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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. More
recently, these methods have been applied to the numerical solution of high dimensional
partial differential equations (PDEs) with great success. In particular, recent simulations
indicate that deep learning based algorithms are capable of overcoming the curse of di-
mensionality for the numerical solution of linear Kolmogorov PDEs. Kolmogorov PDEs
have been widely used in models from engineering, finance, and the natural sciences. In
particular Kolmogorov PDEs are highly employed in models for the approximative pricing
of financial derivatives. Nearly all approximation methods for Kolmogorov PDEs in the
literature suffer under the curse of dimensionality. By contrast, in recent work by some of
the authors it was shown that deep ReLLU neural networks are capable of approximating
solutions of Kolmogorov PDEs without incurring the curse of dimensionality. The present
paper considerably strengthens these results by providing an analysis of the generalization
error. In particular we show that for Kolmogorov PDEs with affine drift and diffusion
coefficients and a given accuracy € > 0, ERM over deep neural network hypothesis classes
of size scaling polynomially in the dimension d and ¢! and with a number of training
samples scaling polynomially in the dimension d and ~! approximates the solution of
the Kolmogorov PDE to within accuracy € with high probability. We conclude that ERM
over deep neural network hypothesis classes breaks the curse of dimensionality for the
numerical solution of linear Kolmogorov PDEs with affine drift and diffusion coefficients.
To the best of our knowledge this is the first rigorous mathematical result that proves the
efficiency of deep learning methods for high dimensional problems.
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1 Introduction

1.1 Problem Statement

Suppose we need to numerically approximate the end value [u, v]d > x — Fy(T,x) of the
solution Fy € C([0,T] x R% R) of a linear Kolmogorov equation which for an initial value
@q € C(R? R), diffusion coefficient o4 € C(R? R?*?) and drift pg € C(R%,RY) is defined
as

(1)

{%(t,x) = LTrace(oq(x)[oq(z)]* (Hess, Fy)(t, z)) + (pa(z), (VaFa)(t,2))pa
Fd(07 .%') = (,Od(fﬂ)

for every (t,z) € [0,T] x R?. Important special cases include the heat equation or the
Black-Scholes equation from computational finance where typically the functions o4, g
are affine and the initial values ¢4 can be represented as a composition of multivariate
minima, maxima and linear combinations such as

d

wd(z) :min{maX{Q—chyixi,O},C@} (2)
i=1

with suitable coefficients ©,cq; € (0,00), d € N, ¢ € {1,2,...,d}, in the case of a

European Put option pricing problem. It is well-known that most standard numerical

algorithms for this problem suffer from the curse of dimensionality, meaning that their

computational complexity grows exponentially in the dimension d [g].

If the goal is simply to evaluate Fy(T,-) at a single value & € R?, then under suitable
assumptions Monte-Carlo sampling methods are known to not suffer from the curse of
dimensionality. These methods are based on the integral representation (Feynman-Kac
formula)

Fy(T,€) = Epa(S3)] (3)
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with (Sf )te[o,7] @ stochastic process satisfying the stochastic differential equation
St = 04(S5)dBE + pa(St)dt and S5 =¢

on some probability space (2, G, P). The evaluation of Fy(7, &) can then be computed by
approximating the expectation in (B]) by Monte-Carlo integration, that is, by simulating
i.i.d. samples (S(i))’iﬁl with S ~ S% and by approximating Fj(T,&) with the empirical

average
1 — ,
il E (@)
m = Pa(S).

It is well known that the number of samples m needed to obtain a desired accuracy
¢ depends only polynomially on the dimension d and e~!, implying that Monte-Carlo
sampling does indeed not suffer from the curse of dimensionality.

If the goal is however to approximate Fy(7,-) not only at a single value but, for
example, on a full hypercube [u,v]?, there has been no known method not suffering from
the curse of dimensionality. In particular, there has been no known method that can
provably be applied efficiently in high dimensions, say, d >> 100.

The present paper introduces and analyzes deep learning based algorithms for the
numerical approximation of Fy(T,-) on a full hypercube [u,v]?. We will prove that the
resulting algorithms overcome the curse of dimensionality and can consequently be effi-
ciently applied even in high dimensions. Our proofs will be based on tools from statistical
learning theory [13] and the following key properties of linear Kolmogorov equations:

P.1 the fact that one can reformulate () as a mathematical learning problem (see Lemma
below),

P.2 the fact that typical initial conditions arising from problems in computational fi-
nance, such as for example (2]), are either exactly representable as neural networks
with ReLU activation function or can be approximated by such neural networks
without incurring the curse of dimensionality (see [23, Section 4])

P.3 and the fact that Property[P.2lis preserved under the evolution of linear Kolmogorov
equations ([Il) with affine diffusion- and drift coefficients which implies that Fy(T),-)
can be approximated by neural networks with ReLLU activation function without
incurring the curse of dimensionality (see Theorem B.3] below).

1.2 Deep Learning and Statistical Learning Theory

In their most basic incarnation, deep learning based algorithms start with training data
(XD Yy = ([ x [-D,0)™.
)

To give a concrete example, X(gi may consist of different 28 x 28 pixel grayscale images

of handwritten digits and Yd(i) may consist of corresponding probabilities describing the

likelihood of a certain digit to be shown in image XC(;) [36]. The goal is then to find a
functional relation between images and labels and use it for predictive purposes.

Empirical risk minimization (ERM) attempts to solve this prediction problem by min-
imizing the empirical risk

m

fio () = =3 (50— ¥ 0

i=1



over a compact hypothesis class H C C([u,v]?, R), resulting in a predictor

fdmm € argmin &g, (f) (5)
feH
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
which are typically defined via an activation function p € C(R,R), a number of (hidden)
layers | € N and an architecture a = (ag, a1, as, ..., a;, a;41) € N2 with ag = d, ;41 = 1
by
]:P,a(ea T) = AWuBz © Pa; © AWZA,BZA ©Paj_1 © "9 Pay © AW07BO(‘T)’

where for k,n € N, z = (2;)%, € R", a weight matrix W € R¥*" and a bias vector
B € R¥, we let Ay p(z) := Wz + B,

l
0= ((Wi’Bi))ézo c >< (Rai+1><a¢ x Raiﬂ)
=0

and
pn(x) = (p(xi))i=1 € R,
so that corresponding hypothesis classes are of the for

l
::R - {([u,v]“” Sx— Fpal@,2)): 8 X (R‘““X‘“ X ]Ra"“), 10|00 < R} . (6)
=0

Despite the great practical successes of the “deep learning paradigm” as just described,
a theoretical analysis that specifies useful bounds on the number of samples m and the
network size (described by P(a) := Zi‘:o a;1+10; + Git+1, the number of free parameters) is
far out of reach.

Theoretical tools for achieving such results have been developed within the field of
statistical learning theory where it is typically postulated that ((Xc(ll),Yd(l)));il are 1.i.d.
samples drawn from the distribution of some (unknown!) data (Xg4,Yy) and that the

optimal functional relation between X, and Yy is given by the regression function
7, [u,v]d — R
d- r = EYXg=2a] "
which minimizes the risk
f=&a(f) = E[(f(Xd) - Yd)z}-
The minimization of functionals of the form &; defined via the probability distribution of
(X4,Yy) is commonly referred to as a

mathematical learning problem with data (Xg4,Yy) and quadratic loss function,

see, for instance, [13]. _Under strong regularity assumptions on the regression function
fa (in the sense that f; can be well approximated by the hypothesis class H, see [18|
19, 46, 48] 14, B30, 12, B3, 11, 4, B39, B8, 40, 22 31, 47, 10, 15, 42, O, 44, 51, 52, [45)
for corresponding results with H consisting of neural networks and fd satisfying various
smoothness assumptions) and the law of (Xg,Yy) it is then possible to obtain bounds on
the sample size m and the number P(a) of neural network parameters of

U,
H=N, p.a,R

'For a finite index set I and M € R! we define || M ||o := max;er |M;] and | M|l2 := \/>,c; [M]?.

3
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to achieve, with high probability, an error
- ~ 2
B | (Faman(Xo) - Fatx0) | < %

see for example [13] [34], 37, 50} 24, [5].

Unfortunately it is not clear to what extent these classical techniques are useful for the
analysis of real world applications of deep learning methods for (at least) the following
reasons:

1. The crucial assumption that the training data consists of i.i.d. samples of an under-
lying probability distribution is typically not satisfied.

2. Even if the assumption were satisfied, the underlying distribution of (Xg,Yy) is
typically unknown. This implies that it is impossible to verify a priory the regularity
assumptions on f; that are needed for the theory of [13] to be applicable.

3. Even if the the theory of [13] were applicable, since the distribution of Xy is un-
—~ —~ 2
known, it is not clear how the quantity E |:(fd,m,’H(Xd) - fd(Xd)) } of () can be
interpreted.

4. The theory developed in [13] operates in an asymptotic regime where the number
m of training samples exceeds the “dimension” P(a) of the hypothesis class H.
However, in many applications the number of training samples is fixed and it is
not possible to generate more training data at will. Moreover, many successful
deep learning applications operate in a regime where there is far less training data
available, see also [53].

1.3 Kolmogorov Equations as Learning Problem

We will reformulate the numerical solution of linear Kolmogorov equations as a classical
statistical learning problem and demonstrate that in this specific case none of the afore-
mentioned problems appears. The Feynman-Kac formula (B]) directly implies that the
numerical approximation of Fj(7T,-) can be restated as a classical learning problem in the
sense of [13] as follows. Let

Xy ~ U([u v,

the uniform distribution on [u,v]?, and let
Yy = pa(Sp?)
with (StX *)iejo,r) @ stochastic process satisfying the stochastic differential equation
dSX = oq(SX)dBY + pg(SX4)dt  and S = X, (8)

Under suitable conditions it then follows from (B]) that Fjy(7,z) is the minimizer of the
risk functional £;(f) :=E [(f(Xq) — Ya)?], that is,

fa(x) = Fa(T. z)

for a.e. z € [u,v]?, see Lemma 3.2 and [6, Proposition 2.7]. As outlined in Subsection [[.2]
we thus have that

Fy(T,-) is the solution of the mathematical learning problem with data (Xg4,Yy)
and quadratic loss function.



Having reformulated the numerical approximation of Fy(T),-) as a learning problem, a
natural next step is to apply the deep learning paradigm, that is, for m € N and for i.i.d.
samples

(7Y

with (Xc(ll),Yd(l)) ~ (X4,Yy) to minimize the empirical risk (@) over a class H = N:;:R of
neural networks of a given architecture a, see Equation (@), and to compute ﬁl,m,?—l eEH
as in ([{)).

In [6] 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 algorithm introduced in [6] is efficient even in very high dimensions. In
particular, the simulations carried out in [6] suggest that this algorithm does not suffer
from the curse of dimensionality. Related work with similar conclusions can be found in
[49] 21, 211, 27), [32], 17, [7), 26}, [16]. We emphasize that all these works are purely empirical.
Prior to this work no theoretical results confirming the efficiency of deep learning methods
applied to high dimensional problems existed.

Two main parameters influence the complexity of the algorithm described above: the
“size” of the hypothesis class Hq . (in the case of deep neural networks: the number P(aq.)
of network parameters that need to be optimized) as well as the number of training samples
mgq . needed to guarantee that, with high probability, the estimate

1

f 2
(v —u)d Hfdvmd,s,m,g(') — Fy(T, .)‘

L2[u,v]? 9
R ) (9)
=E [(fd,md,s,ﬂd,s(Xd) — Fy(T, Xd)) } <e

holds true. We are interested in their scaling with respect to the precision € and the
dimension d.

Observe that contrary to conventional learning problems, the data distribution (Xy, Yy)
is now explicitly known. Moreover, i.i.d. samples of this distribution can be efficiently
simulated as needed (X is a simple uniform distribution that can be efficiently simulated
using a suitable random number generator and S:,)f ¢ can be simulated by any numerical
solver for the stochastic differential equation (§))). In particular, in the mathematical
learning problem that arises from our reformulation of the Kolmogorov equation, none
of the Problems [II- @ described in Subsection occurs! We will therefore be able to
use tools from statistical learning theory to obtain bounds on the quantities mg., P(aq,)
above.

1.4 Contribution

We show that, whenever for all d € N both o4 and 4 are affine functions (this includes
the important case of the Black-Scholes equation in option pricing), and if the initial
conditions (¢4)4en can be approximated by deep neural networks without curse of dimen-
sionality (this can easily shown to be true for a large number of relevant options such as
(capped) Basket Call -, Basket Put -, Call on max -, and Call on min - options, see [23],
Section 4]), there exists a polynomial p: R? — R such that for every d € N and ¢ € (0,1)
it holds that
max{mg., P(age)} < ple !, d).

We conclude that the aforementioned deep learning based algorithm does not suffer from
the curse of dz’mensz’onalz’tyﬂ.

20ur analysis does not consider the computational cost of solving the ERM problem (). The latter is typically
achieved by stochastic first order optimization methods whose theoretical analysis is completely open to date.



We briefly describe our proof strategy for bounding the error

1 —~
m Hfd,m,'H(') — Fy(T, )‘
as in (@) with high probability. Let a best approximation in our hypothesis class be defined
by

2
(10)

L2[u,v]?
~ . 1 2
fd,H S arjgerg_llln m“f() — Fy(T, ')HLQ[u,v]d.

By the so-called Bias-Variance Decomposition (see Lemma 2.8]) we can decompose the
error ([I0) according to

1 ~ 2
- D) - F T’ . ‘
(U - u)d Hfd,m,’}-l( ) d( ) L2[u,v]d
1 —~ 2 ~ ~
- (v —wu)? Hfd’H —Fa(T ')‘ L2[u,v]¢ +&a(fammn) — Ea(fan)
approximation error generalization error

and obtain separate bounds on the approximation and generalization error.

For the important case that the functions o4 and pg are affine, which will be one of
our main assumptions, the approximation error of neural network hypothesis classes with
ReLU activation function

p(x) = ReLU(x) := max{x,0}

has been analyzed in [23]. By the results of [23] neural network hypothesis classes with
ReLU activation function are capable of approximating the solutions (Fy(T, -))gen without
incurring the curse of dimensionality whenever the same is true for the initial conditions
(¢d)den. By a lucky coincidence, most initial conditions that come from applications in
financial engineering are in fact exactly representable by small neural networks with ReLU
activation function so that the latter is always satisfied, see for example Subsection 34l In
Section Blwe extend these approximation results to neural network hypothesis classes with
ReLU activation functions whose maximal coefficient size scales at most polynomially in
the size of the neural network, see Theorem B3l We then leverage these approximation
results as well as tools from [I3] to obtain probabilistic estimates of the generalization
error. These tools require sharp bounds on the covering numbers of hypothesis classes
consisting of deep neural networks and we provide such bounds in Section M under the
condition that the maximal coefficient size scales at most polynomially in the size of the
neural network. R

The results of [13] require that the regression function f; as well as all functions
in ‘H are uniformly bounded. This forces us to require that the initial conditions g4
are uniformly bounded which by (@) implies that also the functions fd = Fy(T,-) are
uniformly bounded. Furthermore, we introduce hypothesis classes of “clipped” neural
networks which are defined by

l
:’;RQ = {([u,v]ao >+ Cq,, 00 fma(@,x)) :0e X (R“i“x‘” X ]R“iﬂ)’ 10]|0c < R}
=0
with
Cal_H,D (x) = (min{|xi|’ 9} Sgn(l“i))?l;ll
for x € R%+1 denoting a clipping function with clipping amplitude ©® € (0,00). In
Subsection we show that the clipping function C,,,, » can be represented as a small
neural network with ReLLU activation function so that clipped neural networks with ReLU
activation function are in fact standard neural networks with ReLLU activation function.
We are now ready to formulate a first specific result of this paper as an appetizer.

7



Theorem 1.1 (Pricing of European Put Option without Curse of Dimensionality). Let
(2,G,P,(Gt)iepo,r)) be a filtered probability space which fulfills the usual conditions, let
T,L € (0,00), © € [1,00), u € R, v € (u,00) and for all d € N let cq; € (0,00),
i €{1,2,...,d}, be real numbers which satisfy that 2?21 cai =1, let o4 € C(RLR) be

given by
d
wq(x) = min {max {”D — ch,ixi,O} ,’D}

i=1
for everyz = (x;)4, € RY, let 04 € C(RY, R, 1y € C(RE,RY) be affine linear functions
which satisfy for every z € R? that

loa()ll2 + lpalz)llz < L+ [|z]l2),

let Fy € C([0,T] x R R) be the unique at most polynomially growing viscosity solution]
of the d-dimensional Kolmogorov PDE

{%(t,x) = 3 Trace(o4(z)[oq(x)]* (Hessy, Fy) (¢, ) + (pa(x), (Vo Fa)(t, @) pa
Fa(0,2) = pa(x)

for every (t,x) € (0,T) x R?, let BY be a d-dimensional (Gi)-Brownian motion, let
X4 ~ U([u,v]?) be Go-measurable, let (Sth)te[O,T} be an adapted stochastic process with
continuous sample paths satisfying the stochastic differential equation

dS;* = 04(SX)dBE + pa(Si)dt  and Syt = Xy,

let Yyq := cpd(Sj)fd) and let ((Xc(ll),Yd(l)))ieN be i.i.d. random variables with (Xc(ll),Yd(l)) ~
(Xa,Yq). Then there exists C € (0,00) such that for every e,p € (0,1) and every d € N
there exist

a—= (d, ai, ag, 1) € N4,

R e [1,00) and m € N so that with H := N§{ ¢ aro andl
n 1 i i\ 2
e < argmin 35 (5080 9)

fer M4

it holds

(i) that

P(a) < Cd*c2
(ii) that
max{aj,as} < Cd3/2:1
(iii) that
R < Cd*c!
(iv) that

m < Cd*™* (1+ ln(dg_lg_l))

(v) and that
2

1
< €:| >1—op.
L2[u,v]d

P [m H.]/C\d,m,?-[ - Fd(T7 )‘

3We refer the interested reader to [25] for the definition and properties of viscosity solutions.
4More precisely, for every outcome w €  we pick fqmu(w) € argmin g, E4.m(f)(w) such that the mapping

w = fa.mn(w) is measurable, see Lemma [Z2]



Theorem [L.I] demonstrates that deep learning based ERM succeeds in solving the
option pricing problem for European Put options without incurring the curse of dimen-
sionality. A proof will be given in Section [3] below. We hasten to add that the scope of
this paper is much wider and that analogous results will be shown in a much more general
context, see Theorem B.7 which states that a result analogous to Theorem [L.T] holds true
whenever the initial conditions (pg)gen can be approximated by neural networks with
ReLU activation function without curse of dimensionality. Theorem [3.7] in conjunction
with the results of [23], can then be applied to prove the absence of the curse of dimen-
sionality in the pricing of (capped) Basket Call -, Basket Put -, Call on max -, and Call
on min - options.

1.5 Outline

The outline is as follows. In Section 2] we present our main result related to the gener-
alization of clipped ReLU networks in a rather general setting. Whenever the regression
functions (J/C:i)deN can be approximated without curse of dimensionality by clipped neu-
ral 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 in Section [ using tools from statistical learning theory and the cov-
ering number estimates of the hypothesis class of clipped neural networks from Section [4l
In Section Blwe extend a result of [23] claiming that the end value of the solution to certain
Kolmogorov PDEs can indeed by approximated by clipped neural networks without the
curse of dimensionality and therefore our results from Section [2] apply. This gives rise to
the quantitative polynomial bounds on the number of samples and the network architec-
ture in Theorem 3.7l As an example we prove that the complexity of pricing European
Put options is only growing polynomially in the dimension.

2 Results in Statistical Learning Theory

The present section develops generalization bounds for ERM problems in the spirit of [13].
In Subsection 2.1l we present the basic setting in which we operate, as well as the definition
of clipped neural network hypothesis classes. After expanding on these hypothesis classes
in Subsection 2.2lwe present the main result related to the generalization of clipped ReLU
networks in Subsection 2.3l This result, Corollary 211 states that approximation results
that are free of the curse of dimensionality can be leveraged to generalization results that
are free of the curse of dimensionality.

2.1 Basic Setting

This subsection summarizes the basic setting for our main results. The following Setting
2 Tldescribes a standard statistical mathematical learning problem as defined, for example,
in [13].

Setting 2.1 (Mathematical Learning Problem). Let u € R, v € (u,00), © € [1,00), let
(Q,G,P) be a probability space, for all d € N let

Xq:Q = [u,v]

(input data) and
Yd Q= [—D,D]

(label) be random variables, let

(X v Q= w04 x [-D,9], €N,

9



be i.i.d. random variables with (Xc(ll), Yd(l)) ~ (Xg4,Yy) (training data), for d,m € N and
a Borel measurable function f: [u,v]? — R let

) = [ (£0X0) = V)" ap = E[(£(Xa) - i)]

be the risk and let
1 & i i\ 2
Eam(D) = — 3 (£ v

m
=1

be the empirical risk, for every d € N let P x, be the image measure of Xq on the hypercube
[u,v]? and let f; € L? (IPXd)ﬁ be the regression function defined by

= [u,v]d — R
fd'{ v = E[YXy=a]

and for d,m € N, w € Q and compact H C C([u,v]?,R) (hypothesis class) let

fap € argmin £y(f) (11)
feH
be a best approximation and let
Famn(w) € argmin Eq pm(f)(w) (12)
feH

be an empirical regression function such that the mapping Q > w +— ﬁl’m’q{ (w) is measur-
able.

We want to emphasize that the minima in (II]) and (I2]) will be attained due to the
compactness of our hypothesis class but they need not be unique. For the probability in
our generalization error bound (Theorem 2.10) to be well-defined one needs the measur-
ability of the mapping ~

As3w— fd,m,q.[(w).
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. We prove that
in our setting (by choosing a suitable minimizer) measurability can indeed by satisfied.

Lemma 2.2 (Measurability of the Empirical Regression Function). Assume Setting 2],
let d,m € N and let H C C([u,b]?,R) be compact. For every w € Q one can choose the
empirical regression function

m

Fam(e) € argmin — 3 ((x9 (@) - v (@)’

m
fer o

i a way, such that it holds that

(i) the mapping R
Q3w fammuw)

is G /B(H)-measurable

SWe define the Hilbert-Space L? (Px,) as the space of all Borel measurable functions f € [u,v]¢ — R with finite
norm || fllrzwy,) = (fy0a /2 dIPXd)l/2 = E[(f(Xd))2]1/2 < oo where functions which coincide Px,-a.s. are
identified as usual.

10



(ii) and the mapping R
Q3w E(fammuw))
is G/B(R)-measurable.

Proof of Lemma[2.2. First observe that H is a separable metric space induced by the
uniform norm and that for every f € H the mapping

Q3w Eqm(f)(W)

is G/B(R)-measurable. By the reverse triangle inequality we get that

R G
S\/%H(f(Xa(zl)) H msglzld fx) = g(2)]

for every f,g € H. This shows that for every w € {2 the function
H o [ Eam(f)(w)

is continuous which implies that the function
QxHS (w, f) = Egm(f)(w)

is a Carathéodory function. The Measurable Maximum Theorem in [I, Theorem 18.19
with (S,%) + (2,0), X < H, f(s,2) «+ —Eim(x)(s) and ¢(s) = H for every s € S|
assures that the set-valued function of minimizers of

.
min &g (f)

admits a measurable selector. That is to say, there exists a G/B(H)-measurable mapping
famm: €8 — H such that for every w € € it holds that

Famn(w) € argmin Egpm (f)(w).
feH
This establishes item 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

[€a(h)V2 = Eal0) 2| = 1£(Xa) = Yall 2oy — 19(Xa) = Yal p2(a
< If(Xa) = 9Xa)l 2y < sup_|F(2) = glo).

x€[u,v]¢
This yields the claim as compositions of measurable functions are again measurable. [

For our theory we assume in Setting[2.Tlthat the empirical regression function is chosen
in the sense of Lemma This allows us to view the risk of the empirical regression
function as a random variable

Q3w Ea(famnw))

which is necessary for bounding the generalization error.

The following setting describes suitable hypothesis classes based on deep artificial
neural networks. Our definition of (artificial feedforward) neural networks with ReLU
activation function is completely standard, except for the composition with a “clipping
function” Cgp ,, in (I3]) below which will be clarified in Subsection From now on we
will only consider neural networks with ReLLU activation function and therefore we will
omit writing the index p = ReLU in our notation.

11



Setting 2.3 (Neural Networks). For ® € (0,00), k,n € N, W € RF" B € RF [et
Aw.p € C(R™ RF) be the affine linear mapping given by

Aw p(z) = Wz + B,
let ReLU,, € C(R™,R™) be the n-dimensional Rectified Linear Unit function given by
ReLU, (z) = (max{z;, 0})?:1
and let C,, » € C(R™,R™) be the n-dimensional clipping function given by
Cno(z) = (min{|z;], D} Sgn(mi))?zl
for every x = (x;)?_; € R". Forl e Ny, ® € (0,00) and a network architecture
a=(ag,ay,...,a;,a;4;) € N+

let the number of hidden layers £(a) be given by

the number of parameters P(a) be given by

l

Pla) =Y aip10; + ai
=0

and for x € R* and parameters

0 = ((Wi,B@'))izo € >l< (RO#1%0 5 R%+1) ~ RP(@)
i=0
let the neural network Fy : RP(@) x R% — Ru+1 pe defined as
Fa(0,2) = Aw, B, o ReLU,, 0Aw, , 5, , o ReLUq, , 0+ 0 ReLU,, 0Aw, 5, (),
and let the clipped neural network F, o : RP@) x R0 —y RU+1 pe defined as
Fam(0,7) =Cop, 00 Fa(0, ).
Forle Ny, R,D € (0,00), u € R, v € (u,00), a= (ag,as,...,a,a1) € N*2 let
l
Nar = {([u,v]‘“’ S Fa(B,2)): 0 € X (RU+1%% x R4+1) | [|6]|o < R}
=0
(hypothesis class of neural networks) and let
l
:7’}%@ = {([u,v]ao Sz Fap(0,2)): 0 € X (RUHX% x RYH1) |0 < R} (13)
i=0

(hypothesis class of clipped neural networks) and for d € N let

Ad = U {(0/070/17. .. 7al7al+1) € Rl+2 Loapg = d, a1 = 1}
1eNg

(admissible network architectures ).
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2.2 Clipped Neural Networks are Standard Neural Net-
works

In this subsection we clarify the role of the function Cq,,, o in the definition of N, : ’}%@ in
Setting 2.3l The neural network classes N, : ’g,@ are somewhat non-standard in the sense
that the function C,, ., o is applied to the output of a neural network, see Setting 2.3l The
reason for our choice of this definition is that our main results will require that the set of
neural networks over which the empirical risk minimization problem is solved consists of
uniformly bounded functions (such boundedness assumptions are in fact standard in sta-
tistical learning theory, see [13]). Lemma [2.6] shows that the clipping function C,,, , o can
be represented as a small neural network which implies that the seemingly non-standard
classes J\/': 71?57@ are actually conventional neural network classes that can be trained with
standard methods [35] 28] [33], 43].

Lemma 2.4. Assume Setting[2.3, let n € N and ® € (0,00). Then for all x € R™ it holds
that

Cno(xz) = —ReLU,((®)jL; — ReLU,(x)) + ReLU,(— ReLU,(—z) + (D)i-,).

Proof of Lemma[2.4] Without loss of generality we may assume that n = 1. We distin-
guish four cases:

x < —9. Inthis case it holds that ReLU;(z) = 0, ReLU;(—z) = —z and ReLU; (z+®) =
0. Therefore it holds that

Cip(x) = —® = —ReLU (D) + ReLU; (z + D)
= —ReLU;(® — ReLU;(z)) + ReLU; (— ReLU; (—z) + D).

x > ®. In this case it holds that ReLU;(z) = z, ReLU;(—x) = 0 and ReLU;(® —x) = 0.
Therefore it holds that

Cl,;g(.%') =% = — ReLU; (CD — .%') + ReLUl(CD)
= —ReLU;(® — ReLU;(z)) + ReLU; (— ReLU; (—z) + D).

x <D and x>0. In this case it holds that ReLU;(z) = =, ReLU;(—xz) = 0 and
ReLU;(® — z) = ® — . Therefore it holds that

Cio(r) =2 = —ReLU(® — z) + ReLU (D)
= —ReLU;(® — ReLU;(z)) + ReLU; (— ReLU; (—z) + D).

x> —9 and x < 0. In this case it holds that ReLU;(z) = 0, ReLU;(—z) = —x and
ReLU;(xz +®) = x + ®. Therefore it holds that

Cio(x) =2 = —ReLU (D) + ReLU;(z + D)
= —ReLU;(® — ReLUj(z)) + ReLU; (— ReLU; (—z) + D).

This proves the lemma. O

The following contraction property will be useful in several places later on.

Corollary 2.5 (Contraction Property of the Clipping Function). Assume Setting[2.3, let
n €N and © € (0,00). Then for all x,y € R™ it holds that

[Ch2(2) = Cnp(y)ll2 < [l = yll2-

Proof of Corollary 24 The proof follows from a straightforward calculation. O

13



The next lemma states that the clipping function C,, » can be represented as a small
neural network.

Lemma 2.6 (Clipping Function as Neural Network). Assume Setting [Z.3, let n € N,
D € (0,00) and let
a=(n,2n,2n,n).

Then there exists @ € RP@) such that for all x € R™ it holds that
Cho(x) = Fa(0, ).
Proof of Lemmal2.0. Denote by I the n-dimensional identity matrix and let

0 c (R2n><n « RQn) « (R2n><2n % RQn) > (Rnx2n % Rn) ~ R’P(a)

be given by
o= (1) ) e
1) Lo =1 ||| !
0 D 0
Lemma [2.4] and the Definition of F,(8,-) now prove the claim. O

The next result shows that the “clipped” neural network classes N; ’Eg are in fact

subsets of “non-clipped” neural network classes.

Corollary 2.7. Assume Setting [Z.3, let | € Ng, u € R, v € (u,00), D, R € (0,00), let
a=(ag,ay,...,a;,a.1) € N*2 and

b = (ao, a1, ..., a, a1, 2011, 20141, ar41) € N5,
Then it holds that
U~ U
a,R® =“’"b,R’
Proof of Corollary[2.7. The proof follows directly from Lemma O

2.3 A Generalization Result

The following result is often referred to as the “Bias-Variance Decomposition”.

Lemma 2.8. Assume Setting[21), let d € N and let H C C([u,v]?,R) be compact. Then
for every f € C ([u,v]%,R) it holds that

2 2

|7 - Fal + Ealfamm) = EalFar) + Ealf) = EalFamm).

-5

12(Py,) L2(Px,)

approximati(;rrl error (bias)  generalization error (variance)
Proof of LemmalZ8. For f € C ([u,v]?,R) it holds that
Ealf) = B (£(Xa) = FalXa) + Fa(Xa) - Ya)’|
=B (/(X0) = Ja(X0)’| + B | (Ja(Xa) - Ya)?| (14)
+ 2B | (f(Xa) = falX0)) (Ja(Xa) - Ya) |

14



Observe that, due to the fact that ﬁl(Xd) =E [Yd‘Xd], it holds by the tower property of
the conditional expectation that

[( (Xa) = fa(X0)) (FalXa) — Ya)|
— B [B[((X0) - FuX0) (FulX) - Ya) | X
= B [(/(Xa) ~ FaX) (Fa(Xa) ~ B [Yal Xa] )| = 0

which, together with (I4]), implies that

EF) ~ EalF) = B(7(X) — Taxa)’] = |7 - |, . (15)
Therefore, it follows that for every f € C ([u,v]?,R) it holds that
£ = 2l e, = E600) = EaFama) + EutFamn) = EuFare) + Eu Far) = €.
Xq
Finally, applying (I3 (with f + .]/il%) implies that
|#- 7| sy = D) = EalFam) + ElFama) = EalFaz) + [Fan - A )
which proves the lemma. O

The next lemma states that the function .]/C;l,q.[ is a best approximation of fd in ‘H with
respect to the L?(Px,) norm.

Lemma 2.9. Assume Setting[21), let d € N and let H C C([u,v]?,R) be compact. Then
for every f € H it holds that

71

<|r- fd\

L2 ]PX ) LQ(IPX )

Proof of Lemma[2.9. Observe that by assumption for all f € H it holds that
Ea(f) = Ea(fap) > 0

which, by Lemma 28] implies that

-3

<|r- fd\

L*(Px,) L2(Px,)

O

The following theorem describes our main result related to the generalization of clipped
ReLU networks.

Theorem 2.10 (Generalization Error Bound). Assume Settings [21] and [2.3, let h €
C((0,00)5,R) be given by

h(z) = 1280422 [1 + g+ x4(ln (64 max{1, |ul, v }z1) + (25 + 1) (23 + 2))} ,
lete,0 € (0,1), d€N, a € Ay, R€ [L,00), let H := N o and
m > h (e (o), In(Rlfallx), P(a), L(a))
Then it holds that
P [Ed (ﬁl,m,?—l) — &4 (fd,%) < 8] >1-o.
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A proof of Therem 2.I0] will be given in Section Bl The next result shows how to
use Theorem 210 to leverage bounds on the approximation error to obtain quantitative
bounds on the generalization error.

Corollary 2.11 (Approximation implies Generalization). Assume Settings [2.1] and
and assume that for every d € N, ¢ € (0,1) there exist ag. € Ay, Ry € [1,00) and a
clipped neural network

9de € Hae = N2® Rg.o,D

ad e

such that it holds that )

fi— <e/2.
Hfd 9ae]| oy ) S e/

Let h € C((0,00)%, R) be given by
h(z) = 128D%22 [1 + x93 + x4(ln (64D max{1, u|, [v]}z1) + (@5 + 1) (x5 + 2))}7
letdeN, e,0€(0,1) and
m > h(2e7" In(e7"), In(Rycllage o), Plaae), L(aae)) -

Then it holds that )

P || Famna.

< €:| >1-—op.
L2(Px,)

Proof of Corollary [Z11]. Since by assumption it holds that gq. € Hq. and

2

fi— 2
Hfd S P €/2,
Lemma implies that
~ ~ 2
— < g/2. 16
Hfd fana. xS e/ (16)

The Bias-Variance decomposition in Lemma [2.8] together with (I€) hence assures that

2

H']/l\.d - ']/l\.d7m7Hd,E S 5/2 + gd(f.d,m,Hd,E) - gd(v]/l\.CLHd,s)' (17)

L*(Px,)

Theorem 2I0] (with & < £/2) implies that

P |l famna.) = EalFan,.) < </2] 21—, (18)
Finally, (I7)) and (18] directly imply the desired claim. O

The previous result in particular implies that, whenever the family (ﬁl)deN from the
mathematical learning problem of Setting [21] can be approximated by neural networks
without curse of dimensionality, then also 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 version of this statement is given in the next result.

Corollary 2.12 (Approximation without Curse implies Generalization without Curse).
Assume Settings 21 and [Z.3 and assume that there exists a polynomial q : R> — R such
that for alld € N and € € (0,1) there is ag. € A4, Ry € [1,00) and

u7v —_
gde € N, Ry.® —* Hd,e

ad e
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with
max {In(Rq.c), P(age)} < q(d,e™")

and
2

<eg/2.
L2(Px,) /

Hﬁl — Yde
Then there exists a polynomial s : R? — R such that for alld € N, ¢, 0 € (0,1) and all
m > s(d,e”")(1+1n(e™))

it holds that )

P || Famna.

< €:| >1—op.
L2(Px,)

Proof of Corollary[212. Observe that for every d € N, € € (0,1) it holds that
max {In([|age|lo0), L(aae)} < Plage) < Q(d7€_1)

and that the function h € C((0,00)%,R) from Corollary 21Tl satisfies
h(z) < 128@43?%(1 + x9) [1 + x4(ln (64@ max{1, |ul, |v|}x1) + (x5 + 1) (acg + 2))]

for every x € (0,00)%. This and the basic inequality In(z) < z—1 for 2z € (0, 00) establishes
that for every d € N, ¢,0 € (0,1) it holds that

h(2e7! In(e™"), 2q(d, e7 1), a(d,e ™), q(d,e71))) < s(de™)(1+1In(e ™))
where the polynomial s: R? — R is defined by
s(x) = 512@43:% {1 + q(xq, a:g)(ln (128@ max{1, |ul, |v|})
+ a2 — 1+ (g(a1, 22) + 1) (2q(21, 2) + 2))}

and thus Corollary 12| is a direct consequence of Corollary 2111 O

3 Applications for the Numerical Approximation
of High Dimensional PDEs

In the present section we apply the general results of Section 2] to the solution of high
dimensional Kolmogorov PDEs. To this end we first reformulate the solution of a Kol-
mogorov PDE as a mathematical learning problem in SubsectionB.Il The next Subsection
establishes suitable approximation results for solutions of Kolmogorov PDEs. The fol-
lowing Subsection B.3] contains the main result of this paper, Theorem B.7, which states
that ERM with deep neural networks is capable of numerically solving Kolmogorov PDEs
with affine coefficients without curse of dimensionality. As a specific application we show
in Subsection B.4] that ERM with deep neural networks is capable of solving the Black-
Scholes pricing problem for European Put options without curse of dimensionality.
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3.1 Kolmogorov PDEs as Learning Problem

The following setting will be frequently used.

Setting 3.1. Assume Setting[21), let T, L € (0,00), for alld € N let o4 € C(R?, [-D,D])
and let o4 € C(RY, R g € C(RYRY) be affine linear functions with

loa(@)ll2 + ua(@)ll2 < L1+ [[z]l2)

for all x € R, Let the probability space (2,G,P) be equipped with a filtration (Gt)ieom
which fulfills the usual conditions, for every d € N let

(BY)iepor: [0,T] x © — R?

be a d-dimensional (G;)-Brownian motion, let the input data Xgq: Q — [u,v]? be Go-
measurable and uniformly distributed on [u,v]?, let

(Sth)te[O,T]3 [0,T] x © — R?

be the, up to indistinguishability, unique adapted stochastic processes with continuous sam-
ple paths satisfying the stochastic differential equation

dSX = o4(S;X)dBE + pug(SF)dt  and  SF = Xy
P-a.s. for every t € [0,T] (see, for instance, [2, Theorem 9.2]), define the label by
Ya 1= pa(S7%)

and for every x € R? let
(SP)iciory [0,T) x Q — R

be the, up to indistinguishability, unique adapted stochastic processes with continuous sam-
ple paths satisfying the stochastic differential equation

Sy = 0q(SP)dB + pa(Sf)dt and S§ ==

P-a.s. for every t € [0,T]. We assume Setting [2.3 and we suppose that the initial values
(¢d)den can be approrimated by neural networks in the following sense. Let ¢ € [1,00),
vel/2,00), a,B,7,k,A € [0,00) and for every d € N, e € (0,1) let

bi: € Ag, nge € RP(Pee)

such that for alld € N, ¢ € (0,1) and x € R? it holds
(i) that
[pa(®) = Fby. (Mg 2)| < cd®e(1 + [lz]|3),
(ii) that
||77d,6Hoo < Cdﬁg_ﬁa

(iii) and that
P(by.) < cdle™.
Finally, for all d € N let Fy € C([0,T] x R% R) be the unique function satisfying
(i) that Fy(0,2) = p(z) for every x € R?,

(ii) that Fy is at most polynomially growing, i.e. there exists ¥ € (0,00) such that for
every x € R? it holds that maxe(o,) Fu(t,r) <0 (1+ [|z)19),
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(iii) and that Fy is a viscosity solution of the d-dimensional Kolmogorov PDE
%(t,x) = %Trace(Jd(az)[Jd(x)]*(Hessde)(t,x)) + <,ud(x), (Vde)(t,x»Rd

for all (t,x) € (0,T) x RY,

see [23, Lemma 2.6 with ¢ < o4, g and Proposition 3.4 (i) with € < cd®e, ¢ + (c+9)d®,
V,W v, u < Fyl.

The next result shows that computing the end value [u,v]? > z +— Fy(T,z) of the
solution to the Kolmogorov PDE can be restated as a learning problem.

Lemma 3.2 (Kolmogorov PDEs as Learning Problem). Assume Setting[31l and let d € N.
Then for a.e. x € [u,v]? it holds that

Fd(T7 .%') = J/il(x)

Proof of Lemma [T 2. The proof is based on the Feynman-Kac formula for viscosity solu-
tions of Kolmogorov equations in [23, Corollary 2.23(ii) with u < Fy, X7 < S%] which
assures that for every x € R? it holds that

Fy(T, ) = Bleq (S7)]. (19)
We claim that for every A € B([u,v]?) it holds that
B [Li(Xaea(S5)] = [ Bloa(s) dPx, ()
A
This would prove the lemma as it implies that for Px,-a.s. z € [u,v]? it holds that

E [@d(sj)“(d)

Xa=x| = B[pa(S)]

and by (I9) and the definition of .]/C;l, Yy, X4 this assures that for a.e. = € [u,v]? it holds
that

~

fd(.%') =E [Yd‘Xd = 1‘] =K {gpd(Sj)fd)

Xd = 1‘} = ]E[(pd (S&B—‘)] = Fd(T,.%').

For the proof of the claim let us fix A € B([u,v]?), let g. € C®(R%LR), ¢ € (0,1), be
a family of mollifiers and for every ¢ € (0,1) define the convolution with the indicator
function 14 by 14, := 14%g.. Then by the properties of a mollifier (see, for instance, [20,
Appendix C.5 with U < R¢, f€ « 14.]) it holds that 14, € C>*(R%,R) and

lim 14.2(2) = () (20)

for a.e. x € R% By defining the continuous and bounded mapping

b COTE) R
° f = La(fO)p(f(T)) 7
we obtain from [6, Lemma 2.6(v) with X, < S;%¢, X% « %] that for every € € (0,1) it
holds that
1

B (Lo (579)] = g | Tac@lo (5] de

By (20), the dominated convergence theorem and the definition of IPx, the claim follows
when letting € tend to zero. U
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3.2 Neural Network Approximation Results for Solutions
of Kolmogorov PDEs

In this subsection we prove the following approximation result.

Theorem 3.3 (Neural Network Regularity Result for Kolmogorov PDEs). Assume Set-
ting [31] and let 7 = v + 2. Then there exist C,c € (0,00) such that for all d € N and
e€(0,1) there isa € Ag and 6 € RP®)

(i) with
1
o 1FalT) = Fan (8, Moo < &
(ii) with
P(a) < CdTN2H2) 77722
(iii) with
10]|oe < CdTR/2HD+8+3/2—r—1
(iv) with

’C(a) = ‘C(bd,cd_Tsl/Q)

(v) and with
[alloe < Cd™e™ by pg—r21/2l0o-

Let us briefly sketch the idea of the proof. First we observe that in our case of affine
linear drift pg and diffusion coefficient o4 there exist random variables 9t; and 9ty such
that for all z € R? it holds P-a.s. that

ST = Mgz + Ny,

see Lemma [3.4] below. Let ‘ ‘
(M, D)) jen

be i.i.d. samples with (,’Jﬁg),‘ﬁg)) ~ (Mg, MNy). Then for fixed 2 € R? the Feynman-
Kac formula, our assumptions, properties of Monte-Carlo approximation and a standard
decomposition of the mean squared error into the sum of the squared bias and the variance
yield that

1 & , NN 2 2
E | (FuT.2) -~ ; Foas (105 MG+ 0P)) | = B0a(SF) = Py (a5, 57 |

0(52)

1< ) LN 2
+ B | (B[Fo,, (s, Maz +9a) | -~ ; Fonas (0, MGz + "))

O(n—1)
With more effort one can prove analogous estimates in the L?[u, v]%-norm and this suggests
that, given e, for sufficient large n and small § there exists an outcome w such that with

Méj) = Dﬁg)(w), Nc(lj) = ‘ﬁg)(w)

it holds that

1 1 n . . 2
(U _ u)d j }d <Fd(T7x) - E Zfbd’(g (nd,éaMc(l])x + Nc(l]))) dx S E.

j=1
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Finally we will prove in Lemma that there exists a network architecture a and param-
eters @ such that for every x € R? it holds that

1 & ; ;
Fal0.2) = =37 Fo, s (mas My w + N)
j=1

and we bound the parameters 68 with the help of Lemma below. For a detailed
presentation we refer the interested reader to [23]. The precise proof of Theorem B3] is
based on the latter reference and is given after the following three auxiliary lemmas.

Lemma 3.4. Assume Setting 31, let d € N, for every i € {0,1,...,d} let e; € R? be
the i-th standard basis vector in R¢ and define the random variables My : Q@ — R and
Ny Q2 — R by

Ng:=Sp, Mg:=[SF 5% SE-5% ... S¢—S59].
Then for all z € R it holds P-a.s. that
S%: = Myx + Ng.

Proof of Lemma[3.7] The proof is a simple consequence of [23] Lemma 2.15 with X7 «
ST]. O

Lemma 3.5. Assume Setting 31, let d € N and let My : Q — R4 91, : Q — R? as in
Lemma [34) Then it holds that

E[[9all, + 19l ] < 3v2d (1+ LT +2LVT ) exp ([LVT +21]°T) .

Proof of Lemma[33. In [23, Proposition 2.14 with p = 2, £ + x, my,mg, 61,89 < L,
X « S2] it is shown that for all z € R? it holds that

(E [Isz12) " < v2 <H£C||2 Y LT + 2L\/T> exp ([L\/T + 2L]2T> . (21)

The fact that 1/2
E[|SFl2] < (E[ISFI5]) "

the triangle inequality, the subadditivity of the square root and (ZII) imply that

E[ 19l + 19l ] =E[||[S5 -5 55 -89 ... S5 =59, + |58,

2]

< ﬁ[(d +1) <LT + 2L\/T) +d (1 VLT + 2L\/T) } ex; ([L\/T + 2L]2T)
< 3v2d (14 LT +2LVT ) exp ([LVT +2L)°T)

d d
< B |59, + X (195 - 8%, | < @+ DE[||sH],] + D [|s5
1=1 i=1

which is the desired estimate. O

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.
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Lemma 3.6. Assume Setting[Z3. Letn € N, | € Ng, b = (bo, b1, ...,b;,by41) € N2,
n e RP®) let

(MO, N e <Rbo><bo % Rbo)n

and let

a = (by,nby,...,nb,bq) € N*2,

Then it holds that
P(a) < n*P(b)

and there exists @ € RP(®)
(i) with
01 < v/bollmloc vt (1M + [ND|l, +1)
(ii) and with
}:ﬂ) , MWz 4 NO))

for all x € Rb.

Proof of Lemma[3.8. With the exception of Item this result is proven in [23, Lemma
3.8 with A; < M;, bj < N;, R(¢) < Fo(n,-), R(¥) < Fa(,-)]. The latter reference
shows that for

= ((Vi, Ai))'—g € >< (ROer1XPi  RP+1) o RP()

=0
and
a=(ag,a1,...,a;a;41) = (bo,nby,...,nby, b)) € N+2
a suitable l
0 = (Wi, B))j—p € X (RU+1% x RU+1) o RP®)
i=0
is given by
VoM™ VoN® + 4,
VoM ®) VoN® + 4,
0-— . ; BO = . 3
VoM (™) VoN(™ + A,
fori e {1,2,...,1 —1} by
Vi 0 0 A;
A;
U C B |,
0
0 0 Vv Ai
and by
wo=[iv, v .0 1y], B =A.

Observe that using Holder’s inequality it holds that

[Wolloo < v/bollVolloo max 197 l2 < /bollmlloc iz M]3
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and
I Boll < /BollVolloo i [V + [ Aoloe < v/Bolmlloc miix (N2 +1)

Together with the facts that for every i € {1,2,...,1} it holds that
[Willoe < [IVilloo < lInllo

and
[ Billoo = | Ailloo < lImlloo

this proves the lemma. O
Now we are ready to prove Theorem [B.3]

Proof of Theorem [Z.3. Except for Property a similar result was shown in [23] Corol-
lary 3.13]. For this reason we will be brief in presenting the proof and refer to the results
of [23] for further details. Recall that by Lemma [34] for every d € N there exist random
variables My : Q@ — R4 9, : QO — R? such that for all z € R? it holds P-a.s. that

St = Maz + Ng = Ay, (7).
For all d € N, 6 € (0,1) we define the function fq;5 € C(R% R) by

fas(x) = Fo,s (Mas, x)

which satisfies for all z € R? that

[fas(2)] < [fas(x) — va(@)| + |pa(z)] < (¢ +D)d™(1 + [lz]l3).

We will now use [23] Proof of Proposition 3.4, display (217), (218), (224) and (229)
with € < ¢cd®0, ¢ «+ (c+D)d*, ¢ < fi5, V,W < v, p < 2, v < Px,, u < Fy,
o 9)?51] ), B — ‘ﬁg )] together with our assumptions in Setting 3.1l and the fact that,
by an elementary calculation, for every d € N it holds that

2L g 2vHl

2v v
dIP <d'—
/]Rd HxHQ Xd(x) = 21/(U—U)

In particular, [23] Proof of Proposition 3.4] shows that there exists C € [1,00) and for
every d € N there exist i.i.d. random variables

(P M)y

with (mf&l),mél)) ~ (Mg, MNy) such that for every d,n € N and ¢ € (0,1) by defining the

random variable

1 n
Eagsn = WHFCI — EZfd,sOAmgj)ﬁgj) 2wl
j=1 ’

it holds that

E[Eqsn] < W HIE [sod o Amu) ! ] - E [fd,é o Amg”mfi“] ‘ 2]
B | B [fas o Ay o] ~ =3 fuso A
s o - o .
(v —u)d/? R R B j=1 R R PRI

< /e (5 + n_1/2> — Cd/? (5 v n—1/2> .
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Let us fix de N, e € (0,1),

n € [16C%*d7e"1,32C*d"e ') NN (22)
and
§ = (4C)"td/2e1/2, (23)
This implies that
cl/2
E [Eqsn) < 5 (24)

Next, let

¢ = 6v2 (14 LT + 2LVT) exp ([LVT +2L]°T)
and let the random variables H and G be defined by

= (e b ()], + [2],)

and
G = 5_1/2Ed,5,n +n 'H.
Lemma establishes that it holds that

E[H] < (¢d) 121@[\9%“ I+ (9 ]],] = nEd) B [9all, + 19ll,] <
7=1

n
2
and together with ([24)) this assures that

E[lGl] <1

By [23], Proposition 3.3 with X < G, € < 1] it follows that there exists w €  such that
by defining for all j € {1,...,n}

MY =P w), NP =0 ()
it holds that

1

2 1 ¢ 2
Ejsn(w) = m”ﬂz(ﬂ )= ; fas © Ay nG) <e (25)

L2[u,v]d

and

H(w) = (€d) ™ it (147 ]2 + [N 2) <
Using (22]) this implies that
miax <\|Mc(lj)||2 + ||Ny)\|2) < Cdn < 32€C2d7 e,
]:
By Lemma 3.6 our assumptions and 22), [23) there is a € Ay and 8 € RP®) with
G, yO) LY
Fa (0, 2) ZfbM (nda,M T+ N, ) = ngdﬁoAM;ﬂ,Ny)(x) (26)
j=1
for all z € R?, with
P(a) < n’P(bys) < 322°Cred> 72672 < CaTWV A1 A2-2,
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HGHOO < \/and,(sHOO (32Q:02d7'+1871 + 1) < CdT(Ii/2+1)+6+3/2€*I€/2717
E(a) = E(bd,é) = E(bd,cd*T/Qz-:l/Q)
and with
[alloo = n[basllec < 32C%d7e™ ! [baslloo < CdTe™ by g-r/2c1/2]l00

where C, ¢ € (0,00) are defined by
C = max {3224>‘C4+)‘c, (4C)%c(32¢C2 + 1)} , e=(40)L,

Further, observe that, due to the Feynman-Kac formula in [23] Corollary 2.23(ii) with
u < Fy, X7 < S&] and the fact that ¢4 : R? — [, D] for every z € R? it holds that

|Fy(T, z)| = |E[pa(ST)]| <D,

which implies that
Cop0Fy(T,x) = Fy(T,x)

for all z € RY. Corollary 27, [25) and (Z6) hence imply that

1
(v —u)d 1Fa(T,-) = Fan(0, ')”%/2[u7v}d <e

and this proves the theorem. O

3.3 Neural Network Generalization Results for Solutions of
Kolmogorov PDEs

The next theorem represents the main result of this paper.

Theorem 3.7 (Neural Network Generalization Result for Kolmogorov PDEs). Assume
Setting [31), let T = v + 2 and let h € C((0,0)°,R) be given by

h(z) = 128D%z? [1 + 0+ x4(ln (64D max{1, u|, |[v]}z1) + (@5 + 1) (x5 + 2))}

Then there exist C,c € (0,00) such that for alld € N and e,0 € (0,1) there isa € Ay and
R € [1,00)

(i) with

P(a) < CdT()\/2+2)+'y€—)\/2—2
(ii) with

R< Cd’r(n/2+1)+6+3/26—/@/2—1
(iii) with

’C(a) = E(bd,cd_ﬂslm)

(iv) and with
[alle < CdTe™ by g-r /2 oo
such that with
H= :,’1%,@’
and
m>h(2e7,In(o7 "), In (R]a]l), P(a), L(a)))

it holds that

1 2

P [m | Fame = Fa(T )

gs} >1-o.

L2[u,v]?
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Proof of Theorem [3.7. This is a direct consequence of Theorem B3] (with € < £/2), Corol-
lary 211 and the fact that for every d € N it holds that Px, = m)\[uw]d. O

We can also reformulate this in a more compact form.

Corollary 3.8. Assume Setting[31 Then there exists a polynomial p: R? — R such that
for alld € N and €,0 € (0,1) there isa € Ag and R € [1,00) with

max{R,P(a)} < p(d,sfl)
such that with
H= :f}%@
and
m > p(d,e”)(1+ (o))

it holds that )

P [ﬁ Hfd,m,H—Fd(T,‘)‘ Se} >1-o.

L2[u,v]?

Proof of Corollary[3.8 This is a direct consequence of Theorem B.3] Corollary 2.12] and
the fact that given arbitrary polynomials ¢: R> — R and s: R? — R there exists a new
polynomial p: R? — R satisfying max{q(z), s(z)} < p(z) for every z € R?. O

3.4 Pricing of High-Dimensional Options

The proof of Theorem [[T] from the introductory section dealing with the pricing of high-
dimensional European Put Options is now an easy consequence of the above theory.

Proof of Theorem [I1l. We first show that the approximation of (¢4)4en by clipped neural
networks according to Setting [3.1]is possible. Note that for every z € [0, 00) it holds that

min{z, D} = 3 (max{D + 2,0} — max{D — 2,0} — max{z — D,0}).
That implies that for every d € N it holds that

d
¢vq(x) = min {max {’D — chﬂ-xi,O} ,”D}

i=1
= Ay, 4, o ReLU3z 0 Ay, 4, 0 ReLU; oAy 4,(2) = Fob, (M4, x)

where
1 )
Vo=[-ca1 —caz —cad), Ao=D, Vi=|-1|, Ai=]| D,
1 )
= - -3 m=0

by = (d,1,3,1) and
ne = (Vi, A2y € (RV4 x RY) x (R¥*! x R?) x (RV? x RY).
Accordingly Setting Bl is satisfied with
c=max{D,11}, v=1/2, y=1, a=F=r=A=0, by =bg, N4 =nq

for every d € N, ¢ € (0,1). Now Theorem B.7] shows that there exists C' € [1,00) such
that for all d € N and €, 0 € (0,1) thereisa € Ay and R € [1,00)
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(i) with
P(a) < Cd*c?
(i) with
R < Cd?!
(iii) with
ﬁ(a) = [,(bd) =2
(iv) and with
laflee < CdY2e™|[byllo = Cd*2e7!
such that with
7‘[ — ::}%@ (27)
and
m=[h (27 (o), In (C2d7/2%72) O 2, 2)

it holds that )

L2uv]?

P [ [~ Rz

<egl>1—-op.
(v—

A simple calculation shows that by defining
C =5129"C [7 + In (128DC° max{1, |ul, |v]})] + 1
for every d € N, €, 0 € (0,1) it holds that
[h (27!, In(o™"),In (C?d*e™?) ,Cd’e72,2) | < Cd’e *(1+1In(de" ')

and this concludes the proof. ]

4 Covering Number Estimates

In this section we prove some estimates on the covering numbers of neural network hy-
pothesis classes. We will use the following setting.

Setting 4.1. Let (H,d) be a compact metric space, for r € (0,00) and f € H let
B.(f)={9€H: d(f,g) <r}
be the ball of radius r around f, for r € (0,00) let
N(H,r) := inf {n € N: There exists (fi)iey CH with H C U Br(fz)} < oo
i=1
be the r-covering number of H.

Let us first prove that neural networks with fixed architecture and bounded parameters
are Lipschitz continuous with respect to their weights and biases.

Theorem 4.2. Assume Setting[2.3, let u € R, v € (u,00), R € [1,00), | € Ny, let
m= max{l, ], \v\}
and let a = (ag, a1, as, ..., a;,a141) € N2, Then for every ,m € RP@) with
max{[|6||oc, [M]loc} < R
it holds that

mR! (3]|alle + 3)!!
sup [ Fa(82) — Falm, o) < 18— il TRl + 8

x€[u,v]*0 2
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Proof of Theorem [I.3. Let us fix 8,1 € RP®) with max{||0||cc, [|7]lec} < R given by
!
0 = (Wi, By)):_, € X (RU+1%% x R%+1) o RP@
=0

and
l

n=((Vi, )\, € X (Re#170 x R%+1) ~ RP®),
i=0
To simplify the notation we define D := [u,v]* and for every s € {1,...,l+ 1} we define
the partial architecture a(s) by

a(s) = (ap, a1,...,as) € R,

the partial parameters 0(s), n(s) by

s—1
0(8) = ((WZ,BZ))ZS;S c >< (Rai+1><ai « Ra¢+1) ~ R’P(a(s))

=0

and »
n(s) = (Vi A)) e € X (Ro+17X% x Ro+1) ~ RP@(),

=0

the partial networks fs, gs by

f { D — R%s
Tl o Faw(6(s),z)
and
{ D — R%s
Pl 2 o Fawn(s),z)
the partial errors es by
¢s = sSup Hfs(x) _gs(x)Hoo
zeD

and the partial maxima mg by

m, = max {12161113 Hfs(x)Hoo’:lelg Hgs(x)Hoo} :

Note that it holds that
fiy1(x) = Fa(0, 1)
and
gi+1(z) = Fa(n, x)
for every x € D and we are therefore interested in estimating the error e;;1. For the
convenience of the reader we further define

(=0, mp=m,r=[0—-n|w.

We will try to bound mg, 1 relative to mg and eg 1 relative to es by observing how the error
and the maximum is amplified in each layer. Using the triangle and Holder’s inequality
it holds that

[e o]

sup Hf5+1(ac)Hoo = sup HWS ReLU,, (fs(w)) + By
zeD zeD
< sup Wi | Ret e, (1,00 + 124

< Rllal| sug Hfs(x)Hoo + R < Rms(HaHoo + 1).
xe
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An analogous computation for the parameters i and the case s = 0 shows that for every
s €{0,1,...,1} it holds that

M1 < Rmy([lafleo +1)

and thus also .
M1 < R m(flallo +1)° (28)

For estimating the partial error we will make use of the following basic inequality. For
every k,n € N, My, My € R¥*" N;, Ny € R**! it holds that

|MiN1 — MaNs||oo = ||(M1 — Ma)(N1 — No) + Ma(Ny — Na) + (M7 — M2)Na||oo
<n([[My — Ma|lso[N1 = Naloo + [[M2]|oo|[N1 — Nalloo + |M1 — Ma]|oo || N2 ) -

This assures that for every s € {1,...,l} and x € D it holds that

| (W.ReL .. (72(2)) + B.) — (Vi ReLUs, (g.(x)) + A.)
< as([|Ws = Vil L[| ReLUs, (f()) = ReLUs, (g5())],
+ |[Val| o | ReLUs, (fs(2)) — ReLUs, (gs())|| (29)
+ [ W = Vil| L[| ReLUa, (95(@)) ) + 1Bs = 4]l

’ o

< |lallos (res + Res +mer) +7 < (||afloc + 1) (res + Res +myr).

Together with the fact that » < 2R this establishes that for every s € {1,2,...,[} it holds
that

es11 < (|afloo + 1) (3Res + myr). (30)
We now claim that for every s € {0,1,...,1} it holds that
s+1 1 s+1
o1 < 3(3° = J)R°m([lafo + 1) (31)
which we will prove by induction. The base case s = 0 is proved similar to (29]), namely
er = sup || (Wor + Bo) — (Vor + Ao) ||
xeD
< |lallemr + 7 < m(]laljos + 1)

For the induction step let us assume that (31) holds for a given s € {0,1,...,l—1}, which
implies by (28]) and (30) that

es+2 < (lallos + 1) (3Resq1 + mgy17)
= 3 (lalloo + 1) (3% = ) R m(llalloo + 1) 7 + B m(llaflos + 1) '7)

< %(3”2 — %)JL%SJF1111(|]:;1HOO + 1)S+2r.

Consequently, our claim (BI) holds for every s € {0,1,...,l} and in particular assures
that
l+1
sup || 7a(6, 2) - Faln,2)||, = erp1 < 137" = 1) Rim(||af|eo + 1)
BAS
1 I+1
o, MR (3]lafloo + 3)
- 2
This proves the theorem. O
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Next we state a proposition on the covering number of balls in an euclidean space
(or general any finite-dimensional Banach space) and with Theorem this allows us to
bound the covering number of our hypothesis class.

Proposition 4.3. Assume Setting[{.1 Let n € N, R € [1,00), r € (0,1) and define the
metric space
Br={0€R": 0]« < R}

with its metric induced by the norm ||-||s. Then it holds that

In N(Bg,7) <nln <@>

r
Proof of Proposition [{.3. A proof is given, for instance, in [13, Proposition 5]. O

This implies the following lemma for the covering number of the hypothesis class of
(clipped) neural networks.

Lemma 4.4. Assume Setting [2.3 and [[-1], let w € R, v € (u,0), d € N, R € [1,00),
€(0,1), let m = max {1, |ul,|v|} and let a € Ay. Then it holds that

In N (N 007) < In NN ) < Pla)|In (27‘“) + (£() + 1) n (3R||a]l + 3F)] .

Proof of Lemma [{.4l To simplify the notation we define

2
mRE®) (3]|al|o + 3)£@+1

Br={0eRP®@ .||, <R}, A=r N:N(BR,A).

Choose
0.,0,,...,0Ny € By

such that the balls with center 6;, i € {1,2,..., N}, and radius A cover Bg. For arbitrary
0 € Bp there exists i € {1,2,..., N} such that it holds that

and by Lemma and Theorem this implies that

sup  |Fao(0,2) — Fam(65,2)| < sup |Fa(8,2) — Fa(6;,2)|

x€[u,v]*0 x€[u,v]0

mRL(a) (3HaHoo _|_3)£(a)+1
<r

<16~ 0l :

This shows that
N(NYpo ) S NNJpr) SN = N(Bmﬁ)
and Proposition [13] implies that it holds that
U,V UV 4R
lnN(J\/'a,R@,T) <In N(Na,}%’r) <P(a)ln (—)

A
— P(a) [m (27m) +(£(a) + 1) In (3R][a]|o0 + 3R)}-

This proves the lemma. O
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5 Proof of Theorem

In this section we prove our main generalization result. As a main tool we will use the
following result.

Theorem 5.1 (Bound on the Sample Error). Assume Settings [21, (2.3 and [{.1] Let
e>0,deN, Re[l,00), ac Ay, H =N, o and m € N. Then it holds that

P [ ()~ () <] 2128 ) o ().

Proof of Theorem [51l The proof is adapted for our purposes from [I3] and [41, End of
Chapter 3]. First note that by assumptions for every f € H it holds that

1F(Xg) = Ya| < sup |f(x)| + |Yal < 2D

x€[u,v]¢
and analogously for the samples ((XC(;),Yd(i)));il. The elementary identity

(1 —2)° = (2 — 2)* = (11 — v2) (Y1 + y2 — 22)

for real numbers y1, y2, 2 € R and Jensen’s inequality imply that

Ea(f) — Ea(9)| < E[|(f(Xa) — 9(Xa)) (f(Xa) + 9(Xq) — 2Ya)|]
<49 sup |[f(z) —g(z)|

z€lu,v]?

and
I%Mﬁ—&ml<—§] F) = g X (FXD) + 9(x ) —2v,0)]

<49 sup |f(z) — g(z)|

z€[u,v]?
for every f,g € H. Now define N = N(H, %) and choose
fifor o INEH

such that the balls
:{fGH:&m\ﬂ@—ﬂ@ﬂéii},M%LGwNL
x€[u,v]¢
cover H. This establishes that for every i € {1,2,..., N} and f € B; it holds that

1Ea(f) = Eam () < [Ealf) — Ea(fi)l + |Ea(fi) — Eam (fi)| + [Eam (fi) — Eam ()]
<89 sup |f(z)— fi()| +[Ealfi) — Eam(fi)] (32)

z€[u,v]?
< e/4+ |€a(fi) = Eam(fi)l-
Our assumptions yield that for every w € € it holds that
Ed (ﬁl m,H (W > (J?d 7—[)
< &g <fde(w)) Edm <fde( )) (W) + Eam (fd,H) (w) — &4 <fd,H) (33)

< 2sup |&i(f) — Eam(f)(w)]
feHr
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In summary ([B2]) and (B3] give
{w €& (Famu)) - €a (Fan) > <}

N
C U {w € Q: sup |&4(f) — Eam(f)(W)] > 5/2}

i=1 feB;

=

< {we Q: |&(fi) — Eam(fi)(w)| > e/4}.

=1

Observe that for fixed f € H it holds that the random variables F; := ( f (X(gz)) - Yd(z)) ,
i€ {1,2,...,m}, are independent and satisfy

BB = Ea(f), - > Fi= Eamlf), 0< F; < 49
1=1

which by Hoeffding’s inequality (see, for instance, [29, Theorem 2 with X; <— +E;]) assures

that
2

P (|euls) - Ean(H] 2 /1] < 205 (- 5557 ) (34)

Together with (B]), the monotonicity and subadditivity of the probability measure and the
measurability assumptions according to Lemma this proves that

P[4 (Fumoe) — €a () 2 <] < P (a5~ Eams] 2 /4
=1

2
me

Using the complement rule and plugging in the definition of N proves the theorem. [J
We now have everything in place to proceed to the proof of Theorem .10l

Proof of Theorem [2Z10. This is a direct consequence of Theorem 5.1l and Lemma 4 We
assume Setting 4.1] and and observe that

€ me?
_ = _ >1_
1=2N (#5355 eXp( 128@4) Zl-e (35)
holds for every
> 4_—2 € _
m > 1289% 7 [In N (H, =) +1n(2/0)| (36)

Lemma (.4 and some basic inequalities assure that with m = max {1, |u/,|v|} it holds that
1289472 [In N (M, =) +1n(2/o)]
D% |InN(H, oo ) +1n(2/0)

< 128042 [P(a)(ln (@) + (£(2) + 1) In (3Rl|a]l + 3R) ) + ln(Q/Q)]

(37)
640
< 1289 |P(a)(In (T‘“) + (£(a) + 1) (In(Rlfall) +2) ) + In(e™") + 1]
= (e In(o™Y), n(Rllallo), Pla), £(a)
Combining (35), (36]), (37) and Theorem [5.1] shows that for every
m > h (e, In(e™"), In(Rlal|s), P(a), L(a))
it holds that
~ -~ 5 me?
P [&z (fd,m,’H) — &4 (fd,H) < E} >1- QN(H, %> exp <— 128©4> >1-o0
and this proves the theorem. O
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