendix C, implies that the solution of the PDE
in (1) can be expressed as a conditional expectation, i.e.,

V(x,t) = Elg(X7)|X; = ]
= ]E[g(XT)K‘EvT) = (l‘,t)].

This can then be combined with the fact that the condi-
tional expectation is the minimizer of a corresponding L2-
optimization problem and one readily recovers Lrk as spec-
ified in (10), see Beck et al. (2021). The latter loss, LBspE,
originates from the BSDE

(13a)
(13b)

Y, = Z,-dW,, Yr = g(Xr), (14)
which can essentially be derived from It6’s lemma and
which involves the backward processes Y; = V (X5, s) and
Zs = (0"V.V)(Xs,s), see Appendix D for further details.
The name of the loss Lgy,) refers to the fact that it is mostly
used in order to evaluate the solution candidate u, using
either a known solution V' or the reformulation in (7). This
is also how we evaluate the mean squared error (MSE) for
our methods, see Appendix E.

2.1. Estimator Versions of Losses and Robustness
Issues

The expectations in the losses (4), (7), (10), or (11) can usu-
ally not be computed analytically and we need to resort to
Monte Carlo approximations £(%) based on a given number
K € N of independent samples
(W, 7O W) ~ (¢,7, W),

k=1,... K.

)

*Up to null sets w.r.t. to the image measure of (£, 7).

In practice, one further has to employ a time discretization
of the SDE, yielding the estimators

A(K) L= (A2
L) == > (BP), (152)
k=1
A(K) 1« NGO OLE
Lisbew) = = > (AW -50)" asb)

el
I
—

where E&k) and §fﬁ> are discretized versions of (8a) and
(8b), evaluated at the k-th sample. More precisely, we define

AR = g(X T

J(k)+]_) - u(g(k)v T(k))v

(16a)
JR)

S0 =3, (16b)
j=1

where

9 = (T (R, (W, W),

ti+1

Here, (X ](.k) )jjl)“ denotes a discretization of the solution
to the SDE in (6) (driven by the Brownian motion W)Y on

atime grid 7®) = 1) < ... <1{) = T with initial

condition X 1(k) = ¢ see Appendix E for details.

In this section we will investigate different statistical proper-
ties of the Monte Carlo estimators. It will turn out that even
though the loss Lk is prominent for solving linear PDEs in
practice (see, e.g., Beck et al. (2021); Berner et al. (2020a)),
it might have some disadvantages from a numerical point of
view. In fact, Lemma 2.1 and Proposition 2.2 already show
that, while Lpspg can be minimized to zero expectation,
Lrk always exhibits the additional term

E[AY] = V[Ay] =VISy] =E[S7],  (18)

which is a potential source of additional noise. By the It
isometry, this can also be written as

T
(/ |0TVzV(XS,s)||2ds>]. (19)

The following proposition shows what this implies for the
estimator versions of the losses at the optimum.

E[s2] =E

Proposition 2.4 (Variance of losses). For the estimator ver-
sions of the losses defined in (10) and (11) it holds that

Bledm)] =Visvl, v[edw)] = £ V(s3]

and

E[cfe)] =0, V][] =0.
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Figure 2. Estimator losses and their standard deviations as a func-
tion of the gradient steps when solving the HIB equation from
Section 3.3 with batch size K = 128. One observes that the state-
ment of Proposition 2.4 already holds in an approximative sense
before converging to the solution V.

Proof. See Appendix B. O

Proposition 2.4 shows that neither the expectation nor the
variance of £gf<) can be zero at the solution v = V unless
Sy or S‘Q/ are deterministic, which is usually not the case in
practice as demonstrated by the numerical examples in Sec-
tion 3 and Figure 2. While the non-zero expectation of the
estimator is typically not a problem for the optimization
routine, the non-vanishing variance might cause troubles
when converging to the global minimum.

Since the considered losses are usually minimized via vari-
ants of gradient decent, our further analysis shall therefore
focus on the variance of corresponding gradient estimators.
For this let us first define an appropriate notion of derivative.

Definition 2.5 (Gateaux derivative). We say that £: U —
R>q is Gateaux differentiable at u € U if for all ¢ € U the
mapping

e L(u+egp) (20)

is differentiable at ¢ = 0. The Gateaux derivative of £ in
direction ¢ is then defined as

1) d
5o LW o) = | _ Lluted). @21

Inspired by an analysis in Niisken & Richter (2021b) let us
first investigate the variance of derivatives at the solution
u =V, where intuitively we might want to favor gradient
estimators whose variances vanish at the global minimizer of
the loss. The following proposition shows that this property
is indeed only the case for [Zgé]))E.

Proposition 2.6 (Gradient variances). For the estimator
versions of the losses defined in (10) and (11) and for all
¢ € U it holds that

i)V [ _ £ we)] = & VisveE
(i) V[&| _ chbewe)] =0
Proof. See Appendix B. [
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Figure 3. Gradient estimator standard deviations (maximum over
directions ¢ = 0o, Po, Where Py is a neural network with param-
eters 0, see Appendix E) and the MSE (on evaluation data) as a
function of the gradient steps when solving the HIB equation from
Section 3.3 with batch size K = 128. In line with Proposition 2.7
the standard deviation of the gradient of Zg;])DE decreases when
the solution is sufficiently well approximated.

Note that even though the gradient estimator E%II? does not
have vanishing variance at the solution, a large batch size
K can counteract this effect. We will study correspond-
ing dependencies between variances and batch sizes in our
numerical experiments in Section 3.

While Proposition 2.6 only makes a statement on the gradi-
ent variances at the solution u = V/, the following propo-
sition shall indicate that, at least close to the solution, one
might still expect a small variance of the gradients of ﬁgéf)E,
see also Figure 3.

Proposition 2.7 (Stability of Lpspg close to the solution).
Assume it holds almost surely that

lu(§,7) = V(7)) <e and |p(& 7)<k 22)

and that there exists vy € R~ such that for every (z,t) €
R? %[0, T it holds that

[Vau(z,t) = Vo V(z, ) <e(t+ =) (23)
and that
[Vad(z, )| < w1+ [lz]”). (24)
Then the variance can be bounded by
) Ce?k?
v [@ﬁéﬁfm(u; ¢)} <= @

where C' € R+ is a constant that depends only on v, €, T,
and the given PDE in (1).

Proof. See Appendix B. [

Remark 2.8. We remark that the simultaneous approxima-
tion of a function and its gradient by a neural network, as
required in (22) and (23), has, for instance, been consid-
ered in Berner et al. (2019). Using Proposition 2.2 we can
see that it is actually sufficient to approximate the gradient
V.V (which only implies the approximation of V up to a
constant) in order to reach zero variance. We also note that,
for u far away from the solution V, the term S, could po-
tentially increase the estimator variance, see, e.g., Figure 14
in the appendix.
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2.2. Algorithmic Details and Neural Network
Approximations

So far our analysis has been agnostic of the choice of the
approximating function space 4. In practice, we usually rely
on functions represented by a neural network ®g : R
R with parameters 6 € RP. The training of such a network
is then conducted by minimizing a suitable estimated and
time-discretized loss £(%) using some variant of gradient
descent. In its simplest form, this corresponds to the update
rule

90+ = 90m) _ Xy L) (D)), (26)

where X € R+ is a learning rate and #(®) € R? is a random
initialization. Let us refer to Algorithm 1 in Appendix E for
further details.

Relating to the Gateaux derivatives from the previous sec-
tion, let us note that we are particularly interested in the
directions® ¢ = 9y, ®¢ fori € {1,...,p}. This choice is
motivated by (26) and the chain rule of the Gateaux deriva-
tive, which, under suitable assumptions, states that

~ )
09, L) (D9) = S lu=a,

L5 (u;09,®9).  (27)
Now, in order to elaborate on some computational aspects,
let us state the actual gradients of the corresponding losses.
For a neural network u = ®4, we compute

K
~ 2 —~
Vol (u) = = > AP Vou, (28a)
k=1
n 2 & .
VoLrspp(u) = —7 > (Veu + Vanj“)) , (28b)

k=1

where e(F) = &EL’C) - @Sk) is the sample-wise error.

From a computational point of view, note that the derivative
of E%[I? as displayed in (28a) only relies on a single gradient
computation of the approximating function u (w.r.t. the
model parameters ¢), whereas the derivative of LA](;;)DE as
displayed in (28b) needs evaluations of Vgs§k), see (16)
and (17). This might be costly for automatic differentiation
(autodiff) tools and we will suggest computational speed-
ups and memory-efficient versions in the next section.

Further, note that due to the term 5" the loss E](BI;):)E al-

ways needs to rely on discretized SDEs, whereas LA%I}? can
be computed without SDE simulations whenever explicit
solutions of the stochastic processes are available (which,
admittedly, is often not the case in practice — see, however,
the examples in Sections 3.1 and 3.2).

SWe assume that the functions ®g, § € R, as well as all partial
derivatives Og, @y lie in U.

2.3. Further Computational Adjustments

For the loss Lpspr as defined in (11) we can make further
adjustments that will turn out to be relevant from a com-
putational point of view. In particular, let us suggest two
alternative versions that are based on the fact that the func-
tion u in (11) appears in two instances, which can be treated
differently. One idea is to differentiate only with respect to
one of its appearances. To this end, let us define the loss

CoERw) =B (A - S0, @9)

now depending on two arguments. We then compute deriva-
tives according to

) .

@ w:u‘cgests%l(uv w)v (30)
where in automatic differentiation tools setting w = u after
computing the derivative is usually obtained by detaching
w from the computational graph®. One can readily check
that £33t is a valid loss for problem (1) that keeps the
robustness property stated in Propositions 2.4 and 2.6 intact.
At the same time we expect a great reduction of the compu-
tational effort since the second-order derivatives of the form
V¢0y,u, appearing in Vg §1(Lk), do not need to be computed
anymore — in particular note that multiple such derivatives
would need to be evaluated in actual implementations due to
the discretization of the integral, as stated in (16b). We refer
to Section 3 where we can indeed demonstrate substantial
computational improvements in several settings.

Another version of Lgspg relies on explicitly modelling
the gradient of the approximating function « by an extra
function, see also Zhou et al. (2021). We can therefore
define the loss

~\2
£E9 (u,r) =E [(Au -5, } : 31)
where now
_ T
S, = / (0Tr)(Xs,s) - dW,. (32)

The additional function 7 : R? x[0, 7] — R? can be mod-
elled with a separate neural network. The loss (31) is then
minimized with respect to the parameters of the functions u
and r simultaneously, which again avoids the computation
of second-order derivatives.

Finally, let us introduce another viable option for decreas-
ing computational resources, which is essentially a more
memory-efficient way of computing the derivative formula
stated in (28b). Usually, one performs a forward pass to

®In PyTorch and TensorFlow this can be achieved by the
detach and stop_gradient operations.
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compute ﬂBI;])DE(u) and then uses automatic differentiation
to obtain the gradient V EA](;;))E (u). However, this requires
to keep track of all the discretization steps for the stochastic
integral (sgk)) j:f as they all depend on 6. This leads to
a GPU memory consumption which scales linearly in the
number of steps J (%) and, already for small K, exceeds
common capacities, see Figures 5 and 7 in the appendix.

To circumvent this issue, we observe that the derivative
in (28b) can be decomposed into

K
2
— (k)
Gy = K,;,le Vou, (33)

which equals the derivative of the loss £8¢3ch and

J J

GQ’]' = Z
1

j=1

2
e > eMvys, (34)
j= k=1

where J = max}_, J*) and s§k) = 0 for j > J*). There-
fore, we can first compute and cache the errors (e(®))K
and the gradients G;. Then, we repeat the same simula-
tion, i.e., use the same realization of (f(k), T(k), W(k)), to
compute and accumulate the gradients (G ;) 3-]:1 on-the-fly.
In doing so, automatic differentiation only needs to track

a single discretization step s;k). This keeps the memory
footprint independent of the number of steps .J(*) or, equiv-
alently, the step-size tg-i)l — t;k)

an increased computational time’. Of course, the same trick
can also be applied to the loss L5252 .. Even though from
a mathematical perspective the losses are still the same as

Lpspr and EgBrggE, we give them the new names

— however, at the cost of

d
Lpspee  and  LEDp o 35)
in order to relate to their significant computational improve-
ments, which we will illustrate in the next section.

3. Numerical Examples

In this section we aim to illustrate our theoretical results
on three high-dimensional PDEs®. Specifically, we con-
sider a heat equation with paraboloid terminal condition, a
HJB equation arising in molecular dynamics, and a Black-
Scholes model with correlated noise. The respective refer-
ence solutions are given as a closed-form expression, as a

"For most practical use-cases one is interested in obtaining the
most accurate solution and there is only little restriction on the
time for training, which needs to be done once per PDE. However,
for time-critical applications, we present the performance w.r.t. the
training time in Figures 11 and 12 in the appendix.

8The associated code can be found at https://github.
com/juliusberner/robust_kolmogorov.

tensor-product of one-dimensional approximations obtained
by finite-difference methods, and as a Monte-Carlo approxi-
mation using the Feynman-Kac formula, see Appendix C.

In all of our numerical experiments we use comparable
setups which are detailed in Appendix E. We emphasize
that, instead of using a train/val/test split on a given finite
data set, our setting allows us to simulate new i.i.d. samples
(€®) (&) W (%)) for each batch on demand during training.
To evaluate our methods, we compute the MSE between the
neural network approximation and the reference solution at
points (z,t) which are sampled independently of the train-
ing data, i.e., on previously unseen points, see Appendix E.

We will show that all considered losses are viable in the
sense that they yield appropriate approximations of solu-
tions to the associated PDEs. At the same time we will see
substantial performance differences, which can be attributed
to the different variance properties outlined before.

3.1. Heat Equation

Let us first consider a version of the heat equation with
paraboloid terminal condition by setting b(z,t) = 0,
o(z,t) = 5 € R and g(z) = |lz||%. This allows for
explicit solutions given by

V(x,t) = ||z||* + Trace(aa ' )(T —t) (36)
and

X :£+5(Ws _WT)a (37)

see also Beck et al. (2021). We analyze the special case
o = v Id with v € R, where we have that

T T
/6TV1V(XS,5)'dWS:2z// X, -dW,. (38)

Using the fact that fOT B,-dB, = 1 (| Br||* —dT), where
T =T —7and By = W,,, — W, the stochastic integral
in (38) evaluates to the following closed-form formula

20& - (Wr = Wo) + 2 (W — W ||? —d(T —7)). (39)

This expression shows how the quantities in Propositions 2.4
and 2.6 may behave. For a fair comparison, however, we do
not make use of this explicit representation.

For our experiments, we consider d = 50, T = 1, v = 0.5,
¢ ~ Unif([-0.5,0.5]%), and 7 ~ Unif([0, 1]). For a fixed
batch size all of our proposed methods significantly outper-
form the standard approach of minimizing Lrk, see Fig-
ure 1. For larger batch sizes the losses Lpspg and E%rsagE
run out of our memory limit of 8 GiB and the performance of
Lrk improves. However, when using the efficient versions
or Ldetach "we still outperform the baseline by a substantial
margin. As suggested by our theory, the performance gains
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Figure 4. Standard deviation of the gradient estimators (maximum
over directions ¢ = Jg, o) and MSE of the gradients (on evalu-
ation data) in the setup of Figure 1, see also Appendix E. In line
with Proposition 2.7 and Remark 2.8, the standard deviations of
the loss and gradient estimators are smaller for the BSDE-based
losses, especially when the gradient V, V' is well approximated.

are based on the variance reducing effect of the stochas-
tic integral, see Figures 1 and 4. While the gradient V, V'
can be best approximated by L%YSE‘SE off (see also Figure 8
in the appendix), which reduces the variance according to
Proposition 2.7, the 1oss Lgspr, e still performs better in
approximating the solution V. This can be motivated by
the fact that in case of E%YSE‘SE o one network learns the
gradient and another one indepéndently learns the solution.
In contrast, in the case of Lpspg, o, a single network is
trained to simultaneously approximate V' and its gradient
V. V. Note that these observations are consistent across
various diffusivities v, see Figures 9 and 10.

3.2. Black—Scholes Model with Correlated Noise

As a second example we consider a version of the celebrated

Black—Scholes model from financial engineering (Black &

Scholes, 1973), given by
o(x,t) = diag(B121, . . . b(z,t) = bx, (40)

with 8 € R%, 5 € R¥4 b € R, and

) 6d1’d)67

d
g(x) zmax{O,n—mi{lxi}. 41)
=
It models a rainbow European put option, giving its holder
the right to sell the minimum of underlying assets at the
strike price k € Ry at time 7.

For the experiments we choose d = 50, T' = 1, b= —0.05,
k=55,8=(01+14/(2d))%,,
¢ ~ Unif([4.5,5.5]%), 7 ~ Unif([0,1]), (42)

and & to be the lower triangular matrix arising from the
Cholesky decomposition 55 = @ with
Qi,j :05(1-}—(5,7]), Z7j S {1,...,d}, (43)

where §; ; denotes the Kronecker delta. There does not exist
a closed form solution V', however, one can use Monte Carlo

Lk
grad
Lgspe

grad
LBsDE, eff
Lpspe

LBSDE, eff

estimator std.

max. grad. est. std.

102 10° 10 102 10° 10*

batch size batch size

Figure 5. Estimator standard deviation, gradient estimator standard
deviation (maximum over directions ¢ = 0y, Py), and MSE (on
evaluation data) after 30k gradient steps for the Black—Scholes
model in Section 3.2. The last plot shows that Lpspr and L5208
cannot be used for batch size K = 1024 and larger as it would
exceed the GPU memory limit of 8 GiB. The same holds for the

other losses at batch size K = 524288.

sampling and the representation
_ 12
(Xo)i = gie(b_w)(S—‘F)+[3wr;,-(Ws—W7)’ (44)

where o; is the ¢-th row of &, in order to evaluate the solution
pointwise, see Beck et al. (2021). Note that, in case of the
loss Lk, such a closed-form expression could be used
instead of the Euler-Maruyama scheme in order to speed up
training. However, for most settings such a representation
is not available and, for the sake of a fair comparison, we
did not make use of it during training.

Note that for this example the coefficient functions ¢ and
b depend on x, which makes the discretization of the SDE
more delicate. The loss L2t can be sensitive to initial
performance and performs suboptimally in this example,
see Remark 2.8 and Figure 14. The other losses again under-
line our theoretical results and, in particular, substantially
outperform the loss Lrk, see Figure 5. As suggested by our
results, a larger batch size generally improves the robustness.
However, the efficient versions of Lpgpr and E%rsagE do
not need significantly more GPU memory than Lrgk such
that they can be used with the same maximal batch size.

3.3. Hamilton—-Jacobi-Bellman Equation

Finally, let us consider the nonlinear Hamilton—-Jacobi—
Bellman equation

O+ D)V (2,8) + f(a,8) = %H(Jvﬁ)(x,t)HQ 45)

for (z,t) € R x [0, T), with terminal condition

V(,T) = g(x) (46)
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for # € R% This prominent PDE from control theory
corresponds to the controlled stochastic process

AXY = (B(XD.5) + (00) (XT, ) ds + o (X0, 5) AW,

where the control v € C(R? x [0, 7], R?) can be thought of
as a steering force to be chosen so as to minimize a given
cost function

T 1
J)=E [/0 (fs + §Ilvs||2> ds + g(X% ] . (47

with the short-hands fs = f(X?,s) and v == v(X?,s).
In the above, f € C(R?x[0,T],R) represents running
costs (in addition to the squared costs on the control v) and
§ € C(R% R) specifies the terminal costs. It turns out
that one can recover the optimal control v* that minimizes
the costs (47) from the solution to the PDE in (45) by the
relation v* = —¢ ' V, V.

Now, with the transformation® V = exp(—V'), we can con-
vert the nonlinear PDE in (45) to a linear one of the form (1)
(or, to be precise, of the form (69)) with boundary condition
g = exp(—g), which allows us to apply Algorithm 1, see
Lemma G.1 for the details.

For our experiments, we consider a problem that is promi-
nent in molecular dynamics and has been suggested in
Niisken & Richter (2021b). We define the drift to be
b= —V,U, with U(z) = k0 (22 — 1)% being a po-
tential of double well type. In applications, the potential
represents the energy associated to a system of atoms (i.e.
molecule) and one is often interested in how molecular
configurations change over time. This is then related to
transition paths between metastable states of the stochastic
dynamics, whose sampling poses formidable computational
challenges, see e.g. Hartmann & Richter (2021).

For an example, let us define a terminal value that is sup-
ported in one of the 2¢ minima of ¥, namely g(z) =
exp(—n 2% (z; — 1)%) and set f = 0. We choose
n = 0.04 and x = 0.1 in dimension d = 10 as well as
o = Id. The left panel of Figure 6 shows the original po-
tential ¥ as well as a tilted version that can be derived from
the solution of the HIB equation (45) via U* = ¥ + oo 'V,
computed with a finite difference reference method as well
as with our algorithm. We can see that both solutions agree
for all of our considered methods. However, note that for
the optimal control functions the BSDE-based losses are
again superior to Lrx, as displayed in the right panel. This
is in line with the more accurate approximation of the gradi-

This transformation is also known as Hopf-Cole transforma-
tion, see, e.g., Section 4.4.1 in Evans (2010). See also Hartmann
et al. (2017) for a discussion on related applications in impor-
tance sampling of stochastic processes relevant in computational
statistical physics.
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Figure 6. For a HIB equation with double well potential we display
the tilted version of the potential ¥* evaluated atz = (cv, ..., )"
and ¢ = 0.75, which is approximated well by all our methods
(after 30k gradient steps with batch size 1024). However, the
approximation of the first component of the control o 'V log V
depicted in the right panel is better for BSDE-based losses.

ent, which is demonstrated by a performance comparison in
Figure 15 in the appendix.

4. Conclusion

The most prominent method for solving general high-
dimensional linear PDEs of Kolmogorov type is based
on minimizing a variational formulation inspired by the
Feynman-Kac formula over a class of neural networks.
Building upon results on BSDEs and control variates for
Monte Carlo estimators, we suggest an alternative formula-
tion and prove that the corresponding loss estimator enjoys
lower variance. Lending to the notion of Gateaux deriva-
tives, we can further show that this leads to gradient estima-
tors with lower variance, which is crucial for gradient-based
optimization. Importantly, we also develop a novel, more
efficient estimator that is adapted to current deep learning
frameworks and show that resulting methods yield signifi-
cant performance gains. It is up to future research to exploit
such efficient estimators for boundary value problems, see
Appendix C, and non-linear PDEs, which can naturally be
approached with BSDE-based losses, see Appendix D.

In summary, we suspect that the techniques used in this
paper can be transferred to a number of related deep learn-
ing methods that rely on Monte Carlo sampling. Providing
important theoretical guarantees and performance improve-
ments, our work is a fundamental step in developing robust
and reliable algorithms for the solution of high-dimensional
PDEs.
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A. Notation

We write C21(R? x [0, T],R) for the space of functions
(z,t) — f(x,t) which are twice continuously differentiable
in the spatial coordinate z € R? and once continuously
differentiable in the time coordinate ¢t € [0,7]. We fur-
ther denote the partial derivatives (w.r.t. to the i-th spa-
tial coordinate x; and time coordinate ¢) and the gradient
of f (w.r.t. to the spatial coordinate x) by 0., f, 0, f, and
Vof = (0n, fr--.,0u,f) ", respectively. We say that func-
tions f € C(R? x[0,7],R) and g € C(R?,R) are ar most
polynomially growing if there exist constants c, A € Ry g
such that for every (z,t) € R? x [0, 7] it holds that

9(@)] < e(L+[lz]),  [f(z, )] < e(L+ [l2lI*). (48)

Finally, we write || - || for the Euclidean norm and || - || # for
the Frobenius norm.

B. Assumptions and Proofs

We usually operate under the following assumption which
guarantees a unique strong solution to the SDE in (6) as
well as the existence of a unique strong solution V' &
C%1(R* x[0,T],R) to the PDE in (1) which can be ex-
pressed as V(z,t) = E[g(X7)|X; = z] as, for instance,
stated in (13), see Baldi (2017, Theorem 10.6), Karatzas
& Shreve (1998, Remark 5.7.8), @ksendal (2003, Theorem
5.2.1), and Pavliotis (2014, Theorem 2.1).

Assumption 1 (Conditions on b, o, and g). We assume
that g € C%(R%,R) is an at most polynomially growing
function. Further, we assume that the coefficient func-
tions o € C(R? %[0, T],R™?) and b € C(R? x[0, T],R?)
satisfy the following properties: There exist constants
c1,Co,C3,c4 € Ry such that

lo(z, t)|| + loo " (z,t)||F < c1, (boundedness)

lo(z,t) — o(y,t)||F < callz — yl|, (Lipschitz continuity)
16(z,t) — by, t)|| < esllz —yll, (Lipschitz continuity)
0+ (o0 ")z, t)n = callnl®, (uniform ellipticity)

forall xz,y,n € RYandt € [0, T).

Throughout the proofs, we denote by AP and Sﬂk) the
quantities in (8a) and (8b) evaluated at the k-th sample. This

corresponds to replacing (&, 7, W) in (6), (8a), and (8b) by
the k-th sample (¢(F), () W (R)),

Proof of Proposition 2.2. We will use the fact that Ay =
Sy almost surely, see Lemma 2.1. This allows us to rewrite

Laspr(u) = [(Ay + V() = V(€)= Su)°]
—E[(V(&,7) —u(¢,7) + Sv — Su)?]

=E[(V(&,7) —u(&, )] + E[s]_,].

In the last step we used the tower property of the conditional
expectation and the vanishing expectation of the stochastic
integrals Sy and S, to show that the cross-term has zero
expectation, namely

E[(V(E,7) —u(&,7)) (Sv — Su)]
=E[(V(&7) —u(& ) E[Sy = Su[(&,7)]] = 0.

For the loss Lk we can similarly write

Lox(w) =B [(VED) —u(€ D)+ AV @)

—E {(V(gﬂ') e, r))ﬂ +E[AZ], (49b)

where the cross-term has again zero expectation. More
precisely, the tower property of the conditional expectation
and Lemma 2.1 imply that

E [(V(gv T) - ’U’(fa T)) AV] (502)
=E[(V(&7) —u(&, 7)) E[Av](E 7)]] (50b)
=E[(V(&7) —u(&, 7)) E[Sv|(,7)]] = 0. (500)

This proves Proposition 2.2. O

Proof of Proposition 2.4. Let us recall Lemma 2.1 which
states that Ay, = Sy almost surely. With the mutual in-

dependence of (AY))E_and (S$)K | we now readily
obtain that

B[] =B [Av - sv)?] =0, 6D
and
1
v [ﬁgéfm(v)} =V [(Av - Sv)Q] =0. (52
For the loss Lk, it holds that
E[fl ] =EB}]=VIsy] 3
and
v [£@w)] = Tviaz=Ltvs], e
FK - K V] — K V]

which proves the claim. O

Proof of Proposition 2.6. (i) It holds that

5 d
SL o) = —| L+ eo) (552)
K
_dp 1 OIS
9 K
=22 AWM, 7). (55¢)
k=1
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Using the mutual independence of our samples this implies
that

{ £89 (w6 >}—;§W[Au¢<5m>]. (56)

Now, setting v = V', Lemma 2.1 shows that the variance of
the Gateaux derivative at V' satisfies

e

By the Itd isometry, this evaluates to

T
(/ IoTVMXS,s)lI?ds) dﬂéﬁ)], (58)

which, in general, is non-zero for an arbitrary ¢ € U.

£89 (u: ¢>} LVsieEn]. 6

4
—E
K

(i1) By definition, we have that
K

K 1 k g \2
Lhsba(u+c) = i (Agﬁzaﬁ - S1g+)s¢) - (59
k=1

The Gateaux derivative

£(K)

d
pspe (U @) = & Lzoﬁggl)m(“ +€9) (60)

thus evaluates to
9 K
-y (Agjﬂ - s;“) (66,709 + S(;“) . (61)
k=1
Now, setting © = V/, Lemma 2.1 readily implies that

é
sl Lhbe(uio) =0 (©2)

almost surely for all ¢ € U. This shows that

5
v Lsu‘ Llshn(us ¢>)] -0, (63)

which proves the claim. Note that the above calculation
shows that the derivative of any squared loss exhibits zero
variance whenever the error is vanishing almost surely. [

Proof of Proposition 2.7. Let us define
0(z,t) = u(z,t) — V(x,t). (64)

Analogously to (61) we can compute
£(K)

0
v {(SUL_VH BspE(¥; ) .

_ % V[(8(¢,7) + S5) (8(6,7) + Sy)] -

Now, properties of the variance as well as the Cauchy-
Schwarz inequality yield

W [(8(6,7) + S5) (B[, 7) + S)]
E |(0(6,7) +95)° (6(6.,7) + S)°]
E[(66.7)+59] B[ + 5.

Each of the above factors can be bounded by using the
Burkholder-Davis-Gundy inequality (Da Prato & Zabczyk,
2014, Section 4.6), Holder’s inequality, and the consistency
of the Euclidean norm, i.e.

E[(6(6,7) + 55)'] <8 (B[5(,7)") + B[S4])

o9)|'] ds)

T
<84 (14307 | B [Jo(Xea) 50+ |X.07)7] ds).

<8(e4+36T/T E [||(07V.6)(X

Defining

T
€= 52(14367 [ B [Jo (X )IH01+ 1517 ds),
0

we thus showed that

1) K 062K2
V[l iibetisel] < S5 0
which proves the claim. O

C. Feynman-Kac Theorem and More General
Linear PDEs

As outlined in Section 2 and for instance stated in (5) as
well as (13), the Feynman-Kac formula brings a stochastic
representation of the linear PDE in (1) via

Xr)| X, = a]
= Ely(Xr)|(¢.7) =

(67a)
(z,t)]. (67b)
Note that this can be shown using the identity in (9). More
specifically, the stochastic integral Sy has a vanishing ex-
pectation conditioned on (£, 7) and we obtain that

E[Ay = Sv[(§,7)] = E[Av[(§,7)] = 0. (68)

Let us make this observation precise and at the same time
state a slightly more general version of the Feynman-Kac
theorem.

Theorem C.1 (Feynman-Kac formula). Let g € C2(R? R),
E € CR*x[0,T],R), and V € C>Y(R?x[0,T],R)
be at most polynomially growing functions. Further, let
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f e C(R? x[0,T),R>o) and assume that V solves the
parabolic problem

(Or+L— f(z,t)V(z,t) + k(z,t) =0  (69)
on (x,t) € R? x[0, T) with terminal condition
V(z,T)=g(z), xeR?. (70)

Then

T ~
V(z,t)=E / e JIIXeds (X ) dr

t

(71)
e ST (Xas)ds gy

Xt = l‘] s
where X is a strong solution to (6).

Proof. The proof, whose main ingredient is Itd’s Lemma,
can, for instance, be found in Karatzas & Shreve (1998,
Theorem 5.7.6) and Baldi (2017, Theorem 10.5). O

Let us recall that our loss Lrk as defined in (10) readily
follows from the Feynman-Kac formula — see also Beck
etal. (2021). Note that a crucial point in the derivation of the
Feynman-Kac formula is the elimination of the stochastic
integral Sy, as defined in (8b), via its martingale property,
see (68). Ironically, as elaborated on in Section 2, it turns
out that this elimination is just the reason for larger variances
of estimators of Lpk.

Remark C.2 (Initial value problems). Note that time can be
reversed and initial value problems (as opposed to termi-
nal value problems as in Theorem C.1) can be formulated.
As an example, we can consider the time-homogeneous
case, where b, 0, f, and k£ do not depend on time. Let
V € C>1(R? %[0, T],R) solve the parabolic PDE

(O = L+ f(2))V(z,t) = k(z) =0 (72)
on (x,t) € R% x (0, T] with initial condition
V(z,0)=g(z), xeR". (73)

The associated stochastic representation is then given by

t
V(I7t) =E / e IOT f(Xs)dsk(Xr)dr

0

(74)
+em Jo X g(x)

X0=$].

Remark C.3 (Bounded domains). We can restrict ourselves
to open, bounded domains D C R? and consider the
parabolic PDE in (69) on D, adding the additional boundary

condition'® V(z,t) = g(x) for (z,t) € 9D x [0,T]. The
stochastic representation then becomes

TAT .
Viz,t)=E / e i FXes)dsp( X, r)dr
t

TAT Nds
e I I g (X )

Xt_il?:|,

where T AT == min{7T,T}and T :=inf{t >0: X; ¢
D} is the first exit time of the stochastic process from the
domain D, for which we usually assume 7 < oo almost
surely. Likewise, we can consider the elliptic boundary
value problem

(L = f(2))V(z) + k() = 0,
V(z) = g(x),

where now the solution V, the coefficients b and o in the
SDE (6), as well as f and k do not depend explicitly on time
anymore, yielding the stochastic representation

x €D,
x € JD,

(75a)
(75b)

T
V(z)=E / e Jo FXDds g (X, )dr

0

(76)
—+ e f()T f(Xb)dsg(XT) ‘XO = x] R

again with 7 := inf{¢ > 0 : X; ¢ D}, see e.g. Proposition
5.7.2 in Karatzas & Shreve (1998).

Leveraging the above representations, our proposed meth-
ods can readily be applied to a range of elliptic and parabolic
PDESs on bounded domains. Note, however, that one needs
to take into account the hitting times 7, for instance, us-
ing naive stopping criteria (Niisken & Richter, 2021a) or
more elaborate walk-on-the-sphere algorithms (Grohs &
Herrmann, 2020). As this might obscure the comparisons
between different loss functions, we focus on unbounded
domains in our experiments.

D. Backward Stochastic Differential
Equations and Semi-Linear PDEs

Backward stochastic differential equations (BSDEs) have
been studied extensively in the last three decades and
we refer to Pardoux (1998), Pham (2009), Gobet (2016),
and Zhang (2017) for good introductions to the topic. Even
though in this paper we only consider linear PDEs as stated
in (1) or (69), BSDE:s are typically associated to nonlinear
(parabolic) PDEs of the type

(Op + L)V (x,t) = h(x,t,V(z,t), (0 Vo V)(x,1) (77)
1%0ne can also consider boundary conditions that are different

from the terminal condition in (70), see, for instance, Baldi (2017,
Theorem 10.4) and Lelievre & Stoltz (2016, Proposition 6.1).
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for (x,t) € R? x [0,T], a nonlinearity h : R x[0,T] x
R x RY — R, and differential operator L defined as in (2).
The terminal value is given by

V(z,T) = g(x), (78)
for a specified function g € C(R%, R).

BSDEs were first introduced in Bismut (1973) and their sys-
tematic study began with Pardoux & Peng (1990). Loosely
speaking, they can be understood as nonlinear extensions
of the Feynman-Kac formula (see Pardoux (1998) and Ap-
pendix C), relating the nonlinear PDE in (77) to the stochas-
tic process X defined by

dX, = b(Xs,8)ds + 0(Xs,8) dWs, Xo=2x9. (79)

The key idea is then to define the processes

Y, = V(X,,s), Zy=(0"V,.V)(Xs,8), (80)

as representations of the PDE solution and its gradient, re-
spectively, and apply It6’s lemma to obtain

dYS :h(X8787Y:9:ZS)dS+ZS'dWSa (8])

with terminal condition Yr = ¢(Xr). Noting that the
processes Y and Z are adapted!! to the filtration gener-
ated by the Brownian motion W, they should indeed be
understood as backward processes and not be confused with
time-reversed processes. A convenient interpretation of the
relations in (80) is that solving for the processes Y and Z
under the constraint (81) corresponds to determining the so-
lution of the PDE in (77) (and its gradient) along a random
grid which is provided by the stochastic process X defined
in (79).

Let us note that under suitable assumptions on the coeffi-
cients b, o, h, and g one can prove existence and uniqueness
of a solution to the BSDE system as defined in (79) and
(81), see for instance Theorem 4.3.1 in Zhang (2017).

We further note that the standard BSDE system can be gen-
eralized to

dXY=(b(X], s) +v(X], ) ds + o (X, 5)dW,
AY? = (h(X?, 8, Y2, Z%) + v(X?,5)-Z°)ds + Z°- AW,

S s

with
Xy=a  YE=g(XD). (82)

In the above, v € C(R? x[0,T],R?) is a suitable control
vector field that can be understood as pushing the forward
trajectories into desired regions of the state space, noting
that the relations

Y? =V(XY,s),

S

Z° = (c"V,V)(XC,s), (83)

S

"ntuitively, this means that the processes Y and Z must not
depend on future values of the Brownian motion W.

Algorithm 1 Solving the PDE in (1) via deep learning

input Neural network ® with initial parameters #(?), op-
timizer method step for updating the parameters, maxi-
mum number of steps M, batch size K, step-size At
output parameters (M)
form<+0,...,M —1do
(P, 70 WK | < sample from (&, 7, W)2K
(X(®)K |« simulate using the EM scheme in (84)
L« piCk L e {LFKa £BSDE}
L) (®y(m)) + compute estimator loss as in (15)
V@E(K)(Cbg(m)) — autodiﬁ(E(K)(<I>9<m>))
9m+D) ¢ step (9<m>, vgam(@a(m)))
end for

with V' e C>'(R? x[0,T],R) being the solution to the
parabolic PDE in (77), hold true independent of the choice
of v (Hartmann et al., 2019).

E. Further Computational Details

For convenience, we first summarize our considered method
in Algorithm 1. In numerical simulations we need to dis-
cretize the stochastic process X as defined in (6) on a time
grid T =t; < --- < t;. A practical way to do so is based
on the Euler-Maruyama (EM) scheme

Xji1 = X; +b(X;, ) At + 0 (X, ;)VAL i1, (84)

where At :=t;41 — t; is the step-size and

-
Gl = % ~ N(0,1d) (85)

is a standard normally distributed random variable. It can be
shown that X; convergences to X;A; in an appropriate sense
(Kloeden & Platen, 1992). This readily leads to discrete
versions of the quantities éu and S, as defined in (16). Note
that the discrete process X is initialized at the random value
X1 = £ and J is chosen according to the randomly drawn
initial time 7. More precisely, we set J = [(T'—7)/At] and
use a smaller final step-size in order to arrive at the terminal
time 7. An alternative strategy would be to fix J for all
realizations and change the step-size At = T;T depending
on the value of 7. We display the memory requirements of
our methods as a function of the step-size At in Figure 7.

In Table 1 we summarize the hyperparameters for our ex-
periments. We specify the amount of steps (Schedule A)
or time (Schedule B) that we train and the percentile, i.e.,
milestone, where we decrease the learning rate A and the
step-size At. In order to have comparable results, we set a
GPU memory limit of 8 GiB during training and always use
batch sizes K € {2%,27,210 213 216 219}
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Lrk

grad
LBspe

—
detach
LBSDE
—
grad
— = LBSDE,eff
Lpspe
LBSDE, eff

GPU memory (MiB)
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At
Figure 7. GPU memory requirements for a gradient step with batch
size K = 1024 and different step-sizes At for the SDE discretiza-
tion when solving the heat equation. If we do not consider the
efficient versions, the memory usage for the losses EgBrSaSE and
Lpspr depends approximately linearly on At.

We employ a Multilevel neural network architecture, which
has shown to be advantageous over standard feed-forward
architectures. More precisely, we use an architecture with
L = 3 levels, amplifying factor ¢ = 5 for the HIB equa-
tion and ¢ = 3 for the other PDEs, intermediate residual
connections (y = 1) and without normalization layer, as
defined in Berner et al. (2020a). Note that in case of the
losses L&2S - and K%IESE) ot We use the same architecture
with output dimension d for the neural network representing
the function 7 in (31). As the activation function needs to
be twice differentiable for certain losses, we replace the
ReLU by the SiLU (also known as swish) activation func-
tion (Hendrycks & Gimpel, 2016).

Finally, Table 1 also specifies the number of samples used
to approximate the MSE metrics and the number of batches
used to estimate the loss and gradient variances. For the lat-
ter, we compute the value and derivative of LK) (w.r.t. the
parameters 6 of @) for 30 batches consisting of K indepen-
dent samples of (£, 7, W) by performing forward and back-
ward passes without updating the parameters ¢. To compute
the MSE we evaluate HEJQ] with N = 10-2'7 i.i.d. samples
drawn from the distribution of (¢, 7) — independently of
the training data and independently for each evaluation. In
this sense, we always evaluate our model w.r.t. to the real
solution V' on unseen data. For comparing the gradients we
replace (u(fv T) - V(€7 T))2 by vau(f, T) - VzV(f7 T) H2
or |[r(&,7) — V.V (£, 7)||? in case of the methods LE20
and L‘,gBrngyOH. When no closed-form solution for V is
available, as for the Black—Scholes model in Section 3.2,
we use the version in (7b) with another 2'6 independent
samples to estimate the inner expectation.

F. Further Numerical Experiments

Figures 8 to 15 show the results of additional numerical
experiments. The corresponding captions describe the re-
spective settings.

Table 1. Training and evaluation setup
Schedule A: Step limit

steps M 3-10%
milestone 0.9
Schedule B: Time limit
time 24h
milestone 0.5
Training
learning rate A [5-1074,5-1079)
step-size At [1072,1073]
optimizer Adam
batch size K {24,27 210 213 216 919}
GPU memory constraint 8 GiB
Network
architecture Multilevel
(L,q,x) {(3,3,1),(3,5,1)}
activation function SiLU
Evaluation
samples N 10 - 217
batches (for variances) 30
t=0.25 t=0.75 — 7V
10 10 - ’-':K
— cfse
* ¢ - e
6 6 LBSDE, eff
44 4
24 2
04 . v . 0 . v .
-0.5 0.0 0.5 -0.5 0.0 0.5

Figure 8. Approximation of the norm of the gradient ||V, V|| of the
solution V' to the heat equation in Section 3.1 for ¢ € {0.25,0.75}
and © = (a,...,a)" after training for 30k steps with batch
size K = 1024. As expected, the stochastic integral, which is
present in all losses except Lrk, induces better approximation
of the gradient. Furthermore, explicitly modelling the gradient
as in 5%?](31& o OF back-propagating the derivative of the neural
network as in LBspE, s also improves the approximation outside

of the sampling interval for z, i.e. outside of [—0.5,0.5]°C.

—e— L
rdetach

—— LBSpE
~grad

~*= LgsDE,eff

LBSDE, eff

estimator std.

Figure 9. Estimator standard deviation and MSE after 30k gradient
steps for the heat equation in Section 3.1 with batch size 1024 and
varying diffusivities v. While solving the PDE becomes more chal-
lenging for higher values of v, our proposed methods consistently
outperform the baseline.
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Figure 10. We observe performance differences similar to Figure 1
when solving the heat equation from Section 3.1 with a higher
diffusivity of v = /3.
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Figure 11. MSE of different losses as a function of the training
time when solving the heat equation from Section 3.1 with batch
size K = 8192. Although the time needed for computing and
back-propagating the stochastic integral leads to significantly less
gradient steps and thus samples of (£, 7, W) (see Figure 12), the
loss LBsDE, e still outperforms the loss Lrk.
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Figure 12. Scaling of estimator loss, standard deviation of the (gra-
dient) estimator, and MSE when training for 24h. We observe
similar effects as in Figures 1 and 4, even though the number of
samples (or, proportionally, the number of steps) is significantly
higher for the loss Lri. For batch sizes higher than X = 8192 a
larger time budget is necessary.
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Figure 13. Performance and standard deviation of the losses Lgval
and £342°" (detaching S,, in (7c) from the computational graph
as in (30)) for the heat equation from Section 3.1 compared to their
natural counterparts. Note that they perform significantly worse
for small batch sizes, but similarly for large batch sizes — for the
detached version one can allow for larger batch sizes, given a fixed
memory budget. Note via a comparison to Figures 1 and 4 that the
efficient versions of the considered losses are still much better.
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Figure 14. Estimator standard deviation and MSE as a function of
the gradient steps when solving the Black—Scholes equation from
Section 3.2 with batch size K = 8192. In case of the loss £ESah
a bad initial approximation actually leads to a variance-increasing
effect of the stochastic integral. As the error in the gradient is not
back-propagated to the network parameters, this deteriorates the
convergence.
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Figure 15. Similar to Figures 1, 4, and 5, our theoretical and empiri-
cal findings also hold in case of the HIB equation from Section 3.3.
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G. Additional Material

The following Lemma details the relation of the HIB equa-
tion from Section 3.3 and a linear PDE of Kolmogorov type.

Lemma G.1 (Linearization of HIB equation). Let Ve
C?1(R* %[0, T],R) solve the Hamilton—Jacobi—Bellman
equation in (45), then V = exp(ff/) fulfills the linear PDE
as stated in Theorem C.1 with k = 0 and g = exp(—g), i.e.

O+ L — f(a,1)V(2,t) =0,
V(z,T) = g(z),

Subsequently, we get the representation

(z,t) € RY x[0,T),
reR?.

V(z,t) = —logE {e_W(X)‘Xt = x} (87)

with W(X ft f(Xs, s)ds + g(Xr).

Proof. We consider the transformation V = exp(—V) and
for notational convenience omit the space and time depen-
dencies of V', f, b, and 0. We can compute

_ d
Le_V:fb-e lz oa )ij zl Oy,e _VV)
=1

l\D

O'T)Z‘jawi 8@7. ‘7

1 ~ ~

-5 > (0070, Vs, V)
i,j=1

1 d

3 Z (o0

i,5=1

= —67‘7 (bvx";—k T)anlaxjf/

[\

1< -~
— — Z oikojké?miVﬁm]V>

ir4,k=1

The PDE in (69) therefore becomes

0= (8 +L—fle
~ — 1 —
== (@ + DV +f = 5loTV.VI?),

(88a)
(88b)

which is equivalent to the HJB equation in (45). O

For a discussion on the application of Lemma G.1 in the con-
text of importance sampling of stochastic processes that are
relevant in computational statistical physics and molecular
dynamics we refer to Hartmann et al. (2017).
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Abstract

Neural network training is usually accomplished by solving a non-convex opti-
mization problem using stochastic gradient descent. Although one optimizes over
the networks parameters, the main loss function generally only depends on the
realization of the neural network, i.e. the function it computes. Studying the opti-
mization problem over the space of realizations opens up new ways to understand
neural network training. In particular, usual loss functions like mean squared error
and categorical cross entropy are convex on spaces of neural network realizations,
which themselves are non-convex. Approximation capabilities of neural networks
can be used to deal with the latter non-convexity, which allows us to establish
that for sufficiently large networks local minima of a regularized optimization
problem on the realization space are almost optimal. Note, however, that each
realization has many different, possibly degenerate, parametrizations. In particular,
a local minimum in the parametrization space needs not correspond to a local
minimum in the realization space. To establish such a connection, inverse stability
of the realization map is required, meaning that proximity of realizations must
imply proximity of corresponding parametrizations. We present pathologies which
prevent inverse stability in general, and, for shallow networks, proceed to establish
a restricted space of parametrizations on which we have inverse stability w.r.t. to a
Sobolev norm. Furthermore, we show that by optimizing over such restricted sets,
it is still possible to learn any function which can be learned by optimization over
unrestricted sets.

1 Introduction and Motivation

In recent years much effort has been invested into explaining and understanding the overwhelming
success of deep learning based methods. On the theoretical side, impressive approximation capa-
bilities of neural networks have been established [9:/10!/16//20//32!/33./37//39]. No less important
are recent results on the generalization of neural networks, which deal with the question of how

33rd Conference on Neural Information Processing Systems (NeurIPS 2019), Vancouver, Canada.



well networks, trained on limited samples, perform on unseen data [2![3.[5#7/[17]|29]. Last but
not least, the optimization error, which quantifies how well a neural network can be trained by
applying stochastic gradient descent to an optimization problem, has been analyzed in different
scenarios [1![11]/13122]]241|251|27/|38]. While there are many interesting approaches to the latter
question, they tend to require very strong assumptions (e.g. (almost) linearity, convexity, or extreme
over-parametrization). Thus a satisfying explanation for the success of stochastic gradient descent for
a non-smooth, non-convex problem remains elusive.

In the present paper we intend to pave the way for a functional perspective on the optimization
problem. This allows for new mathematical approaches towards understanding the training of neural
networks, some of which are demonstrated in Section To this end we examine degenerate
parametrizations with undesirable properties in Section|2| These can be roughly classified as

C.1 unbalanced magnitudes of the parameters
C.2 weight vectors with the same direction

C.3 weight vectors with directly opposite directions.

Under conditions designed to avoid these degeneracies, Theorem|3.1|establishes inverse stability
for shallow networks with ReLLU activation function. This is accomplished by a refined analysis
of the behavior of ReL.U networks near a discontinuity of their derivative. Proposition|1.2[{shows
how inverse stability connects the loss surface of the parametrized minimization problem to the loss
surface of the realization space problem. In Theorem we showcase a novel result on almost
optimality of local minima of the parametrized problem obtained by analyzing the realization space
problem. Note that this approach of analyzing the loss surface is conceptually different from previous
approaches as in [11//18!/23)/30/|31!/36].

1.1 Inverse Stability of Neural Networks

We will focus on neural networks with the ReLU activation function p(z) := x4, and adapt the
mathematically convenient notation from [33], which distinguishes between the parametrization of a
neural network and its realization. Let us define the set Ay, of all network architectures with depth
L € N, input dimension d € N, and output dimension D € N by

AL Z:{(N07...7NL)ENL+1:N0:daNL:D}' (1)

The architecture N € Ay, simply specifies the number of neurons NV, in each of the L layers. We can
then define the space Py of parametrizations with architecture N € Ay, as

L
Py o= [ RNNeo xRN 2)
£=1

the set P = NeA; Py of all parametrizations with architecture in A, and the realization map

R: P — CRYRP)

3)
O = ((Ap, b)), = R(O) :=WropoWr_1...po W,

where W (x) := Agx + by and p is applied component-wise. We refer to A, and by as the weights
and biases in the /-th layer.

Note that a parametrization © € Q@ C P uniquely induces a realization R(0) in the realization space
R(Y), while in general there can be multiple non-trivially different parametrizations with the same
realization. To put it in mathematical terms, the realization map is not injective. Consider the basic
counterexample

0= ((A17b1)7 ey (AL—la bL—1)7 (O, 0)) and I'= ((Bl,(,’l), ceey (BL—lacL—1)7 (0,0)) (4)

from [34] where regardless of A,, By, by and ¢, both realizations coincide with R(©) = R(T") = 0.
However, it it is well-known that the realization map is locally Lipschitz continuous, meaning that
clos parametrizations in Py induce realizations which are close in the uniform norm on compact

!On the finite dimensional vector space Py all norms are equivalent and we take w.1.0.g. the maximum norm
[|©]|oos i-e. the maximum of the absolute values of the entries of the A, and by.



sets, see e.g. [2! Lemma 14.6], | 7] Theorem 4.2], and |34, Proposition 5.1].

We will shed light upon the inverse question. Given realizations R (I') and R(©) that are close, do
the parametrizations I" and © have to be close? In an abstract setting we measure the proximity of
realizations in the norm || - || of a Banach space B with R(P) C B, while concrete Banach spaces of
interest will be specified later. In view of the above counterexample we will, at the very least, need to
allow for the reparametrization of one of the networks, i.e. we arrive at the following question.

Given R(I") and R(O) that are close, does there exist a parametrization ® with
R(®) = R(O) such that T and & are close?

As we will see in Section|2] this question is fundamentally connected to understanding the redundan-
cies and degeneracies of the way that neural networks are parametrized. By suitable regularization, i.e.
considering a subspace 2 C Py of parametrizations, we can avoid these pathologies and establish a
positive answer to the question above. For such a property the term inverse stability was introduced
in [34], which constitutes the only other research conducted in this area, as far as we are aware.

Definition 1.1 (Inverse stability). Let s,a > 0, N € Ay, and Q C Pyn. We say that the realization
map is (s, «) inverse stable on Q w.rt. || - ||, if for allT € Q and g € R(RY) there exists € Q with

R(®) =g and [[®—T|e < sllg = RI)* ©)

In Section|2|we will see why inverse stability fails w.r.t. the uniform norm. Therefore, we consider
a norm which takes into account not only the maximum error of the function values but also of
the gradients. In mathematical terms, we make use of the Sobolev norm || - [|yy1,5 (1) (on some
domain U C R?) defined for every (locally) Lipschitz continuous function g: R* — R by
gllwr.o @y := max{||g|| Lo (), |9lw1. ()} with the Sobolev semi-norm | - [yy1,« (1) given by

l9lw. @) = [DgllLe ) = ess sup [Dg()]|oo- (6)
xE

See |15] for further information on Sobolev norms, and [8] for further information on the derivative
of ReLLU networks.

1.2 Implications of inverse stability for neural network optimization

We proceed by demonstrating how inverse stability opens up new perspectives on the optimiza-
tion problem which arises in neural network training. Specifically, consider a loss function
L: C(R4 RP) — [0,00) on the space of continuous functions. For illustration, we take the com-
monly used mean squared error (MSE) which, for training data ((z%,3%)), € (R x RP)", is given
by

L£(g) =3 lg@@") = y'l3, forg e CRYRP). @
i=1
Typically, the optimization problem is solved over some subspace of parametrizations 2 C Py, i.e.
: i L B 02
min £(R(T')) = min - Z; IRI) (") y'l13- ®)

From an abstract point of view, by writing g = R(I") € R(f), this is equivalent to the corresponding
optimization problem over the space of realizations R((2), i.e.

min £(¢) = min % 20 — of12. 9
9ER(®) (9) geR(Q)";”g( ) =y'll2 ©)

However, the loss landscape of the optimization problem (8) is only properly connected to the loss
landscape of the optimization problem @ if the realization map is inverse stable on 2. Otherwise
arealization g € R(Pn) can be arbitrarily close to a global minimum in the realization space but
every parametrization ® with R(®) = g is far away from the corresponding global minimum in the
parametrization space. Moreover, local minima of (8) in the parametrization space must correspond
to local minima of @ in the realization space if and only if we have inverse stability.



Proposition 1.2 (Parametrization minimum = realization minimum). Let N € Ay, Q C Py and

let the realization map be (s, «) inverse stable on Q w.rt. || - ||. Let T € Q be a local minimum of
Lo R on Q with radius r > 0, i.e. for all ® € Q with ||® — T'y||0o < 7 it holds that
L(R(I',)) < L(R(®D)). (10)

Then R(T'..) is a local minimum of L on R(Q) with radius (Z)V/°, i.e. for all g € R() with
lg — R(LL)| < (Z)Y it holds that
L(R(T4)) < L(g)- (1D

See Appendix[A.1.2|for a proof and Examplefor a counterexample in the case that inverse
stability is not given. Note that in @ we consider a problem with convex loss function but non-convex
feasible set, see |34/ Section 3.2]. This opens up new avenues of investigation using tools from
functional analysis and allows utilizing recent results [19]|34] exploring the topological properties of
neural network realization spaces.

As a concrete demonstration we provide with Theorem[A.2|a strong result obtained on the realization
space, which estimates the quality of a local minimum based on its radius and the approximation
capabilities of the chosen architecture for a class of functions S. Specifically let C' > 0, let
A: B — [0, 00) be a quasi-convex regularizer, and define

S:={feB: A(f) <C}. (12)
We denote the sets of regularized parametrizations by
Qn :={P € Py: A(R(D)) < C} (13)

and assume that the loss function £ is convex and c-Lipschitz continuous on S. Note that virtually
all relevant loss functions are convex and locally Lipschitz continuous on C'(R%, R?). Employing
Proposition inverse stability can then be used to derive the following result for the practically
relevant parametrized problem, showing that for sufficiently large architectures local minima of a
regularized neural network optimization problem are almost optimal.

Theorem 1.3 (Almost optimality of local parameter minima). Assume that S is compact in the
| - ||l-closure of R(P) and that for every N € Ay, the realization map is (s, «) inverse stable on
Qn w.rt. || - ||. Then for all e,r > 0 there exists n(e,r) € Ar such that for every N € Ay, with
Ny > ni(e,r), ..., N1 > ng_1(e, ) the following holds:

Every local minimum T, with radius at least v of minreq,, L(R(T")) satisfies

L(R(T.)) < min L(R(T)) +<. (14)

See Appendixfor a proof and note that here it is important to have an inverse stability result,
where the parameters (s, «) do not depend on the size of the architecture, which we achieve for
L =2 and B = WH*°, Suitable A would be Besov norms which constitute a common regularizer in
image and signal processing. Moreover, note that the required size of the architecture in Theorem|1.3
can be quantified, if one has approximation rates for S. In particular, this approach allows the use o
approximation results in order to explain the success of neural network optimization and enables a
combined study of these two aspects, which, to the best of our knowledge, has not been done before.
Unlike in recent literature, our result needs no assumptions on the sample set (incorporated in the loss
function, see ), in particular we do not require “overparametrization” with respect to the sample
size. Here the required size of the architecture only depends on the complexity of .S, i.e. the class of
functions one wants to approximate, the radius of the local minima of interest, the Lipschitz constant
of the loss function, and the parameters of the inverse stability.

In the following we restrict ourselves to two-layer ReLU networks without biases, where we present
a proof for (4,1/2) inverse stability w.r.t. the Sobolev semi-norm on a suitably regularized space of
parametrizations. Both the regularizations as well as the stronger norm (compared to the uniform
norm) will shown to be necessary in Section|2| We now present, in an informal way, a collection
of our main results. A short proof making the connection to the formal results can be found in

Appendix

Corollary 1.4 (Inverse stability and implications - colloquial). Suppose we are given data
(2%, y")), € (R? x RP)" and want to solve a typical minimization problem for ReLU networks
with shallow architecture N = (d, N1, D), i.e.

min 13 R(D) (") — y)|3. (15)
=1
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First we augment the architecture to N = (d+2, N1+ 1, D), while omitting the biases, and augment
the samples to &* = (2%, ... ,x2%, 1, —1). Moreover, we assume that the parametrizations

® = (([a1] .- lan,+1]7.0), ([c1] - . - [eny 1], 0)) € Q € Py (16)
are regularized such that
C.1 the network is balanced, i.e. ||a;]| oo = ||¢i| cos
C.2 no non-zero weight vectors in the first layer are redundant, i.e. a; |f a;,

C.3 the last two coordinates of each weight vector a; are strictly positive.

Then for the new minimization problem
min Z |R(®)(z) — v'|)2 (17)

the following holds:

1. If ®, is a local minimum of with radius v, then R(®.) is a local minimum of
mingero) = Yoy [19(&") — y'||3 with radius at least % WLt | - |,

2. The global minimum of is at least as good as the global minimum of , ie.
1 ~ P12
min 2_; IR(@)(#) — y'|z < min *Z IR (') — o' [13. (18)

3. By further regularizing in the sense of Theorem we can estimate the quality of its
local minima.

This argument is not limited to the MSE loss function but works for any loss function based on
evaluating the realization. The omission of bias weights is standard in neural network optimization
literature [11/[13!/22]|24]. While this severely limits the functions that can be realized with a given
architecture, it is sufficient to augment the problem by one dimension in order to recover the full
range of functions that can be learned [1]. Here we augment by two dimensions, so that the third
regularization condition|C.3|can be fulfilled without loosing range. Moreover, note that, for simplicity
of presentation, the regularization assumptions stated above are stricter than necessary and possible
relaxations are discussed in Section[3]

2 Obstacles to inverse stability - degeneracies of ReLLU parametrizations

In the remainder of this paper we focus on shallow ReLU networks without biases and define the cor-
responding space of parametrizations with architecture N = (d, m, D) as Ny := R™*d x RP*m,
The realization maR is, for every © = (A4, C) = ([a1] ... |am]”, [e1] ... |em]) € N, given by

R? 5 2 — R(O)(z) = Cp(Az) = Zczp( ai,x (19)

Note that each function  — ¢;p((a;, x)) represents a so-called ridge function which is zero on the
half-space {z € R%: (a;,z) < 0} and linear with constant derivative c;a] € R” x R on the other
half-space. Thus, the a; are the normal vectors of the separating hyperplanes {x € R%: (a;, z) = 0}
and consequently we refer to the weight vectors a; also as the directions of ©. Moreover, for © € Ny
it holds that R(©)(0) = 0 and, as long as the domain of interest U C R? contains the origin, the
Sobolev norm || - [|yy1.< (1) is equivalent to its semi-norm, since

IR(O)| o= vy < Vd diam(U)|R(O)[w1., (20)

2This is a slight abuse of notation, justified by the the fact that R acts the same on Py with zero biases b1, by
and weights A; = Aand A; = C.



Figure 1: The figure shows g, for k = 1, 2.

see also inequalities of Poincaré-Friedrichs type |14, Subsection 5.8.1]. Therefore, in the rest of the
paper we will only consider the Sobolev semi-normn]’

|R(©)|w1. () = ess sup H Z cial
zel i€[m]: {(ai,z)>0

2n

.

In one can see that in our setting | - |yy1,5 () is independent of U (as long as U contains a
neighbourhood of the origin) and will thus be abbreviated by | - |1,

2.1 Failure of inverse stability w.r.t. uniform norm

All proofs for this section can be found in Appendix|A.2.2] We start by showing that inverse stability
fails w.r.t. the uniform norm. This example is adapted from [34| Theorem 5.2] and represents, to the
best of our knowledge, the only degeneracy which has already been observed before.

Example 2.1 (Failure due to exploding gradient). Ler T := (0,0) € N22.1) and gi € R(N(2,2,1))
be given by (see Figure ‘

Then for every sequence (Pr)ren € Ni2,2,1) with R(®y) = gy it holds that
lim ||R((I)k) - R(F)”Loc((,lJ)Z) =0 and lim Hq)k - FHOO = Q. (23)
k—o0 k—o0

In particular, note that inverse stability fails here even for a non-degenerate parametrization of the
zero function T' = (0, 0). However, for this type of counterexample the magnitude of the gradient of
R(®P}) needs to go to infinity, which is our motivation for looking at inverse stability w.r.t. | - |[yy1.c0.

2.2 Failure of inverse stability w.r.t. Sobolev norm

In this section we present four degenerate cases where inverse stability fails w.r.t. | - |j71.0. This
collection of counterexamples is complete in the sense that we can establish inverse stability under
assumptions which are designed to exclude these four pathologies.

Example 2.2 (Failure due to complete unbalancedness). Letr > 0, I' := ((r, 0), O) € ./\/(271,1) and
gi € R(N—(g_’l’l)) be given by (see Figure

gr(z) = £p({(0,1),2)), keN. (24)
Then for every k € N and @), € N(21,1) with R(®y) = gy, it holds that

IR(®) — R(D)|wie = L and  ||®), — Tl > (25)

This is a very simple example of a degenerate parametrization of the zero function, since R(I') = 0
regardless of choice of r. The issue here is that we can have a weight pair, i.e. ((r,0), 0), where the
product is independent of the value of one of the parameters. Note that in Exampleone can see a
slightly more subtle version of this pathology by considering 'y, := ((k:, 0), k%) € N(2,1,1) instead.
In that case one could still get an inverse stability estimate for each fixed k; the parameters of inverse

*For m € N we abbreviate [m] := {1,...,m}.
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Figure 2: Shows R(T") (r = 0.5) and g3. Figure 3: Shows R(T") and gs.

stability (s, &) would however deteriorate with increasing k. In particular this demonstrates the need
for some sort of balancedness of the parametrization, i.e. control over ||¢;||o and ||a;||o individually
relative to ||¢;| oo || @] co-

Inverse stability is also prevented by redundant directions as the following example illustrates.

Example 2.3 (Failure due to redundant directions). Let

= (E 8} 7(171)> € N2, (26)
and g, € R(N(2,2,1)) be given by (see Figure
gr(@) :=2p({(1,0),2)) + £p(((0,1),2)), k€N @7
Then for every k € N and @y, € ./\/(272,1) with R(®y) = gy, it holds that
IR(®r) — R(T)|wre = and | @ — Tl > 1. (28)

The next example shows that not only redundant weight vectors can cause issues, but also weight
vectors of opposite direction, as they would allow for a (balanced) degenerate parametrization of the
zero function.

Example 2.4 (Failure due to opposite weight vectors 1). Let a; € R%, i € [m], be pairwise linearly
independent with ||a;||cc = 1 and 3"~ | a; = 0. We define
I':= ([a1| e |am| - a1| ce | - am]T, (1, cey 1, *1, ceay 71)) S Md,2m;1)' (29)

Now let v € R? with ||[v||«s = 1 be linearly independent to each a;, i € [m], and let g, €
R(N(4,2m,1)) be given by (see Figure ‘
gr(x) = %p((v,x)), keN. (30)
Then there exists a constant C > 0 such that for every k € N and every @) € N(d’gmyl) with
R(Pr) = gx it holds that
IR(®r) — R(D)|wieo = % and ||Pr — Tl > C. 31

Thus we will need an assumption which prevents each individual I' in our restricted set from having
pairwise linearly dependent weight vectors, i.e. coinciding hyperplanes of non-differentiability. This,
however, does not suffice as is demonstrated by the next example, which shows that the relation
between the hyperplanes of the two realizations matters.

Example 2.5 (Failure due to opposite weight vectors 2). We define the weight vectors

= (kk,5), ab=(—k.k, 1), af = (0,—V2k, ), = (k,k,V2k)  (32)
and consider the parametrizations (see Figure
. <[ |- ab] - ] k) € Ngsyy, O = ([ Elak|ak] ", k) €Naan. (33)
Then for every k € N and every ®;, € N(3 31y with R(®y) = R(Oy) it holds that
IR(®k) = R(Tk)lwre =3 and || — Iklloc = k. (34)

Note that I and © need to have multiple exactly opposite weight vectors which add to something
small (compared to the size of the individual vectors), but not zero, since otherwise reparametrization
would be possible (see Lemma.



Figure 4: Shows R(I") and g3 (a1 = (

1 *% ) Figure 5: Shows the weight vectors of O5
az = (—1,—%),a3 = (0,1),v = (1,0

;) (grey) and I's (black).

3 Inverse stability for two-layer ReLLU Networks

We now establish an inverse stability result using assumptions designed to exclude the pathologies
from the previous section. First we present a rather technical theorem for output dimension one
which considers a parametrization I in the unrestricted parametrization space A and a function g
in the the corresponding function space R (A ). The aim is to use assumptions which are as weak as
possible, while allowing us to find a parametrization ® of g, whose distance to I' can be bounded
relative to |g — R(T)|y1.. We then continue by defining a restricted parametrization space N5, for
which we get uniform inverse stability (meaning that we get the same estimate for every I' € 7).

Theorem 3.1 (Inverse stability at I' € Ny). Let d,m € N, N := (d,m,1), 8 € [0,00), let
= ([aﬂ ...fafn]T,cF> € Nn, g € R(Nw), and let IV := {i € [m]: a}" # 0}.

Assume that the following conditions are satisfied:

C.1 It holds for all i € [m] with ||c} a} || < 2|g - R(F)\Wmo that |ct |, ||la} || < B.

C.2 It holds for all i,j € I" withi # j that IIGFH # Harl\

C.3 There exists a parametrization © = ([a?‘ .. ‘agl]T, c@) € N such that R(©) = g and

(a) it holds for all i,j € I' with i # j that e FH # —

[S]

. . (l- a.:
7 that J —
# J that & # — e

F“ and foralli,j € 1° with

lla

(S}

(b) it holds for all i € I", j € I° that r”m # _”a‘gﬁ
where I® = {i € [m]: a? # 0}.
Then there exists a parametrization ® € Ny with
R@®) =g and [[®- T < +2lg— ROy 1. (35)

The proof can be found in Appendix|A.3.2| Note that each of the conditions in the theorem above
corresponds directly to one of the pathologies in Section Condition which deals with
unbalancedness, only imposes an restriction on the weight pairs whose product is small compared
to the distance of R(I") and g. As can be guessed from Example and seen in the proof of
Theorem(3.1} such a balancedness assumption is in fact only needed to deal with degenerate cases,
where R(I') and g have parts with mismatching directions of negligible magnitude. Otherwise a
matching ametrlzatlon is always possible. Note that a balanced T" (i.e. |c} | = |lal'||oo) satisfies

Condition|C.1|with 8 = (2|g — R(T") |1, ) /2.
It is also possible to relax the balancedness assumption by only requiring |c} | and || ;|| to be close

to ||c st Y2 , which would still give a similar estimate but with a worse exponent. In order to see that
requlrmg balancedness does not restrict the space of realizations, observe that the ReLU is positively
homogeneous (i.e. p(Az) = Ap(z) for all A > 0, x € R). Thus balancedness can always be achieved
simply by rescaling.

Condition|C.2|requires I" to have no redundant directions, the necessity of which is demonstrated by
Example|2.3| Note that prohibiting redundant directions does not restrict the space of realizations,



see in the appendix for details. From a practical point of view, enforcing this condition could
be achieved by a regularization term using a barrier function. Alternatively on could employ a
non-standard approach of combining such redundant neurons by changing one of them according
to and either setting the other one to zero or removing it entirely*

From a theoretical perspective the first two conditions are rather mild, in the sense that they only
restrict the space of parametrizations and not the corresponding space of realizations. Specifically we
can define the restricted parametrization space

(m,p) =1L € Niam.D): |} loo = ||} || for all i € [m] and T satisfies[C.2} (36)

for which we have R(N}) = R(Ny). Note that the above definition as well as the following
definition and theorem are for networks with arbitrary output dimensions, as the balancedness
condition makes this extension rather straightforward.

In order to satisfy Conditionsandwe need to restrict the parametrization space in a way
which also restricts the corresponding space of realizations. One possibility to do so is the following
approach, which also incorporates the previous restrictions as well as the transition to networks
without biases.

Definition 3.2 (Restricted parametrization space). Let N = (d, m, D) € N3. We define
Ny = {T e Ni: (a} a1, (a})a > 0 foralli € [m]}. (37)

While we no longer have R(N3) = R(Ny), Lemmashows that for every © € P4, p) there
exists ' € V¥ such that for all € R it holds that

(d+2,m+1,D)
R(T)(z1,...,24,1,—1) = R(O)(x1,...,Tq). (38)

In particular, this means that for any optimization problem over an unrestricted parametrization

space P(a,m,p), there is a corresponding optimization problem over the parametrization space
( d+2,m+1,D) whose solution is at least as good (see Corollary|1.4). Our main result now states that

for such a restricted parametrization space we have uniform (4, T/2) inverse stability w.r.t. | - [y1.00,

a proof of which can be found in Appendix|A.3.2]

Theorem 3.3 (Inverse stability on N'3). Let N € N3, ForallT' € N} and g € R(N};) there exists

a parametrization € N3, with

R(@®) =g and & T < 4lg— R(T) |2 . (39)

4 Outlook

This contribution investigates the potential insights which may be gained from studying the optimiza-
tion problem over the space of realizations, as well as the difficulties encountered when trying to

connect it to the parametrized problem. While Theorem|1.3|and Theorem|3.3|offer some compelling

preliminary answers, there are multiple ways in which they can be extended.

To obtain our inverse stability result for shallow ReLU networks we studied sums of ridge functions.
Extending this result to deep ReLLU networks requires understanding their behaviour under com-
position. In particular, we have ridge functions which vanish on some half space, i.e. colloquially

speaking each neuron may “discard half the information” it receives from the previous layer. This

introduces a new type of degeneracy, which one will have to deal with.

Another interesting direction is an extension to inverse stability w.r.t. some weaker norm like ||-|| o or

a fractional Sobolev norm under stronger restrictions on the space of parametrizations (see Lemma-
for a simple approach using very strong restrictions).

Lastly, note that Theoremis not specific to the ReLU activation function and thus also incentivizes

the study of inverse stability for any other activation function.

From an applied point of view, Conditions motivate the implementation of corresponding

regularization (i.e. penalizing unbalancedness and redundancy in the sense of parallel weight vectors)
in state-of-the-art networks, in order to explore whether preventing inverse stability leads to improved

performance in practice. Note that there already are results using, e.g. cosine similarity, as regularizer
to prevent parallel weight vectors [4/|35] as well as approaches, called Sobolev Training, reporting

better generalization and data-efficiency by employing a Sobolev norm based loss [12].

“This could be of interest in the design of dynamic network architectures [26//28//40] and is also closely
related to the co-adaption of neurons, to counteract which, dropout was invented [21].
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A Appendix - Proofs and Additional Material

A.1 Section[l]
A.1.1 Additional Material

Example A.1 (Without inverse stability: parameter minimum =~ realization minimum). Consider
the two domains

Dy = {(z1,22) € (-1,1)*: 23 > |21]}, D2 :={(z1,22) € (-1,1)*: 21 > |z2]}.  (40)

For simplicity of presentation, assume we are given two samples x' € Dy, 22 € D, with labels
y' =0, y? = 1. The corresponding MSE is

L(g) = 3((9(=")* + (9(=*) = 1)?) (41)
for every g € C(R?,R). Let the zero realization be parametrized b
L. =(0,(-1,0)) € M2,1,0) 42)

with loss L(R(T'.)) = 3. Note that changing each weight by less than & does not decrease the loss,
as this rotates the vector (—1,0) by at most 45°. Thus T is a local minimum in the parametrization
space. However, the sequence of realizations given by

gr(x) = gp(r1 — 22) = R((1,-1), 1) (43)
satisfies that
gk — R(Tw) [wree((—1,12) = llgrllwree(—1,102) < (44)
and
L(gr) = 3(gx(@®) = 1)? < 3 = L(R(T.)), (45)

see Figure@ Accordingly, R(T'.) is not a local minimum in the realization space even w.r.t. the
Sobolev norm. The problem occurs, since inverse stability fails due to unbalancedness of T'.

Figure 6: The figure shows the samples ((z%, y*));=1 2, the realization R(T.) of the local parameter
minimum (left) and g3 (right).

Theorem A.2 (Quality of local realization minima). Assume that

sup inf ||R(®)— fll <mn (approximability). (46)
feS ®eQn

Let g. be a local minimum with radius r' > 2n of the optimization problem mingep o) £(g). Then
it holds for every g € R(Qy) (in particular for every global minimizer) that

L(g.) < L(9) + %9« — glin. (47)

’

Proof. Define \ := m and f := (1 — A\)g« + Ag € S. Due to there is @ € Q2 such that

IR(®) — f|| < n and by the assumptions on g, and £ it holds that
L(g:) < LR(®)) < L(f) +en < (1= N)L(gx) + AL(g) + en.
This completes the proof. See Figurefor illustration. O

3See notation in the beginning of Section

13



L(R®) 1
L(g+) --Icn
L(f) T

L(g) T

Figure 7: The figure illustrates the proof idea of Theorem Note that decreasing 7, ¢, ||g« — g|| or
increasing r’ leads to a better local minimum due to the convexity of the loss function (red).

A.1.2 Proofs

Proof of Proposition By Deﬁnitionwe know that for every g € R(Q2) with ||[g — R(T',)|| <
(L)1 there exists ® € Q with

R(®) =g and [|® —T.|e < sllg— R(CL)* <7 (48)

Therefore by assumption it holds that
L(R(T.)) < LR(P)) = L(g)- (49)
which proves the claim. O

Proof of Theorem[1.3] Let e,r > 0, define ' := (£)1/* and n := min{(% diam(S)) e, %}
Then compactness of S implies the existence of an architecture n(e,r) € Ay, such that for every
N € Ap with Ny > ny(e,7),...,Np_1 > nr_1(e,r) the approximability assumption is
satisfied. Let now I', be a local minimum with radius at least r of minpeq, L(R(T')). As we
assume uniform (s, ) inverse stability, Propositionimplies that R(I',) is a local minimum of

the optimization problem min e g q,) £(g) with radius at least ' = (Z)1/® > 27, Theorem
establishes the claim. O

Proof of Corollary We simply combine the main observations from our paper. First, note that
the assumptions imply that the restricted parametrization space {2, which we are optimizing over, is
the space /\f(*d 2Ny +1,p) fTom Deﬁnition Secondly, Theoremimplies that the realization

map is (4, 1/2) inverse stable on 2. Thus, ropositiondirectly proves Claim For the proof
of Claimwe make use of Lemma It implies that for every © € P(q,n,,p) there exists I' €
such that 1t holds that

S IRME) =17 = 2D IRO) ) - v, (50)
i=1 i=1
which proves the claim. O

A2 Section[2]
A.2.1 Additional Material
Lemma A.3 (Reparametrization in case of linearly independent weight vectors). Let

© = (4%,09) = ([a?]...lap]", [c7l. . len]) € Niam,p) (51)
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with linearly independent weight vectors (a?)™ ) and min;e () [|c®||oc > 0 and let

d = (A% B?) = ([a?\ T I [ B |cf;]) € Na,m,p) (52)

with R(®) = R(O). Then there exists a permutation 7: [m] — [m] such that for every i € [m] there
exist \; € (0,00) with
a? = )\iag(i) and c;b = %cf(i). (53)

This means that, up to reordering and rebalancing, © is the unique parametrization of R(0).

Proof. First we define for every s € {0, 1}™ the corresponding open orthant

O ={z eR":21(2s1 — 1) >0,...,2, (28, — 1) >0} CR™. (54)
By assumption A® has rank m, i.e. is surjective, and therefore the preimages of the orthants
H®:={z R APz c O°} CR?, s€{0,1}™, (55)
are disjoint, non-empty open sets. Note that on each H* the realization R(©) is linear with
R(0)(x) = C® diag(s)A®z and DR(O)(z) = C® diag(s)A°. (56)
Since A® has full row rank, it has a right inverse. Thus we have for s, ¢ € {0, 1}™ that
C® diag(s)A® = C° diag(t)A°® = C® diag(s) = C° diag(t). (57)

Note that C© diag(s) = C'© diag(t) can only hold if s = ¢ due to the assumptions that ||c®||o, # 0
for all ¢ € [m]. Thus the above establishes that for s, ¢ € {0,1}™ it holds that
C° diag(s)A® = C® diag(t)A® ifand onlyif s =t, (58)

i.e. R(©) has different derivatives on its 2™ linear regions. In order for R(®) to have matching
linear regions and matching derivatives on each one of them, there must exist a permutation matrix
P € {0,1}™*™ such that for every s € {0,1}™

PA®z € O° forevery z € H®. (59)
Thus, there exist (A\;)7,; € (0,00)™ such that

A® = diag(\y, ..., \m)PTA®. (60)
The assumption that DR (©) = DR(¥), together with fors = (1,...,1), implies that

C* = COPdiag(s:, .- ), (61)
which proves the claim. O

Example A.4 (Failure due to unbalancedness). Let
Ty = ((k,O), k%) €Ngi1y, keN, (62)
and g, € R(N(2,1,1)) be given by
ge(@) = p(((0,1),2)), k€N, (63)

The only way to parametrize gy, is gp(r) = R(Pr)(z) = ¢p({(0,a),z)) with a,c > 0 (see
Lemma, and we have

IR(®r) — R(Tk)|wre <+ and || @ — Tilloc > k. (64)

Lemma A.5. Let d,m € Nand a; € R%, i € [m], such that > ie(m) @ = 0. Then it holds for all
z € R? that

> p({aix) =Y pl(—a;,x)). (65)

i€[m] i€[m]

Proof. By assumption we have for all € R? that Zie[m] {ai, ) = 0. This implies for all z € R4

that
Z (a;, ) — Z (a;, z) = Z —(a;, x), (66)

i€[m]: (a;,x)>0 i€[m)] i€[m]: (a;,z)<0

which proves the claim. O
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A.2.2 Proofs
Proof of Example We have for every k € N that

IgellLoo(—1,002) <+ and  [gi|wr = k7. (67)

Assume that there exists sequence of networks (®g)ren C J\f(27271) with R(®y) = gx and with
uniformly bounded parameters, i.e. Supy ¢y ||Px||oo < 00. Note that there exists a constant C' (de-
pending only on the network architecture) such that the realizations R (®,) are Lipschitz continuous
with

Lip(R(®x)) < C||®x |12,

(see [34] Prop. 5.1]). It follows that |R(®y )|y 1.« < Lip(R(Py)) is uniformly bounded which
contradicts . O

ProofofExample The only way to parametrize gy, is g () = R(Pg)(z) = ¢p({(0, a), x)) with
a,c > 0 (see also Lemma, which proves the claim. O

Proof of Example[2.3] Any parametrization of gj, must be of the form @, := (A, ¢) € R?*% x R!*?

with
A= {‘3 6?2] or A= L?l ‘62] (68)

(see Lemma|A.3). Thus it holds that [|®; — I'||c > [(1,0) — (0,a2)||sc > 1 and the proof is
completed by direct calculation. O

Proof of Example Let @, be an arbitrary parametrization of g; given by
@), = ([a1]az|. . . |azm)". €) € Na2m1) (69)

As gy, has two linear regions separated by the hyperplane with normal vector v, there exists j € [2m]
and A € R\ {0} such that

a; = . (70)
The distance of any weight vector +a; of I to the line {\v: A € R} can be lower bounded by
It a; — Ml% > Y £a; - M3 > & [lalBllol3 - @i v)?], icmlAeR (D)

The Cauchy-Schwarz inequality and the linear independence of v to each a;, @ € [m], establishes
that C' 1= Z; mine [[lasl3]v]|3 — (a;,v)?] > 0. Together with the fact that R(I') = 0, this
completes the proof. O

Proof of Example Since 2 = p(z) — p(—=z) for every = € R, the difference of the realizations
is linear, i.e.

R(Oy) — R(T'y) = (chak + chak + ckak, ) = ((0,0,3), ) (72)

and thus the difference of the gradients is constant, i.e.
IR(©k) — R(L'k)|wr= =3, keN. (73)
However, regardless of the balancing and reordering of the weight vectors a¥, i € [3], we have that
10k — Tillec = k. (74)
By Lemma up to balancing and reordering, there does not exist any other parametrization of Oy,

with the same realization. O
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A3 Section[3]
A.3.1 Additional Material

Lemma A.6. Letd,m,D € Nand © € Py, p). Then there exists I' € '/\[(ti+2,m+1,D) such that
for all x € R% it holds that

RT)(z1,...,24,1,—1) = R(O)(x). (75)
Proof. Since © € P(4,m,p) it can be written as

0 = ((4.0).(c.)) = ([l -lam)",1), (] - |em] ) (76)

with
R(O)(z) = Zc,p ai,x) +b;) +e, x€R: (77)

where A € R™*4 b ¢ R™, C € RP*™ and e € RP. We define for i € [m)]

b, +1 :b;>0 _ 1 :b; >0
+ . 7 i L i =
" '_{1 <o b '_{—bi+1 b <0 (78)
and observe that b > 0,b; > 0, and b — b; = b;. Fori € [m] let
* Ci tleilloe # 0
= (79)
{(Lvl) : ”CIHOOZO
and
* (aila"':aidab 7b ) ||C7,Ho<:7£0
‘= ’ g . 80
K {(07’“7071a1) : ||clHOO =0 (80
Note that we have
R(O)(x) =Y cipl{a;, (21,..., 24,1, -1))) +e, xR (81)
i=1

To include the second bias e let

N e e#0 N (0,...,0,2,1) :e#0
= d = . 2
Cm+1 {(1,. 1) se=0’ ¢ 9m {(0,...,0,1,1) Le=0 (82)

In order to balance the network, let a!” = a;-*(%)l/2 and ¢l = ¢( latlloe )1/2 for every i € [m+1].

llai oo llei oo

Then the claim follows by direct computation. O

A.3.2 Proofs

Proof of Theorem- Without loss of generaht)ﬁ we can assume for all i € [m] that a? = 0 if and
only if ¢® = 0. We now need to show that there always exists a way to reparametrize R(©) such
that the architecture remains the same and is satisfied. For simplicity of notation we will write
7 :=|g — R(I)|w1. throughout the proof. Let fI: R? — Rresp. f©: R? — R be the part that is
contributed by the ¢-th neuron, i.e.

SN it () = ol a)), 53)
=1
@)=ifi@ with  f2(x) := ¢ p((af, 2)). (84)

®In case one of them is zero, the other one can be set to zero without changing the realization.
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Further let
Hi,={re R: (al,z) > 0},
Hp ;= {z € R": {a;,x) =0}, (85)
Hp,={z€ R%: (a}',z) < 0}.

By conditionsandwe have for all 4,5 € I' that

i#] = Hp; # Hp;. (86)
Further note that we can reparametrize R (©) such that the same holds there. To this end observe that
epl{a,2)) + ¢ p((a’, 7)) = (c+ ¢ =) p((a, 2)), (87)

given that @’ is a positive multiple of a. Specifically, let (J;)X_, be a partition of I® (i.e. Ji # 0,
UK Jp = I® and Ji, N Jyy = 0 if k # k), such that for all k € [K] it holds that

CL;.-9 a@
1,7 € J, = = L . (88)
S 7 P

We denote by jj the smallest element in .J; and make the following replacements, for all i € I®,
without changing the realization of O:

a® s af, ¢ 3 ?l"“o ‘I‘f; ifi € Jy, and i = jp, (89)
Jj€Jk
a —0,c2 -0, ifi € Jy, and i # ji. (90)
Note that we also update the set 1€ := {i € [m]: aP # 0} accordingly. Let now
HE ;:={z eR": (a7, ) > 0},
Hg ;= {x R (a {,x> =0}, GV

Hg = {z eR": (a,2) > 0}.

By construction and condition we have for all 4, j € I© that
i#j = Hg,; # He . (92)
Note that we now have a parametrization © of g, where all weight vectors af are either zero (in
which case the corresponding ¢ are also zero) or pairwise linearly independent to each other nonzero

weight vector.
Next, for s € {0,1}™, let

Hi= () HEn () Hp,

i€[m]: s;=1 i€[m]: s;=0 ©93)
Hy:= (] H&:n () Hoyu
i€[m]: s;=1 i€[m]: s;=0
and
Ti={sec{0,1}™: HE #0}, S©:={se{0,1}™: HE # 0}. (94)

The Hf, s € ST and HY, s € S, are the interiors of the different linear regions of R(I") and R(O)
respectively. Next observe that the derivatives of f!, f© are (a.e.) given by

Dff (x) =1yt (x)ciaj, DfP(x) =1y () cPaf. 95)
Note that for every x € Hf, y € HE we have
R(IT)(z) = Z Dff(x) = Z sicray = XL
i€[m] m]

DR(O)(y) = > DfP(y) Z sica = 52

i€[m]

(96)
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Next we use that for s € ST, ¢t € S© we have |XL — 9| < rif HT N HP # 0, and compare
adjacent linear regions of R(I') — R(©). Let now i € I' and consider the following cases:
Case 1: We have HP; # H{ ; for all j € I®. This means that the D f2, k € [m], and the D f},

k € [m]\{i}, are the same on both sides near the hyperplane HY. ;, while the value of D f"is 0 on
one side and c} a!’ on the other. Specifically, there exist s*, s~ € S and s* € S© such that 5] = 1,
s; =0, s;r = s; forall j € [m]\{i}, and Hl‘i+ NHE #0, Hi NHE # 0, which implies

e ar oo = (S5 = £0) — (B = £9) [l < 2r. 97)

Case 2: There exists j € I© such that HY ; = H ;. Note that (86) ensures that H_ ; # Hp , for
k € [m]\ {i} and ensures that H ; # Hp., for k € [m] \ {j}. Moreover, Condition
implies Hlfl = Hérj This means that the D2, k € [m]\{j}, and the Df}, k € [m]\{i}, are the
same on both sides near the hyperplane H{.;, = Hg ;, while the values of D f and D f§ change.
Specifically there exist sT, s~ € ST and t7,¢t~ € S© such that s = 1, s; =0, s = s, forall
ke [m\{i},t] =1,t; =0, =t; forallk € [m]\{j} and H.. NHY # 0, H_ N H2 # 0,
which implies

Iefal —cfaf oo = (B = 2% ) — (B — 22|l < 21 (98)

Analogously we get for i € 1€ that HY ; # H{. ; forall j € I™ implies [|cfaf|oo < 2r. Next let

Iy == {i € [m]: HY; # HQ ; forall j € I°} U {i € [m]: a] =0} (99)

and
Iy :=[m]\ I, = {i € [m]: 3j € I® such that H{; = HJ .}. (100)
Colloquially speaking, this shows that for every fI with i € I there is a fje with exactly matching
half-spaces, i.e. H;L ;= H(f) ;» and approximately matching gradients (Case 2). Moreover, all

unmatched f! and f](»9 must have a small gradient (Case 1).

Specifically, the above establishes that there exists a permutation 7: [m] — [m] such that for every
1 € I7 it holds that

le§ a lloo, lleR iy az oo < 27, (101)
and for every i € I that
e} af — 2y agmlloe < 27 (102)
We make the following replacements, for all i € [m], without changing the realization of ©:
ap = afuy, = - (103)

In order to balance the weights of © for I;, we further make the following replacements, for all ¢ € I3
with af # 0, without changing the realization of ©:

(S] [S]

af = (repo)? af, @ — (lad)/2 9. (104)

This implies for every ¢ € I; that
2], lladlloo < (2r)12. (105)

Moreover, due to Condition|C.1] we get for every ¢ € I; that

i | llai lloe < 8. (106)

Thus we get for every ¢ € I; that
e —eil llad — a0 < B+ (20)'/2. (107)
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Next we (approximately) match the balancing of (c?,a®) to the balancing of (cf,al) fori € I,
in order to derive estimates on |c® — c!'| and [aP — al'||o from (102] - Specifically, we make the
following replacements, for all i € I, without changing the realization of O:

(S} [S]
af = (peo)?af, & — (L) ef if ||cFal|lo < 27, (108)
1S
C; .
a? — Cira?, c? — c{, if ||cZ-Fal-FHOc > 2r, \cﬂ > Ha?”oo, (109)
i
&) r e) ||a’i®||f>0 ©) if r r r 0
a; > a;, ¢ — lall cy i ||c a; |loo > 21y |c; | < ||a; ||oos (110)
3 oo
°
a?%”ﬁLfﬂf,c?%ﬂ%%fﬂf,ﬁwaww>%kq—mww (111)

Let now ¢ € I5 and consider the following cases:

Case A: We have ||c} al||oo < 27 which, together with , implies ||c®a®||oo < 47. Due to
and Condition|C.1]it follows that

e =il lla? = aflloo < B+ 2012, (112)

Case B.1: We have ||cFaF||OO > 2r and |cF| > [|al'||s which ensures || > [|cFal'||5/%. Due to
- we get ¢ = ¢l and it follows that

1 2r
0 = al'loo = —pellefa® — ol oo <€ ——ry < (20)1V2) (13)
Tl T lefaf

Case B.2: We have HcFaFHOO > 2r and || < ||al||oe which ensures [|aF|| > [|cFal'||3.%. Due to
- we get a® = a! and it follows that

_ T ©ee I T 2r /2 114

‘C ¢l e ai —¢iallo < < (2r) (114)

lla o

Case B.3: We have ||c!al ||oc > 2r and |c}| = [|a} [|o. Note that ||} a ||o > 27 and {102) ensure

that sgn(c®) = sgn(c} ), and that for 2,y > 0 it holds that |z — y| < |2 — y?|*/2. Combining this
with the definition of I, the reverse triangle inequality, and implies that

1/2 —
|cFal (|5

af —a}[ls < (27)"? and |cf —c}| < (2r)"/2 (115)

Combining (107), (112), (113}, (114), and (115} establishes that
16 —Tllo < B+ 255, (116)
which completes the proof. O

Proof of Theorem Let © € NV} be a parametrization of g, i.e. R(©) = g. We write

alf a?
F:( [ |cgl]), 0= ( ,[c?|...|02]> € Nitm.0) (117)
agl af?]

and 7 := |g — R(I")|yy1. . For convenience of notation we consider the weight vectors a!, a® here

as row vectors in order to write the derivatives of the ridge functions as cf al’, ¢®a? € RP*4 without
transposing.

We will now adjust the approach used in the proof of Theorem|3.1|to work for multi-dimensional
outputs in the case of balanced networks. By definition of N}, the (aP)™ | are pairwise linearly
independent and we can skjp the first reparametrization step in and

The following “hyperplane -jumping’ arument which was used to get the estlmates m and (98] .
works analogously since Condltlonsand are fulfilled by definition of A5;. This establishes
the existence of a permutation 7 : = [m[and sets I1, I C [m], as defined as in {99) and {100},
such that for every ¢ € I it holds that

€} @i lloos 650y A oo < 2, (118)

m(4)
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and for every ¢ € I, that
ek ai = sy A lloo < 27 (119)

Asin , we make the following replacements, for all 4 € [m], without changing the realization of

ai@ — a?(i), Cg—) — C?(i)’ (120)
Note that the weights of © are already balanced, i.e. we have for every ¢ € [m] that

ePlloe = llaflloo = le? 137110 127 = llcPaf[122. (121)

Thus, we can skip the reparametrization step in and get directly for every ¢ € I; that

Ie? = ci lloo < lleflloc + llef lloe = [0 1527 + llef af 137 < 2(2r)'/2 (122)

and analogously [|af — al || < 2(2r)'/2.

For ¢ € I we need to slightly deviate from the proof of Theorem|3.1| We can skip the reparametriza-
tion step in — due to balancedness and need to distinguish three cases:

Case A.1: We have [[clal'||o < 27 which, together with ﬁ, implies ||cPaP||o < 47. Due to
balancedness it follows that

e = i lloos lla? — af floo < 4r/2. (123)

Case A.2: We have ||c®af| o < 2r which, together with , implies ||} al'||o < 4r. Again it
follows that

e

K2

= i lloo 0 = a7 floe < 47172, (124)
Case B: We have [|cP?a?|| > 27 and |cfal|o > 2r. Due to the definition of I5 there exists
e; € RLNAD € (0,00) with ||ei]|oo = 1, a® = APe;, and al’ = Ale;. Asin we obtain that
) o )
09 — al o = lledl AP — AF] < [(A9)? — (AT)?]12

= e lolla? o ] el el (125)

< le?al — oy o7 < (2r)"2.
Let now w.l.o.g. [|a} [l > [|a® ]| (otherwise we switch their roles in the following) which implies
that A\ = A; + AP with A; = AI' — A\ > 0. Then it holds that

Hc@ - CI‘H _ ||016a‘£1 B C{G{HOO < ||016a‘£1 B C?G?HOO + Hc?a’z@ B C{a’{”OO
oo =

Y lla lloo a5 lloo

IRl AT = A9 20 _ APA +2r e

_ @) 20+ AP) = (AP — 20V (@202 - Ay _ (20)1/2

- INESL =

g T
The last step holds due to and the balancedness of © which ensure that
AP = llefaf [0 > (212 = 2P = AT| = A (127)

This completes the proof. O

A4 Section[d]
A.4.1 Additional Material

Lemma A.7 (Inverse stability for fixed weight vectors). Let N = (d,m,D) € N3, let A =
[ai] ... |am]T € R™*? with
a;

i
laillo ™ llajlloo

and (a;)a—1,(a;)g >0 (128)
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foralli € Im],j € [m]\ {i}, and define
NF = {T € Ny: al = Na; with \; € (0,00) and ||c} ||oc = ||} || foralli€ [m]}. (129)

Then for every B € (0, 00) there is Cp € (0, 00) such that we have uniform (Cg,1/2) inverse sta-
bility w.r.t. || - || Lo (- B, B)4)- That is, for all ' € N3 and g € R(NF) there exists a parametrization

® € N§ with

R(®) =g and [[®—Tls < Cpllg —R(T) (130)

3
”L‘X’((—B,B)d)'
Proof. Note that the non-zero angle between the hyperplanes given by the weight vectors (a;)/%
establishes that the minimal perimeter inside each linear region intersected with (—B, B)? is lower

bounded. As the realization is linear on each region, this implies the existence of a constant
C!; € (0, 00), such that for every © € N3} it holds that

IR(O©)lw1. < CHIR(O)|| Lo ((—B,B)%)- (131)

Now note that for N'{} we can get the same uniform (4, 1/2) inverse stability result w.r.t. | - [jy1,
as in Theoremby choosing 7 to be the identity in (118). Together with this implies the
claim. O
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ABSTRACT

Statistical learning theory provides bounds on the necessary number of training
samples needed to reach a prescribed accuracy in a learning problem formulated
over a given target class. This accuracy is typically measured in terms of a gen-
eralization error, that is, an expected value of a given loss function. However, for
several applications — for example in a security-critical context or for problems in
the computational sciences — accuracy in this sense is not sufficient. In such cases,
one would like to have guarantees for high accuracy on every input value, that is,
with respect to the uniform norm. In this paper we precisely quantify the number
of training samples needed for any conceivable training algorithm to guarantee a
given uniform accuracy on any learning problem formulated over target classes
containing (or consisting of) ReLU neural networks of a prescribed architecture.
We prove that, under very general assumptions, the minimal number of training
samples for this task scales exponentially both in the depth and the input dimension
of the network architecture.

1 INTRODUCTION

The basic goal of supervised learning is to determine a functimﬂu : [0,1]% — R from (possibly
noisy) samples (u(x1),...,u(z,)). As the function u can take arbitrary values between these
samples, this problem is, of course, not solvable without any further information on . In practice,
one typically leverages domain knowledge to estimate the structure and regularity of « a priori, for
instance, in terms of symmetries, smoothness, or compositionality. Such additional information
can be encoded via a suitable target class U < C([0,1]¢) that u is known to be a member of. We
are interested in the optimal accuracy for reconstructing v that can be achieved by any algorithm
which utilizes m point samples. To make this mathematically precise, we assume that this accuracy
is measured by a norm | - ||y of a suitable Banach space Y > U. Formally, an algorithm can thus
be described by amap A : U — Y that can query the function u at m points x; and that outputs a
function A(u) with A(u) ~ u (see Sectionfor a precise definition that incorporates adaptivity
and stochasticity). We will be interested in upper and lower bounds on the accuracy that can be
reached by any such algorithm — equivalently, we are interested in the minimal number m of point
samples needed for any algorithm to achieve a given accuracy ¢ for every u € U. This m would then
establish a fundamental benchmark on the sample complexity (and the algorithmic complexity) of
learning functions in U to a given accuracy.

The choice of the Banach space Y — in other words how we measure accuracy — is very crucial
here. For example, statistical learning theory provides upper bounds on the optimal accuracy in terms
of an expected loss, i.e., with respect to Y = L2([0, 1]¢, dP), where P is a (generally unknown)

'In what follows, the input domain [0, 1]d could be replaced by more general domains (for example Lipschitz
domains) without any change in the later results. The unit cube [0, 1]‘1 is merely chosen for concreteness.
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Figure 1: Even though the training of neural networks from data samples may achieve a small error
on average, there are typically regions in the input space where the pointwise error is large. The target
function in this plot is given by @ ~— log(sin(50z) + 2) + sin(5) (based on|Adcock & Dexter]2021
and the model is a feed-forward neural network. It is trained on m = 1000 uniformly distribute
samples according to the hyperparameters in Tablesandand achieves final L' and L* errors of
2.8 - 1072 and 0.19, respectively. The middle and right plots are zoomed versions of the left plot.

data generating distribution (Devroye et al.| 2013} Shalev-Shwartz & Ben-David| 2014} Mobhri et al.|
12018}/ Kim et al.| 2021). This offers a powerful approach to ensure a small average reconstruction
error. However, there are many important scenarios where such bounds on the accuracy are not
sufficient and one would like to obtain an approximation of w that is close to w not only on average,
but that can be guaranteed to be close for every x € [0,1]?. This includes several applications in
the sciences, for example in the context of the numerical solution of partial differential equations
(Raissi et al.| 2019}/ Han et al.| 2018 Richter & Berner,|2022), any security-critical application, for
example, facial ID authentication schemes (Guo & Zhang/[2019), as well as any application with
a distribution-shift, i.e., where the data generating distribution is different from the distribution in
which the accuracy is measured (Quifionero-Candela et al.||2008). Such applications can only be
efficiently solved if there exists an efficient algorithm A that achieves uniform accuracy, i.e., a small
error sup,cpr |[u — A(u)| £ ([o,172) With respect to the uniform norm given by Y = L*([0,1]%), i.e.,

HfHLOO([o,l]d) = eSSSUPxe[o,l]d|f(x)|-

Inspired by recent successes of deep learning across a plethora of tasks in machine learning
and also increasingly the sciences (Jumper et al.|2021||Pfau et al.| 2020), we will be
particularly interested in the case where the target class U consists of — or contains — realizations
of (feed-forward) neural networks of a specific architectur Neural networks have been proven and
observed to be extremely powerful in terms of their expressivity, that is, their ability to accuratel
approximate large classes of complicated functions with only relatively few parameters
et al.| 2021{ Berner et al.|2022). However, it has also been repeatedly observed that the fraining of
neural networks (e.g., fitting a neural network to data samples) to high uniform accuracy presents a big
challenge: conventional training algorithms (such as SGD and its variants) often find neural networks
that perform well on average (meaning that they achieve a small generalization error), but there are
typically some regions in the input space where the error is large (Fiedler et al.|2023); see Figure
for an illustrative example. This phenomenon has been systematically studied on an empirical level
by /Adcock & Dexter|(2021). It is also at the heart of several observed instabilities in the training
of deep neural networks, including adversarial examples (Szegedy et al.|2013||Goodfellow et al.|

2015) or so-called hallucinations emerging in generative modeling, e.g., tomographic reconstructions
(Bhadra et al.| 2021) or machine translation (Miiller et al.}|2020).

Note that additional knowledge on the target functions could potentially help circumvent these issues,
see Remark However, for many applications, it is not possible to precisely describe the regularity
of the target functions. We thus analyze the case where no additional information is given besides the
fact that one aims to recover a (unknown) neural network of a specified architecture and regularization
from given samples —i.e., we assume that U contains a class of neural networks of a given architecture,
subject to various regularization methods. This is satisfied in several applications of interest, e.g.,
model extraction attacks (Tramer et al.||2016|[He et al.|2022) and teacher-student settings
et al.| 2020{ Xie et al.| 2020). Tt is also in line with standard settings in the statistical query literature,

2By architecture we mean the number of layers L, as well as the number of neurons in each layer.
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in neural network identification, and in statistical learning theory (Anthony & Bartlett||1999{ Mohri
et al.||2018), see Section

For such settings we can rigorously show that learning a class of neural networks is prone to
instabilities. Specifically, any conceivable learning algorithm (in particular, any version of SGD),
which recovers the neural network to high uniform accuracy, needs intractably many samples.
Theorem 1.1. Suppose that U contains all neural networks with d-dimensional input, ReLU activa-
tion function, L layers of width up to 3d, and coefficients bounded by c in the {9 norm. Assume that
there exists an algorithm that reconstructs all functions in U to uniform accuracy € from m point
samples. Then, we have

d LI N j
m > <Q> e where Q= {83 ¢ o=z
32d Lol 3d)EDOD g2

Theorem|1.1|is a special case of Theorem(covering Y = LP([0,1]%) for all p € [1, 0], as well
as network architectures with arbitrary width) which will be stated and proven in Section|2.3

To give a concrete example, we consider the problem of learning neural networks with ReLU
activation function, L layers of width at most 3d, and coefficients bounded by c to uniform accuracy
¢ = 1/1024. According to our results we would need at least
m =24 ¢t (3d)1(E2)

many samples — the sample complexity thus depends exponentially on the input dimension d, the
network width, and the network depth, becoming intractable even for moderate values of d, ¢, L (for
d =15, c = 2,and L = 7, the sample size m would already have to exceed the estimated number of
atoms in our universe). If, on the other hand, reconstruction only with respect to the L? norm were
required, standard results in statistical learning theory (see, for example, Berner et al.|[2020) show
that m only needs to depend polynomially on d. We conclude that uniform reconstruction is vastly
harder than reconstruction with respect to the L2 norm and, in particular, intractable. Our results are
further corroborated by numerical experiments presented in Sectionbelow.

Remark 1.2. For other target classes U, uniform reconstruction is tractable (i.e., the number of
required samples for recovery does not massively exceed the number of parameters defining the class).
A simple example are univariate polynomials of degree less than m which can be exactly determined
from m samples. One can show similar results for sparse multivariate polynomials using techniques
from the field of compressed sensing (Rauhut) 2007). Further, one can show that approximation rates
in suitable reproducing kernel Hilbert spaces with bounded kernel can be realized using point samples
with respect to the uniform norm (Pozharska & Ullrich)|2022). Our results uncover an opposing
behavior of neural network classes: There exist functions that can be arbitrarily well approximated
(in fact, exactly represented) by small neural networks, but these representations cannot be inferred
from samples. Our results are thus highly specific to classes of neural networks.

Remark 1.3. Our results do not rule out the possibility that there exist training algorithms for neural
networks that achieve high accuracy on some restricted class of target functions, if the knowledge
about the target class can be incorporated into the algorithm design. For example, if it were known
that the target function can be efficiently approximated by polynomials one could first compute an
approximating polynomial (using polynomial regression which is tractable) and then represent the
approximating polynomial by a neural network. The resulting numerical problem would however be
very different from the way deep learning is used in practice, since most neural network coefficients
(namely those corresponding to the approximating polynomial) would be fixed a priori. Our results
apply to the situation where such additional information on the target class U is not available and no
problem specific knowledge is incorporated into the algorithm design besides the network architecture
and regularization procedure.

We also complement the lower bounds of Theoremwith corresponding upper bounds.
Theorem 1.4. Suppose that U consists of all neural networks with d-dimensional input, ReLU
activation function, L layers of width at most B, and coefficients bounded by c in the ¢4 norm. Then,
there exists an algorithm that reconstructs all functions in U to uniform accuracy € from m point
samples with

Vd -k ifq
Qi ol DO g

2

<
= 2.

m<C e where C := {
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Theorem|[14]follows from Theorem[2.4]that will be stated in Section[2.4] We refer to Remark[B.4]for
a discussion of the gap between the upper and lower bounds.

Remark 1.5. Our setting allows for an algorithm to choose the sample points (x1,...,Ty) in
an adaptive way for each u € U; see Sectionor a precise definition of the class of adaptive
(possibly randomized) algorithms. This implies that even a very clever sampling strategy (as would
be employed in active learning) cannot break the bounds established in this paper.

Remark 1.6. Our results also shed light on the impact of different regularization methods. While
picking a stronger regularizer (e.g., a small value of q) yields quantitative improvements (in the sense
of a smaller ), the sample size m required for approximation in L® can still increase exponentially
with the input dimension d. However, this scaling is only visible for very small €.

1.1 RELATED WORK

Several other works have established “hardness” results for neural network training. For example, the
seminal works by/Blum & Rivest|(1992);|Vu|(1998) show that for certain architectures the training
process can be NP-complete. By contrast, our results do not directly consider algorithm runtime at
all; our results are stronger in the sense of showing that even if it were possible to efficiently learn a
neural network from samples, the necessary number of data points would be too large to be tractable.

We also want to mention a series of hardness results in the setting of statistical query (SQ) algorithms,
see, e.2.,/Chen et al.|(2022);/Diakonikolas et al.{(2020);|Goel et al.|(2020b);|Reyzin|(2020);|Song
et al.[(2017). For instance,|Chen et al.|(2022) shows that any SQ algorithm capable of learning ReLLU
networks with two hidden Tayers and width poly(d) up to L? error 1/poly(d) must use a number
of samples that scales superpolynomially in d, or must use SQ queries with tolerance smaller than
the reciprocal of any polynomial in d. In such SQ algorithms, the learner has access to an oracle
that produces approximations (potentially corrupted by adversarial noise) of certain expectations
E[h(X,u(X))], where w is the unknown function to be learned, X is a random variable representing
the data, and h is a function chosen by the learner (potentially subject to some restrictions, e.g. Lips-
chitz continuity). The possibility of the oracle to inject adversarial (instead of just stochastic) noise
into the learning procedure — which does not entirely reflect the typical mathematical formulation of
learning problems — is crucial for several of these results. We also mention that due to this possibility
of adversarial noise, not every gradient-based optimization method (for instance, SGD) is strictly
speaking an SQ algorithm; see also the works by|Goel et al.|(2020a| Page 3) and|Abbe et al.|(2021)
for a more detailed discussion.

There also exist hardness results for learning algorithms based on label queries (i.e., noise-free
point samples), which constitutes a setting similar to ours. More precisely,|Chen et al.|(2022) show
that ReLU neural networks with constant depth and polynomial size constraints are not efficiently
learnable up to a small squared loss with respect to a Gaussian distribution. However, the existing
hardness results are in terms of runtime of the algorithm and are contingent on several (difficult and
unproven) conjectures from the area of cryptography (the decisional Diffie-Hellmann assumption
or the “Learning with Errors” assumption); the correctness of these conjectures in particular would
imply that P # NP. By contrast, our results are completely free of such assumptions and show that
the considered problem is information-theoretically hard, not just computationally.

As already hinted at in the introduction, our results further extend the broad literature on statistical
learning theory (Anthony & Bartlett!| 1999{ Vapnik!|1999] Cucker & Smalel|2002b}|Bousquet et al..
2003}/ Vapnik| 2013}/ Mohri et al.||2018). Specifically, we provide fully explicit upper and lower
bounds on the sample complexity of (regularized) neural network hypothesis classes. In the context
of PAC learning, we analyze the realizable case, where the target function is contained in the
hypothesis class (Mohri et al./|2018) Theorem 3.20). Contrary to standard results, we do not pose any
assumptions, such as IID, on the data distribution, and even allow for adaptive sampling. Moreover,
we analyze the complexity for all LP norms with p € [1, 0], whereas classical results mostly deal
with the squared loss. As an example of such classical results, we mention that (bounded) hypothesis
classes with finite pseudodimension D can be learned to squared L? loss ¢ with O(De~2) point
samples; see e.g.,|Mohri et al.|(2018] Theorem 11.8). Bounds for the pseudodimension of neural
networks are readily available in the literature; see e.g.,|Bartlett et al.|(2019). These bounds imply
that learning ReLU networks in L? is tractable, in contrast to the L™ setting.
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Another related area is the identification of (equivalence classes of) neural network parameters from
their input-output maps. While most works focus on scenarios where one has access to an infinite
number of queries (Fefferman & Markel|| 1993} Vl1aci¢ & Bolcskeil|2022), there are recent results
employing only finitely many samples (Rolnick & Kording| 2020} Fiedler et al.||2023). Robust
identification of the neural network parameters is sufficient to guarantee uniform accuracy, but it
is not a necessary condition. Specifically, proximity of input-output maps does not necessarily
imply proximity of corresponding neural network parameters (Berner et al.|/|2019). More generally,
our results show that efficient identification from samples cannot be possible unless (as done in the
previously mentioned works) further prior information is incorporated. In the same spirit, this restricts
the applicability of model extraction attacks, such as model inversion or evasion attacks (Tramer
et al.||2016|/He et al.||2022).

Our results are most closely related to recent results by|Grohs & Voigtlaender|(2021) where target
classes consisting of neural network approximation spaces are considered. The results of Grohs &
Voigtlaender|(2021), however, are purely asymptotic. Since the asymptotic behavior incurred by the
rate is often only visible for very fine accuracies, the results of|Grohs & Voigtlaender|(2021) cannot
be applied to obtain concrete lower bounds on the required sample size. Our results are completely
explicit in all parameters and readily yield practically relevant bounds. They also elucidate the role of
adaptive sampling and different regularization methods.

1.2 NOTATION

For d € N, we denote by C([0, 1]¢) the space of continuous functions f: [0, 1] — R. For a finite set
I'and (a;)ier € R, we write Y,.; ai ==y 3,y a;. Form € N, we write [m] := {1,..., m}. For
A c R%, we denote by A° the set of interior points of A. For any subset A of a vector space V, any
ce R, and any y € V, we further define y + ¢+ A := {y + ca: a € A}. For a matrix W € R™*¥ and

q € [1,00), we write [W e == (3, ; \Wi,jlq)l/q, and for ¢ = o0 we write |W|
For vectors b € R™, we use the analogously defined notation [|b| .

o = max; ; |W; ;.

2 MAIN RESULTS

This section contains our main theoretical results. We introduce the considered classes of algorithms
in Sectionand target classes in Section Our main lower and upper bounds are formulated and

proven in ectionand Section respectively.

2.1 ADAPTIVE (RANDOMIZED) ALGORITHMS BASED ON POINT SAMPLES

As described in the introduction, our goal is to analyze how well one can recover an unknown
function u from a target class U in a Banach space Y based on point samples. This is one of the main
problems in information-based complexity (Traub||2003), and in this section we briefly recall the
most important related notions.

Given U < C([0,1]¢) n'Y for a Banach space Y, we say that amap A : U — Y is an adaptive
deterministic method using m € N point samples if there are f, € [0, 1]¢ and mappings

Fio (0,11 T xR S 0,1]% i=2,...,m, and Q:([0,1])" xR™ Y
such that for every u € U, using the point sequence x(u) = (z1,...,2,,) < [0,1]? defined as
T :f17 .Z‘z':fi(l'h...,xi_l,u(fl),-..,u(l‘i_l)), i:27'--am7 (1)

the map A is of the form A(u) = Q(x1, ..., Zm,u(z1),...,u(zm)) €Y.

The set of all deterministic methods using m point samples is denoted by Alg,, (U,Y"). In addition to
such deterministic methods, we also study randomized methods defined as follows: A tuple (A, m)
is called an adaptive random method using m € N point samples on average if A = (A,,),eq Where
(Q2, F,P) is a probability space, and where m : 2 — N is such that the following conditions hold:

1. m is measurable, and E[m] < m;

2. YueU: w— A,(u) is measurable with respect to the Borel o-algebra on Y,
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3. VweQ: Ay € Algy,) (U.Y).

The set of all random methods using m point samples on average will be denoted by Alg% C(U, Y),
since such methods are sometimes called Monte-Carlo (MC) algorithms.

For a target class U, we define the optimal (randomized) error as

MC :
UY) = f E[|u— A, : 2
err,,” (U,Y) mmerdic gy SUP [u (w)]y] 2

m

We note that Alg,, (U,Y) < AlgM(U,Y), since each deterministic method can be interpreted as a

m
randomized method over a trivial probability space.

2.2 NEURAL NETWORK CLASSES

We will be concerned with target classes related to ReLU neural networks. These will be defined in
the present subsection. Let o : R — R, o(z) = max{0, x}, be the ReLU activation function. Given a
depth L € N, an architecture (Ng, N1,...,Np) € N *1, and neural network coefficients

® = (Wi,b1)" e XL, (RNXNot 5 RN

we define their realization R(®) € C(RNo RN.) as
R(®) = ¢l opogrt o 0pop!
where g is applied componentwise and ¢*: RYVi-1 — R¥i 2 s Wiz + bi, fori € [L]. Givenc > 0
and g € [1, o0], define the class
L XN, .
M = {B(@): e XE, (RYNor BN and 01 < )

where |®|ss := max;<;<z max{||W¢|sa, [b%]¢a}.

To study target classes related to neural networks, the following definition will be useful.

Definition 2.1. Let U, H < C([0, 1]%). We say that U contains a copy of H, attached to ug € U with
constant cg € (0,0), if ug + co - H < U.

2.3 LOWER BOUND

The following result constitutes the main result of the present paper. Theoremreadily follows
from it as a special case.

Theorem 2.2. Let L € N33, d,B € N, p,q € [1,0], and ¢ € (0,0). Suppose that the target
class U = CO([0,1]%) contains a copy off;'-l((]dABn_ B.1),c With constant co € (0,00), where the B in

(d,B,...,B,1) appears L — 1 times. Then, for any s € N with s < min {%, d} we have

Q 1 1
MC d _1_1
err,, (U, LP(]0,1 >cpr————5 -m P =,
W0, 11) > 00
where .
Q= 8-312/41 : CL : 8175 ifq <2
' ﬁ el B(Lfl)(lfg) ifg = 2.

Proof. This follows by combining Theoremwith Lemmasandin the appendix. O

Remark 2.3. For p « o, the bound from above does not necessarily imply that an intractable
number of training samples is needed. This is a reflection of the fact that efficient learning is possible
(at least if one only considers the number of training samples and not the runtime of the algorithm) in
this regime. Indeed, it is well-known in statistical learning theory that one obtains learning bounds
based on the entropy numbers (w.r.t. the L™ norm) of the class of target functions, when the error is
measured in L2, see, for instance,|Cucker & Smale|(2002a, Proposition 7). The e-entropy numbers
of a class of neural networks with L layers and w (bounded) weights scale linearly in w, L and
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logarithmically in 1/, so that one gets tractable L? learning bounds. By interpolation for LP norms
(noting that in our case the target functions are bounded, so that the L™ reconstruction error is
bounded, even though the decay with m is very bad), this also implies LP learning bounds, but these
get worse and worse as p — 0. We remark that these learning bounds are based on empirical risk
minimization, which might be computationally infeasible (Vi) 1998); since our lower bounds should
hold for any feasible algorithm (irrespective of its computational complexity), this means that one
cannot expect to get an intractable lower bound for p < o0 in our setting.

The idea of the proof of Theorem(here only presented for ug = 0 and s = d, which implies that
B > 3d) is as follows:

1. We first show (see Lemmas|A.2 and that the neural network set ’H‘(l 4.B,..B.1),c contains
a large class of “bump funcfions” of the form A - ¥,s,,,. Here, ¥y, is supported on the set

y + [— 47, 17]% and satisfies [Vary[ 1o (j0,170) = M ~Y?, where M € N and y € [0,1]¢ can be
chosen arbitrarily; see Lemma The size of the scaling factor A = A(M, ¢, ¢, d, L) depends
crucially on the regularization parameters ¢ and ¢. This is the main technical part of the proof,
requiring to construct suitable neural networks adhering to the imposed ¢ restrictions on the
weights for which ) is as big as possible.

2. If one learns using m points samples 1, . . ., Z,, and if M = O(m!/%), then a volume packing
argument shows that there exists y € [0, 1] such that ¥, (x;) = 0 for all i € [m]. This means

that the learner cannot distinguish the function A - 9,7, € H(a.B,.. B 1), from the zero function

and will thus make an error of roughly | A -9 y[Le = A M —4/p_ This already implies the lower
bound in Theoremfor the case of deterministic algorithms.

3. To get the lower bound for randomized algorithms using m point samples on average, we
employ a technique from information-based complexity (see, e.g., Heinrich}|1994): We again
set M = O(m'/?) and define (ye)ee[ar/2) as the nodes of a uniform grid on [0, 1]* with width
2/M. Using a volume packing argument, we then show that for any choice of m sampling points

21, ..., %m, “atleast half of the functions 9, avoid all the sampling points”, i.e., for at least
half of the indices ¢, it holds that ¥, (2;) = O for all ¢ € [m]. A learner using the samples
Z1,..., %y can thus not distinguish between the zero function and A - ¥, € ’H‘(Id B,..B1)c

for at least half of the indices ¢. Therefore, any deterministic algorithm will make an error of
Q(X\ - M~%?) on average with respect to (.

4. Since each randomized algorithm A = (A, )weq is a collection of deterministic algorithms and
since taking an average commutes with taking the expectation, this implies that any randomized
algorithm will have an expected error of Q(\ - M ~%P) on average with respect to . This easily
implies the stated bound.

As mentioned in the introduction, we want to emphasize that well-trained neural networks can indeed
exhibit such bump functions, see Figureand Adcock & Dexter|(2021);|Fiedler et al.|(2023).

2.4 UPPER BOUND

In this section we present our main upper bound, which directly implies the statement of Theorem
Theorem 2.4. Let L,de N, g € [1,0], ¢ € (0,0), and Ny,..., N1 € N. Then, we have

Vd-clomma if
MC (4,4 o d

2 L L*([0,1]%) < 2 1
erry © (Mg ny vy .00 L7 ([0,1]9) {\/E-CL-(\/JN1--~NL1)1 e

Proof. This follows by combining Lemmasandin the appendix. O

Let us outline the main idea of the proof. We first show that each neural network
R(®) e H((IN[, NL)e is Lipschitz-continuous, where the Lipschitz constant can be conveniently
bounded in terms of the parameters Ny, ..., Ny, ¢, q, see Lemmain the appendix. In Lemma
we then show that any function with moderate Lipschitz constant can be reconstructed from samples
by piecewise constant interpolation.
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3 NUMERICAL EXPERIMENTS

Having established fundamental bounds on the performance of any learning algorithm, we want
to numerically evaluate the performance of commonly used deep learning methods. To illustrate
our main result in Theorem we estimate the error in by a tractable approximation in a
student-teacher setting. Specifically, we estimate the minimal error over neural network target

functions (“teachers”) U < ’H?d Ni,Ni_1,1),c for deep learning algorithms A c A1gMC U, Lr)

via Monte-Carlo sampling, i.e.,

a N Up
€T, (U , LP ;A) =0f (5 1ed SWPuer Lied (Ije[J] (u(X;) _A“(“)(Xj»p) O

where (X;) 3]=1 are independent evaluation samples uniformly distributed 0[—0.5, 0.5]¢ and
represents the seeds for the algorithms.

We obtain teacher networks v € ’Ha Ny by sampling their coefficients & componentwise

LNi_1,1),c
according to a uniform distribution on [—c, ¢]. For every algorithm (A, m) € A and seed w € {)
we consider point sequences x(u) uniformly distributed in [—0.5,0.5]¢ with m(w) = m. The
corresponding point samples are used to train the coefficients of a neural network (“student’) using
the Adam optimizer (Kingma & Bal|2015) with exponentially decaying learning rate. We consider
input dimensions d = 1 and d = 3, for each of which we compute the error in (3) for 4 different
sample sizes m over 40 teacher networks u. For each combination, we train student networks
with 3 different seeds, 3 different widths, and 3 different batch-sizes. In summary, this yields
2-4-40-3 -3 -3 = 8640 experiments each executed on a single GPU. The precise hyperparameters
can be found in Tablesandin Appendix

Figureshows that there is a clear gap between the errors e’\rrm(ﬁ7 Lr, A) forpe {1,2} and p = o0.

Especially in the one-dimensional case, the rate ért,, (U, L®; A) w.r.t. the number of samples m also
seems to stagnate at a precision that might be insufficient for certain applications. Figureillustrates
that the errors are caused by spikes of the teacher network which are not covered by any sample.
Note that this is very similar to the construction in the proof of our main result, see Section

In general, the rates worsen when considering more teacher networks U and improve when consider-

ing further deep learning algorithms A, including other architectures or more elaborate training and
sampling schemes. Note, however, that each setting needs to be evaluated for a number of teacher net-
works, sample sizes, and seeds. We provide an extensible implementatio in PyTorch (Paszke et al..
2019) featuring multi-node experiment execution and hyperparameter tuning using Ray Tune (Liaw
et al.||2018), experiment tracking using Weights & Biases and TensorBoard, and flexible experiment
configuration. Building upon our work, research teams with sufficient computational resources can
provide further numerical evidence on an even larger scale.

4 DISCUSSION AND LIMITATIONS

Discussion.  We derived fundamental upper and lower bounds for the number of samples needed
for any algorithm to reconstruct an arbitrary function from a target class containing realizations of
neural networks with ReLU activation function of a given architecture and subject to £7 regularization
constraints on the network coefficients, see Theoremsand These bounds are completely
explicit in the network architecture, the type of regularization, and the norm in which the reconstruc-
tion error is measured. We observe that our lower bounds are severely more restrictive if the error is
measured in the uniform L® norm rather than the (more commonly studied) L? norm. Particularly,
learning a class of neural networks with ReLU activation function with moderately high accuracy
in the L® norm is intractable for moderate input dimensions, as well as network widths and depths.
We anticipate that further investigations into the sample complexity of neural network classes can
eventually contribute to a better understanding of possible circumstances under which it is possible to
design reliable deep learning algorithms and help explain well-known instability phenomena such

3To have centered input data, we consider the hypercube [—0.5, 0.5] in our experiments. Note that this does
not change any of the theoretical results.
“The code can be found at |https://github.com/juliusberner/theory2practice,
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Figure 2: Evaluation of the error in (3) for p € {1, 2, o0}, input dimensions d € {1, 3}, sample sizes
m e {102,103, 10%,10%}, and hyperparameters given in Tablesand
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Figure 3: Target function (“teacher”), samples, and model of the deep learning algorithm (“student’)
attaining the min-max value in (3) for m = 100 and p = o in the experiment depicted in Figure
The middle and right plots are zoomed versions of the left plot. The L* error (2.7 - 10~3) is about
one magnitude larger than the L? and L' errors (3.9-107* and 2.4 - 10~*), which is caused by spikes
of the teacher network between samples.

as adversarial examples. Such an understanding can be beneficial in assessing the potential and
limitations of machine learning methods applied to security- and safety-critical scenarios.

Limitations and Outlook. We finally discuss some possible implications and also limitations of
our work. First of all, our results are highly specific to neural networks with the ReLU activation func-
tion. We expect that obtaining similar results for other activation functions will require substantially
new methods. We plan to investigate this in future work.

The explicit nature of our results reveal a discrepancy between the lower and upper bound, especially
for high dimensions. We conjecture that both the current upper and lower bounds are not quite
optimal. Determining to which extent one can tighten the bounds is an interesting open problem.

Our analysis is a worst-case analysis in the sense that we show that for any given algorithm A, there
exists at least one u in our target class U on which A performs poorly. The question of whether
this poor behavior is actually generic will be studied in future work. One way to establish such
generic results could be to prove that our considered target classes contain copies of neural network
realizations attached to many different u’s.

Finally, we consider target classes U that contain all realizations of neural networks with a given
architecture subject to different regularizations. This can be justified as follows: Whenever a deep
learning method is employed to reconstruct a function u by representing it approximately by a neural
network (without further knowledge about «), a natural minimal requirement is that the method
should perform well if the sought function is in fact equal to a neural network. However, if additional
problem information about u can be incorporated into the learning problem it may be possible to
overcome the barriers shown in this work. The degree to which this is possible, as well as the
extension of our results to other architectures, such as convolutional neural networks, transformers,
and graph neural networks will be the subject of future work.
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Figure 4: Plots of the function Ay, in Equation {4) for (M, o) € {(2,1), (4,1), (4, 3)}.

A PROOF OF THE LOWER BOUND IN SECTION[2.3]

A.1 CONSTRUCTION OF HAT FUNCTIONS IMPLEMENTED BY RELU NETWORKS

Forde N, M > 0,0 € R, s € [d], and y € RY, define
0 if

t
Ayo: R—(—o0,1], t— .
M, ( ] {1—M~|t—o| if ¢

1
X )
M
and furthermore
S
AS\Z),y : RY— (_007 1]7 T = (Z AM,yi ('rl)) - (S - 1)7
i=1
M,y * - [ ) ]7 T — Q( M,y(x))?
where, as before, o : R — R, z — max{0, z}, denotes the ReLU activation function. A plot of
Ao is shown in Figure
With these definitions, the function 195\2) , satisfies the following properties:
Lemma A.l. Forde N, se[d], M > 1,y e [0,1]% and p € (0, 0], we have
suppﬁg\‘zy cy+ (M1 [-1,1]° x R

and
. (25)—3/10 M < |‘195\f[)7y”m([0’1]d) < 98/P . Ns/p,

N —

Proof. Let us first give a quick overview of the proof. The statement on the support of ﬁg\z)y follows
by observing that Ag\ff)y(x) > 0 can only happen if Az, (z;) > Oforalli e [s]. As0 < ﬁg\fl)y <1,
the upper bound on the LP([0,1]¢) norm can then be estimated by the Lebesgue measure of the
intersection of the support of 195\2) , and the hypercube [0, 1]%. For the lower bound we compute the

measure of the intersection with a subset of the support on which it holds that ﬂg\fl)y > %

We start by proving the statement on the support of ﬁs\‘})y If0 # 195\?1,(3”) then As\ff)y(fv) > 0,
meaning > ;_, Anry, (z;) > s — 1. Because of Ay, (x;) € (—o0,1] for all i € [s], this is onl
possible if Ay, (z;) > 0 for all ¢ € [s]. Directly from the definition of Ay, (see also Figure
this implies |z; — y;| < 77 for all i € [s], meaning z € y + (M ~*[—1,1]* x R%~*). This proves the
first claim.

Regarding the second claim, define y* = (y1,...,ys) € R®, and, for k € N, denote by A the
Lebesgue measure on R¥. Then, since [0, 1]¢ n supp ﬂg&)y c (y* + M~1[-1,1]*) x [0,1]¢* and

0< 195\3/'[)’1/ < 1, we see that

s/p
s — s\) 1 2 s —s
1950 oo,y < (As(y* + M~ [=1,1]%)) "7 = (M) =2
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For the converse estimate, let us also write z* = (z1,...,xz;) forx € R<. Then, if z € R? satisfies
z* € y* + 5 [—1,1]°, we see
1 < 1 <z <y +-—— forie s
Ly — <z < ori € [s].
Yi M Yi oMs i Yi IMs

By definition of Ay, this implies Ay, (z;) =1 — M - |z; — y;| > 1 — 5~ and hence

AR, (@) = (Z AM,%(xi)) (=155 —(s-1) =3,

so that ﬂg\fj)y(:ﬂ) > 1
Finally, it is not difficult to show, that
Aa({z € [0,1]%: * e y* + F-[-1,1]°}) = A ([0,1]° n (v* + 732 [-1,1]%)) = (2Ms) %,

see|Grohs & Voigtlaender|(2021} Equation (A.1)) for the details. Overall, we thus see

s 1 .
Hﬁgw),yHLr’([o,qd) = 3 (2M s) /P, O

Note that a compactly supported (non-trivial) function such as 19551) can only be represented by
ReLU networks with more than two layers, see|Blum & Li|(1991! Section 3). For this reason, we
focus on the case L € N3 in this paper. Next, we show that scaled versions of the hat functions

19551) , can be represented using neural networks of a suitable architecture and with a suitable bound

on the magnitude of the coefficients. We begin with the (more interesting) case where the exponent ¢
that determines the regularization of the weights satisfies ¢ > 2.

Lemma A.2. Letd € N, L € N33, B € Nog, ¢ > 0, g € [2,0], and s € N with s < min{£, d}.
Then, there exists a constant

A=l BEDO-D) /19

such that
A s
v- s -195;[)711 € ’H((Id’B Bl VM eNve {£l}, andy € [0, 1]"l7

where the B in (d, B, ..., B, 1) appears L — 1 times.

Proof. Let M € N, y € [0,1]%, and v € {+1} be fixed. We will now construct the coefficients
(Wbl .., (WL, bl)) of a neural network with the following properties:

1. The first two layers ((W?!,b'), (W2, b%)) output at any of their B output dimensions the function
Ci- Ag\fl)y for a suitable scaling factor Cy = C4(¢, M, s, B,q) > 0.

2. The following activation function yields C; - ﬁgf[)u = Q(C1 : Ag\fl) y) for all output dimensions.

3. Each of the layers ((W3,0),..., (WE=1 bL=1)) scales the previous output by another factor
Cy = Cs(ce, B, q) > 0, leading to the output Cy CQL 3. ﬁs&)y in any of the B output dimensions.
This construction uses the fact that all intermediate outputs are positive by construction such that
the intermediate ReLU activation functions p just act as identities.

4. The last layer (W%, b") now computes the sum of the previous outputs scaled by another
factor C5 = Cs(c, B,¢) > 0 and multiplied by v, such that the final one-dimensional output

equals vBC} C’QL =30 - ﬁg\})y The result follows by setting A = BCy CQL 303 M s and choosing
the scaling factors C', Co, and C3 as large as possible, constrained by the width B and the
regularization given by c and q.
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Define r := | B/(3s)], noting that r > 1, since s < B/3. We first introduce a few notations: We
write O, for the £ x n matrix with all entries being zero; similarly, we write 1j ., for the k x n

matrix with all entries being one. Furthermore, we denote by (e, .. ., e4) the standard basis of R4,
and define
= (er |+ | es) e RV,
(M ey | M M1y, 1xs
Bi=(—wl-yal | —ys) e R,
-1 1
. s—1 1 s—1 1 _ 1
vim (o[ aw) = gy e e R

We note that all entries of these matrices and vectors are elements of [—1, 1]. Using these matrices
and vectors, we now define

T
I/V1 = W({s/ﬂlsmdxs‘ c |Is/2|-[s|0d><sl|0d><(B—3rs)) € RBXd»
7 blocks of (I5/2[I5]04xs)

T
V= o (@81l lal Bl 0] ]0) €R”,
r blocks of (a|3|7)

and furthermore
c
2,

_ RBXB,
(3srB)V4

(Iles | 7]-B><s ‘ *1B><s ‘ | ]-Bxs | *]-Bxs | *1B><s| | 0B><(B—3rs))e

rblocks of (1gxs|—1Bxs|—1Bxs)
b= (0] 107 eR5,
where we note that B — 3rs > 0 since r = |B/(3s)|. It is straightforward to verify that

[WHea, [W?2[|ga, |6 ¢, [6?|¢a < c. Furthermore, we define
c .
W= Farg 1Bxp  and b= (0]---|0)T eRP  for3<i<L—1,
and finally Wt := Fira (L ]1) € R'*E and b := (0) € R'. Again, it is straightforward to
verify that | W], [0« < cfor3 < i < L — 1 and also that [WL|,[bL]ee < c. Therefore,
setting ® := (W1, b1),..., (WL b)), we have R(®) € (4.3, .1 it thus remains to verify

that R(®) = v - ﬁ . ﬁg\‘z,)y for a constant A as in the statement of the lemma.

To see this, we note for any € R? and j € [d] that
i Moy, _
o(F + 551) —elw; —y;) = ze(z; —y; + M) — olz; — ;)
0 ifo; <y;— M~
= o (L=M- oy —yl) ify; —M ' <az;<y; 0

sip - (L=M -z —y;|) ifax; >y,

= ﬁAnyJ (xj)
For notational convenience we further define ¢ (x) := o(W'x + b?) for i € [L]. Then, we observe
for x € R? and i € [B] that

r—1 s

[¢°(2)]; = m > ($3sb+g — T3sbtstj — $35b+2s+g)

=07=1
Therefore, we see for arbitrary x € R? and i € [B] that

r—1 s

(62000 d")(@)]; = 3rs)2/qu/q Z Z ( o5 + 77%) —oles — ) o5 %))

2 r—1 s

c -
- 2M (3rs)2/aBl/a l;)]; (AM,yj(.'I}j) _ Tl)

027’ (s)
= i@y M)
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Hence, it holds that
Ar

(e06%0006") (@) = g Srp - Viny(@) - (- DT € R7.

Next, for 3 < i < L — 1, we see for arbitrary x > 0 and j € [B] that

[(00@) (- (1l )T)], = o(SA[W e 0) = o(eB™ ww) = B,
meaning
3 2
(go¢l>(n(1 ‘ | 1)T> _ cBleH' (1 | ‘ 1)T.
Therefore, we conclude

L1, (BI—E)L%’)

(00 ¢ opodt 0. 0pogt)(z) = 9§, (@) - (1] -] )T e RE.

2M (3rs)2/aBYq
All in all, this easily implies
B L 1-2\1-3 L (pl-2\L-2 1-2
v ctr(BTa) (s) (B Ta) A (3rs) T (s
R(®)(z) = B2 > o) (2) =v- e YSEE

& 2M (3rs)?/aBY/a My

It therefore remains to recall that r = |B/(3s)| > 1, so that 2r > 1+ r > £ and hence 3rs > £.
Since also 1 — % > 0, this implies (37‘5)17% > (B/2)17% > B'~3 /2, which finally shows
T R

> .
6 12 =

A

Now, we also consider the case ¢ < 2. We remark that in the case ¢ = 2, the next lemma only
agrees with Lemmaup to a constant factor. This is a proof artifact and is inconsequential for the
questions we are interested in.

Lemma A3. Letd € N, L € N33, B € N33, ¢ > 0, ¢ € [1,2], and s € N with s < min{d, £}.
Then, we have
cls' =i /(2 3%9)
Ms
where the B in (d, B, ..., B, 1) appears L — 1 times.

v ﬁg&{y € H((Zd,B,‘.‘,B,l),c VM eN,ve{+1}, andy € [0,1]%,

Proof. The proof idea is similar to the one of Lemma However, we only realize a scaled version
of the function 195\? , In the first coordinate of the outputs after the first two layers. As in the proof of

Lemma we denote by (eq, ..., eq) the standard basis of R9, and we write Oy, x,, and 1., for
the £ x m matrices which have all entries equal to zero or one, respectively. Moreover, we use the
matrices and vectors I, v, 3, 7y defined in Equation . With this setup, define

1. _ ¢ T Bxd
W= G (6211 Daxp2) " € RO,
1.__ ¢ T _p»B
b= W : (amh|01x(3—3s)) eR”.
Note that these definitions make sense since 2s < 3s < B. Further, define b2 := (0| ---|0)T e R?
and
c 1 -1 0 ;
WZ = 1xs 1x2s 1x(B—3s) c RBXB.
(3s)V/a (O(Bl)xs OB—1)x2s O(B-1)x(B-3s)
Next, for 3 < i < L — 1, define b’ := (0] ---0)” € RP and
1 0 0
, 00 -
VVZ =cC- . . . . € RBXB?
0 0 0
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and finally let W% := v - ¢ (1|0]---]0) € R"Z and b* := (0) € R'. It is straightforward to

verify that [W7 . < c and [67]ea < cforalll < j < L. Therefore, R(®) € H‘(Zd B,..B,1),c for

O = (W b),...,(WE, bl)). It therefore remains to show that R(®) = v - wﬁ(s)

Ms
For notational convenience we define ¢*(z) = o(W'z + b%) for i € [L]. Then we note for
3<i<L—1that(go¢")(z)= (c-o(x1)]0] - |O)T. This easily implies
_ _ _ T
(QOQSL 1ogo¢L 20-"ogo¢3)(x) = (CL 3-@(1’1)\0\ |0) ,

and therefore
(gﬁL OQO¢L_1 o---ogo¢3)(x) —v.cl2 o(z1) forze RB.
Finally, an application of Equation @ shows that

[(eoqb?ogoszsl)(x)h—(3§W9<§<@(?+M;“)—@(azi—yz> o(*3 m))

- 2]\4(&9)2/(19((;1\1\4,% (.%'1)) —(s— 1))
= 537 G AN ) = g3 G )

Overall, we thus see as claimed that
_ c? s chs'mi/(2-3%0)

Remark A.4. A straightforward adaptation of the proof shows that the same statement holds for
H‘(Id’B7N2W’NL71’1)’C instead Oth(ld7B,...,B7l),c’ for arbitrary Ny, ... ,N;_1 € N.

A.2 A GENERAL LOWER BOUND

We now show that any target class containing a large number of (shifted) hat functions has a large
optimal error.

Theorem A.5. Letd,m € N, s € [d], and M := 8[m'/*]. Assume that U < C([0, 1]¢) satisfies
A s
ug+v- —19() eU Vve {+1}andye [0,1]¢

for certain A > 0 and ug € C([0,1]%). Then,

MC p A4 me
U201 > s

o=
=

Vpe[l,00].

The general idea of the proof is sketched in Section In what follows we provide the technical
details.

Proof. The proof is divided into five steps.

Step 1: Define k := [m'/*] and let 3 := (1’5’;’1) + 67(1’];"1) e [0,1]¢ for £ € [4k]?. Furthermore,
let T := [4K]® x {(1,...,1)} < [4k]?. With

fop =wug+v- iﬁgvsj)y for (L,v)el x {x1}, (7

it holds by assumption that
fero €U Y({v)el x {£1}. ®)
Furthermore, since M = 8k, Lemmaand a moment’s thought reveal that

v (& V)v (617 1/> el x {i_l} 4 # é’ = Supp(fgﬂ) - uO)O N Supp(ff’,u’ - UO)O = @a (9)
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5)

where we note that supp(fz,, — ug) = supp 9 Moyt

Step 2: LeA € Alg,,, (U, L?) be arbitrary and x = x(ug) = (x1,...,22m) € ([0, 1]d)2m as
described before Equation (1). Put

= {éeF: Vie [2m]: 195\‘2@/@(%) = 0}-

We now show that
|Ix| = (4k)° — 2m. (10)

To see this we will estimate the cardinality of the complement set IS := I'\Ix from above. For

¢ e IS there must exist i € [2m] with 19(8) ,(z;,) # 0 and hence z;, € supp (ﬁg&)yz)o. The map

IS — [2m], £ — iy, is thus injective due to @ Therefore |IS| < 2m and thus |Ix| = |T'| — 2m,
which is . Furthermore, the definition of I, combined with the definition of f; , in and the
condition that A can only depend on the samples x and the values of the input function at these
samples, directly imply that

V(v)el x {+1}: Le Iy = A(fr) = A(uo). 11

Step 3: Recalling our notation for the average in Section it holds that

L o= AGlar = g 3 (M = A lon + 50— Al )

Lel

ve{t1)
> (4;)3 egi <;|fé,—1 — A(fe—1)|er + %Hfm — A(f471)|Lp> (12)
Iy 1 1
- (| )| I (2|f€,—1 —A(fe,—1)|z» + §Hf€,1 - A(fe,1)|m)
1
" < s = Al + 510 - <fu>|w> (13)
-5 j; (Ifz 1 — Alug)|p» + fo[ |- A(”o)m) (14)
1 oy
2 2@ s M| (15)
> % S(2s)"p N MY a16)
N i )
A 1

w [

- (32s) % Tt

N}

Here, . 12) follows since I, < T'; (13) follows from k = mo ] and (10} - (14) follows from (11] - .
follows from the triangle mequahty and (7] . - 16) follows from Lemma|A.1| and (17| . follows from
the definition of M, which implies that M < 8 m!'/* + 8 < 16 m!/*.

Step 4: Let (A, m) € Alg’“(U, L?) be arbitrary with A = (A,,)ueq for a probability space
(Q,F,P). Put Qp == {w e Q: m(w) < 2m}. Since the Markov inequality implies that

m = E[m] = 2m - P(Qf),

it follows that

\ =

P(0) = (18)

o N)

>For notational convenience, we abbreviate L ([0, 1]%) by L? in this proof.
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Step 5: We finally estimate for (A, m) as in Step 4 that

swE[fu—Au()|r] > Y, Ellfer — Aulfe)ler] (19)
uelU

Lel’
ve{+1}

>E | 10,) Y, Ifew = Au(fen) i

Lel’
ve{t1}
)\ 1 1
>P(Q) ———— mr s 20
(o) 2. (325)5 +! 20
M it @1

> —=—=-m
(32s)» !

Here, follows from (8); follows from Step 3 (note that A, € Alg,,, (U, L?) for w € Qg);
and follows from (18).

Since (A, m) € Alg)“ (U, L) was arbitrary, this implies the desired statement. O

Remark A.6. Close inspection of the proof of Theoremshows that one can replace the point
samples u(x;) by Tu(x;), where T : U — C([0, 1]9) is any local operatoﬁ Since any differential
operator is a local operator, our lower bounds also hold if we measure point samples of a differential
operator applied to u, as it is commonly done in the context of so-called physics-informed neural
networks (Raissi et al.,)|2019).

B PROOF OF THE UPPER BOUND IN SECTION[2.4]

We first provide an auxiliary result which bounds the spectral norm ||W||42_, 2 of a matrix W by its
entry-wise 9 norm.

Lemma B.1. Let W € RVN*M and g € [1,00]. Then it holds that

[W ]l ¢a ifg<2
IWleeo < |
(VNI - |Wle ifg= 2.

Proof. We first note that |W|;2 = |W| g, the Frobenius norm of the matrix W. It is well-known that
the Frobenius norm satisfies | W | y2_,2 < |W|#. Since we could not locate a convenient reference,
we reproduce the elementary proof: The Cauchy-Schwarz inequality implies that

M
> Wi,

Jj=1

N

IWelz =),

=1

which implies the claim. Thus, we see for ¢ < 2 that |[W||p2_p2 < [|[W]e2 < |W/¢a. Clearly, the
same estimate holds for complex-valued matrices and vectors as well.

2 N M M
<) ( Wisl* ] I‘i|2> = Wl - =]z,
=1 =1

=1

Now, to handle the case ¢ > 2, we first note for ¢ = o0 and W € CN¥*M and 2 € CM that

N | M 2 N , M M
Walg = >0 | Y Wijz| <)) < Wisl* Y] ij2> < |zl - [WZe - NM.
j=1 i=1 \j=1 j=1

i=1

This proves the claim in case of ¢ = co. Finally, for g € (2, c0), we choose § = % sothat L = §+ 10—79_
Thus, applying the Riesz-Thorin interpolation theorem (see, e.g., Folland}{1999| Theorem 6.27) to the

linear map (CNV*M || - |sa) — (CN,|| - ||l2), W — Wz, shows for each z € CM that
_2
Wl < (VNM)'™0 - [Wle = (VNM)'"5 - [W ]|,
which completes the proo O

®This means that if f = g on a neighborhood of z € [0, 1]%, then (T'f)(z) = (Tg)(z).
"We consider complex matrices and vectors, since the Riesz-Thorin theorem applies as stated only for the
complex setting.
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Next, let us define the Lipschitz constant Lip,, (¢) of a function ¢ : R? — R* with respect to the ¢

norm by
. ¢ T _¢ .
Lipa(¢) = sup 12D =0Wler
z,yeRL x#£y 2 — yllea

Note that the Lipschitz constant of an affine-linear mapping x — Wx + b equals the spectral norm
[W g2 ¢2. Thus, we can use the previous lemma to bound the Lipschitz constant of neural network
realizations R(®) ’H?N . in terms of their architecture (N, ..., N ) and the regularization

on their weights (given by max <;<, max{|W?||s, [b¢]¢} < ¢).
LemmaB.2. LetrLe N, ge [1,0], ¢> 0, and Ny, ..., Ny, € N. Then, each R(®) € ’H((INO’ ND)e
satisfies

ifg<2

L
Lipa(R(®) <1 |
c '(‘/NONL'Nl"'NL—1)172/q ifqg=2

Proof. Let R(®) € H! ... be arbitrary. By definition, this means

R(®) =¢r0pogt o 0pogl,

where ¢ acts componentwise, and where the affine-linear maps @' : RNi-1 — RN are of the form
@' (x) = Wiz + b%, with Wi e RV >Ni—1 and W] < c.

The ReLU activation function g : R — R, z — max{0, x}, is easily seen to satisfy |o(x) — o(y)| <
| — y| for ,y € R. This implies that

L
Lipyz (R(®)) = Lipz(¢” 0 00 ¢" ' o+ 000¢") < [ [Lipe(¢"). (22)
i=1

Lemmaestablishes for i € [L] that
) c ifg<2
Lipiz <¢l) < 1—-2 .
C- ( Ni*lNi) T a lfq = 27

which, together with , proves the claim. O

Note that we can estimate the error of reconstructing Lipschitz continuous functions from samples
by piecewise constant interpolation. Together with Lemma this allows us to construct a (non-
adaptive, deterministic) algorithm for reconstructing neural networks from samples.

Lemma B.3. Let d € N. Then, for every m € N, there exist points 1, . ..,y € [0,1]¢ and a map
Oy : R™ — L*([0, 1]%) satisfying

H@ (U(l‘l) u(xm)) - UHLm([OJ]d) < Lipﬂ (u) : 2\/& ! mil/d (23)

for every function u : [0,1]% — R with Lip, (u) < oc.

Proof. Let m e N be arbitrary and choose K := |m'/4] > 1. Write

Kr]

1,...,1 1 K—1\4 . 1 171d
{ml""’de}:%_‘_{%’F""’T} nOtlngthat UII,'Z 3K ?] .
Hence, choosing Q; := (z; + [~ 5k, 57 )\U [~ 5k, 55 1%), we get [0,1]¢ UZ L Qi

where the union is disjoint.
Note that K¢ < m and choose arbitrary points T ga 1, ..., Ty, € [0, 1]%. Furthermore, define

em : Rm_)Lm([O? 1]d)a (alw--»am)'_) Za1]lQ1
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To prove Equation (23), let u : [0,1]? — R be arbitrary with Lip,2(u) < oo. For arbitrary
z € [0,1]9, there then exists a unique i € [K“] satisfying € Q; < @; + [~ 5%, 577]% and in
particular |z — 22 < v/d/(2K). Therefore,

!@m (u(xl), . ,u(xm))(x) — u(x)

= |u(zi) — u(z)|

. . d
< Lippe (u) - |z — @2 < Lipge (u) - K

Since = € [0, 1]¢ was arbitrary, this implies
Vd
2K

Finally, we note that K = |m"?| > 1 implies 2K > 1 + K > m!/¢, which proves the claim.  []

H@m(u(xl), coou(Tg)) — UHL@ o114y S Lipge (u) -
([0,1]¢)

Note that the proof above requires to convert a Lipschitz constant with respect to the /5 norm to an
{4, estimate which costs a factor v/d and contributes to the gap between our lower and upper bound.
Remark B.4. Note that our upper and lower bounds in Theoremsandare asymptotically
sharp with respect to the number of samples m, the regularization parameter c, and the network

depth L but not fully sharp with respect to the multiplicative factor depending on d and q only.
Given m many samples, a combination of Theoremsandshows that the optimal achievable
L® reconstruction error € for reconstructing neural networks with L layers up to width 3d and
coefficients bounded by c in the {1 norm satisfies

{1.CL.d—§.m—; Vd- ek oma iquz}
<e<

256374
sasa O (3d)(L71)(17%) smTd d'"u ek (3d)(L71)(17%) mTdifg > 2.

For moderate input dimensions d the upper and lower bounds are quite tight, but for larger d there
remains a gap. However, in that case the lower bound for m is already intractable (at least ife < 1/d
orifc>» 1 and L is large) so that the upper bound is merely of academic interest.
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C HYPERPARAMETERS USED IN THE NUMERICAL EXPERIMENTS

Table 1: General hyperparameters for the experiments in Figuremand Sectionm

Description Value Variable
Experiment

precision float64

GPUs per training 1 (NVIDIA GTX-1080, RTX-2080Ti, A40, or A100)
Deep learning algorithms

optimizer Adam

initialization of coefficients (W*,b%)  U([—~/1/Ne—1,4/1/Ne_1])

activation function ReLU 0
learning rate scheduler exponential decay

initial / final learning rate 1074/1076

decay frequency every epoch

Evaluation

number of samples 224 J
distribution of samples U([-0.5,0.5]¢)

evaluation norm {1,2, 0} P
number of evaluations 5 (evenly spaced over all epochs)

Table 2: Hyperparameters specific to the experiment in Figure

Description Value Variable
Experiment

samples 103 m
dimension 1 d
Target function

sinusoidal function x — log(sin(50z) + 2) + sin(5x) u
Deep learning algorithm

depth of architecture 22 L
width of architecture 50 Ni,...,Np_1
batch-size 20

number of epochs 5000

Table 3: Hyperparameters specific to the experiments in Section

Description Value Variable
Experiment

samples {102,10%,10%,10%} m
dimension {1,3} d
Target functions

number of teachers 40 |U|
depth of teacher architecture 5 L
width of teacher architecture 32 Ny,...,Np_1
activation of teacher ReLU 0
teacher coefficient norm ce) q
teacher coefficient norm bound 0.5 c
distribution of coefficients U([-0.5,0.5])

Deep learning algorithms

number of seeds 3 [8]
depth of student architecture 5

width of student architecture {32,512,2048} Ny,...,Np_1
batch-size {100, m/5, m/50}

number of epochs 500 (if batch-size = 100), 5000 (else)
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