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Abstract

This article investigates the use of random feature neural networks for learning Kolmogorov
partial (integro-)differential equations associated to Black-Scholes and more general expo-
nential Lévy models. Random feature neural networks are single-hidden-layer feedforward
neural networks in which the hidden weights are randomly generated and only the output
weights are trainable. This makes training particularly simple, but (a priori) reduces ex-
pressivity. Interestingly, this is not the case for certain Black-Scholes type PDEs, as we
show here. We derive bounds for the prediction error of random neural networks for learn-
ing sufficiently non-degenerate Black-Scholes type models. A full error analysis — bounding
the approximation, generalization and optimization error of the algorithm — is provided
and it is shown that the derived bounds do not suffer from the curse of dimensionality. We
also investigate an application of these results to basket options and validate the bounds
numerically.

These results prove that neural networks are able to learn solutions to suitable Black-
Scholes type PDEs without the curse of dimensionality. In addition, this provides an ex-
ample of a relevant learning problem in which random feature neural networks are provably
efficient.

Keywords: Random features, neural networks, Black-Scholes model, exponential Lévy
model, generalization bounds, curse of dimensionality

1. Introduction

A fundamental problem in science and engineering is to infer an unknown input-output re-
lation from data. In recent years (artificial) neural networks have become an important tool
to address such problems in complex, high-dimensional situations. Neural networks have
shown a strikingly efficient computational performance in an enormous range of applications
and impressive progress has also been made regarding the theoretical and mathematical
foundations of neural network-based methods.

In many situations additional a priori information about the unknown input-output
relation is available and the problem amounts to learning the solution of a partial differen-
tial equation (PDE) or, for instance in a financial context, an expectation of a stochastic
process. Examples of applications of neural networks in this area can be found e.g. in
Han et al. (2018), E et al. (2017), Sirignano and Spiliopoulos (2018), Huré et al. (2020),
Buehler et al. (2019), Cuchiero et al. (2020). We refer to the surveys Ruf and Wang (2020),
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Beck et al. (2023), Germain et al. (2021) for an overview of the numerous recent applications
of neural network-based learning in the context of PDESs, stochastic processes and finance.
There has also been important progress regarding the theoretical and mathematical founda-
tions of neural network-based methods in this area, see again the surveys mentioned above
for an overview. Many of these recent mathematical results prove that deep neural networks
are able to approximate solutions to various classes of Kolmogorov PDEs without the curse
of dimensionality, see, for instance, Elbréchter et al. (2022), Grohs et al. (2023), Hutzen-
thaler et al. (2020), Reisinger and Zhang (2020), Laakmann and Petersen (2021), Kutyniok
et al. (2022), Gonon and Schwab (2023). In some articles then a learning problem is consid-
ered and such approximation error bounds are combined with generalization error bounds
in order to prove that the empirical risk-minimizing deep neural network is capable of over-
coming the curse of dimensionality for learning solutions to certain PDEs, see, e.g., Berner
et al. (2020), Carmona and Lauriére (2021). In practice, the neural network that minimizes
the empirical risk needs to be calculated approximately, which is typically achieved using a
variant of the stochastic gradient descent algorithm. This introduces a further error compo-
nent, the optimization error, which has remained challenging to analyze mathematically for
general neural networks. As a consequence, in the context of Kolmogorov PDEs there have
been no results in the literature so far which address all three error components and explain
mathematically the success of neural networks at learning solutions to high-dimensional
Kolmogorov PDEs. In this work such an explanation is provided by proving that neural
networks are capable of learning solutions to certain Kolmogorov PDEs without the curse
of dimensionality. This is achieved by considering neural networks in which only certain
weights are trainable and the remaining parameters are generated randomly, as we will
describe in more detail below. We mention that for other classes of PDEs mathematical
results that provide an error analysis of learning by neural networks have been obtained,
for instance, in Luo and Yang (2020) and Lu et al. (2021), where the authors consider
certain classes of second-order PDEs on bounded domains. In this work we are concerned
with Kolmogorov PDEs associated to stochastic processes naturally defined on unbounded
domains.

We investigate the capabilities of random (feature) neural networks — see Huang et al.
(2006), Rahimi and Recht (2008), Rahimi and Recht (2009) — as a learning method in
the context of certain Kolmogorov PDEs. Random neural networks are feedforward neural
networks with a single hidden layer and the property that the parameters of the hidden
layer are randomly initialized and then fixed. Hence, only the parameters of the output
layer can be trained. The non-convex optimization problem that needs to be solved in order
to train a standard neural network reduces to a convex optimization problem here. This
simplifies both training in practice and theoretical analysis. On the other hand, allowing
only parts of the parameters to be trained reduces the approximation capabilities and so,
at least a priori, it is not clear if random neural networks still have any of the powerful
approximation properties of general deep neural networks. In several other contexts these
questions have been addressed and learning (or prediction/test) error bounds for random
features or random neural networks have been proved (see for instance Rahimi and Recht
(2008), Rudi and Rosasco (2017), Carratino et al. (2018), Mei and Montanari (2022), Mei
et al. (2022) and the references therein), but not in the context of PDEs. This is precisely
the subject of this article. We investigate these questions for the problem of learning an
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unknown function from a class of Kolmogorov PDEs, which include the Black-Scholes PDE
as a special case. These partial (integro-)differential equations, which are also referred to
as (non-local) PDEs, arise for instance in the context of option pricing in exponential Lévy
models, see, e.g., Cont and Tankov (2004), Eberlein and Kallsen (2019) and the references
therein.

The main results of this article prove that, indeed, random neural networks are capable
of learning certain non-degenerate Black-Scholes type PDEs without the curse of dimen-
sionality. We provide a full error analysis, i.e., bounds on the approximation error, the
generalization (or estimation) error and the optimization error. For each of these error
components we obtain polynomial convergence rates which do not depend on the dimen-
sion d of the underlying PDE and constants which grow at most polynomially in d. We
refer to Corollary 27 for the precise statement. Corollary 27 is the main result of the arti-
cle. It builds on the approximation error bound obtained in Theorem 13 and the learning
error bounds for convolutional functions with fixed input dimension d obtained in Theo-
rem 17, Theorem 19 and Proposition 21 for training by regression, constrained regression
and stochastic gradient descent, respectively. Our proofs of these results employ techniques
from statistical learning theory (in particular Rademacher complexities), results from Gyorfi
et al. (2002), Shamir and Zhang (2013) and an L°°-error bound for random neural network
approximations provided in Theorem 1 and partially generalizing the L?-error bound from
Gonon et al. (2023a, Theorem 1).

The article contributes to the literature in several aspects. Firstly, it provides a fully
implementable neural network-based algorithm for learning suitable Kolmogorov PDEs for
which a full error analysis (covering all three error components) is available and which does
not suffer from the curse of dimensionality. The solution to the PDE can be learnt on a
full hypercube from observational data even without knowing the parameters of the PDE.
Secondly, it provides an example of a practically relevant learning problem in which random
features are provably efficient. Finally, the techniques developed in the article may also be
helpful for the theoretical analysis of more general neural network-based learning methods
in future works.

From the perspective of financial applications, the implication of the results is as follows.
Consider the problem of learning prices of options from market data. For example, market
prices of call options corresponding to certain strikes are observed and the aim is to predict
call option prices for other strikes based on this data. The results obtained in this paper
imply that in certain situations this learning problem can be solved efficiently using random
neural networks, provided that there exists some exponential Lévy model (that is unknown
and whose parameters do not need to be estimated) which calibrates well to observed market
prices.

Neural networks with randomly sampled weights already appear in Barron’s work (Bar-
ron, 1992, Barron, 1993). The random sampling-based dimension-independent convergence
rates obtained there were also extended to the larger class of generalized Barron functions
in E et al. (2020), E et al. (2019), E and Wojtowytsch (2020), see also Berner et al. (2021,
Section 4.2) and Gonon et al. (2023b). For further related results and extensions we refer,
for instance, to Barron and Klusowski (2018), Siegel and Xu (2020), Caragea et al. (2023)
and the references therein. In all these results, the random sampling procedure is an inter-
mediate step to establish the existence of neural network weights and obtain approximation
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bounds. This does not yield a constructive sampling procedure in general, since the random
sampling distribution depends on the unknown target function. In contrast, in the random
features approach Rahimi and Recht (2009), Rahimi and Recht (2008) considered here the
distribution from which the random weights are sampled is chosen a priori and does not
depend on the target function. Our results build on a random feature neural network ap-
proximation error bound that applies to a subset of all Barron functions (as considered in
Barron, 1992, Barron, 1993), see Theorem 1 below. The non-degeneracy condition that we
impose on the considered Black-Scholes type models ensures that the solution is sufficiently
smooth in the sense that its Fourier transform satisfies a certain integrability condition. For
such functions the existence of an approximating (deterministic) shallow neural network is
also asserted by Barron (1993), but a (high-dimensional) learning error analysis building on
this result would require dimension-sensitive bounds on the optimization error (e.g. when
employing the stochastic gradient descent algorithm to learn the hidden weights) in this
context, which are presently not available. For a more detailed discussion of the relation
between (deterministic) fully-trainable neural networks and random feature neural networks
in the present context we refer to Section 5.3 below.

Numerical methods for partial (integro-)differential equations associated to univari-
ate and certain multivariate exponential Lévy models were developed, e.g., in Cont and
Voltchkova (2005), Farkas et al. (2007), Matache et al. (2004), Hilber et al. (2009). In a
high-dimensional setting, when the parameters of the PDE are known and the solution of
the PDE needs to be evaluated at a single point, then Monte Carlo methods are able to
approximate the solution of the PDE without the curse of dimensionality. In contrast, here
we consider a more challenging situation, which includes both the problem of evaluating
the solution of the PDE on a full hypercube [—M, M]? by a numerical method and the
problem of learning the solution of the PDE from observed values. In the latter situation,
in particular, the true parameters of the PDE are unknown.

The remainder of the article is structured as follows. Section 2 introduces random neural
networks and provides a general random neural network approximation error bound. In Sec-
tion 3 we build on this result to provide random neural network approximation bounds for a
class of convolutional functions and then specialize to the case of partial (integro-)differential
equations or (non-local) PDEs associated to exponential Lévy models. Section 4 introduces
the learning problem, provides error bounds for different learning methods (regression, con-
strained regression and stochastic gradient descent) and develops an application to basket
option pricing. These results are then applied in Section 5 to prove that random neural
networks are capable of learning certain Black-Scholes type PDEs without the curse of di-
mensionality. The paper concludes with numerical experiments to validate the obtained
bounds.

1.1 Notation

In most parts of the article we will consider the dimension d € N as fixed, but we will work
out explicitly the dependence of all constants on d. In Sections 3.2 and 5 we will consider
a family of models indexed by d € N and thus d appears explicitly in the notation there.

Throughout, || - || denotes the Euclidean norm on R? or RV (the appropriate space will
always be clear from the context). For M > 0 we denote the Euclidean ball by By (0) =
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{z € R?|||z|| < M}. All random variables are defined on a probability space (2, F,P) and
we write || - [[zeop) = || - || Lo, 7,p) for the L>-norm on (2, F,P). For x € RY we use the
notation exp(x) = (exp(z1),- .., exp(zq)).

2. Random Neural Networks: Preliminary Results

In this section we recall the definition of random (feature) neural networks and provide
a general approximation result. Such networks will be used to learn an unknown target
function.

A random neural network is a feedforward neural network with one hidden layer and
randomly generated hidden weights. More specifically, let N € N, let By,..., By be i.i.d.
random variables, let Aj,..., Ay be iid. R%valued random vectors, assume that A =
(A1,...,Ayx) and B = (B, ..., By) are independent and for an R"-valued random vector
W consider the (random) function

N
HipP(2) =3 Wio(Ai -z + By), zeRY, (1)
1=1

where p: R — R is a fixed activation function. Throughout the article we will consider
random neural networks with the ReLU activation function given by ¢(z) = max(z,0) for
z € R. The random variables A and B will be referred to as the (random) hidden weights
of the neural network and W as the vector of output weights.

To approximate an unknown function H: R? — R the (random) hidden weights A, B
are considered as fixed and only the output vector W can be trained. Thus, the goal is to
find W such that the expected uniform approximation error ]E[||H£;B — H|| poo (- m,0119)) 18
small.

Approximation properties of such random neural networks have been studied for instance
in Huang et al. (2006), Rahimi and Recht (2008), Rudi and Rosasco (2017) and most recently
in Gonon et al. (2023a). Theorem 1 below is a novel approximation result for sufficiently
regular functions, which will be crucial for the results in Section 3. The result and parts of
the proof of Theorem 1 are similar to Gonon et al. (2023a, Theorem 1); however in Gonon
et al. (2023a, Theorem 1) a more general Hilbert space setting and more general sampling
distributions are considered. In contrast, Theorem 1 works under stronger hypotheses and
employs Rademacher complexity-based techniques to obtain a uniform error bound instead
of an L?-error bound.

More specifically, in what follows we make the following assumptions on the distribution
of the hidden weights of the random neural network (1):

e the distribution of A; has a strictly positive Lebesgue-density 7y, on R¢ and
e the distribution of B; has a strictly positive Lebesgue-density m, on R.

In this situation, the following random neural network approximation result holds.

Theorem 1 Let H: R* - R, let M > 0 and assume there exists G: R¢ — C such that

1) = [ "G )
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for all x € [-M, M]?. Suppose that

[ max(L. 216 1d¢ < o, Q

F(r) = 2f£)r 1 -ds € (—o0,00) for all v € R and

mp(s)
(IGEOI+1G(=9)?
7Tw<£)

I= maX(l&MQ)/Rd[F(MHEHl)HﬁH? + (F(1) = F(=1)) max(1, [|¢]*)] dg

(4)
is finite. Then there exists an RN -valued, o(A, B)-measurable random vector W such that
4MVd+1)VI

VN ’
IGO[+IG(=9)]

Moreover, ||Willpem) < %SUp(u,g)eRde(ﬂ[fMHng,o}(U) + 41[,171](u))m for i =
1,....N.

E [ o |Hip" (2) — H<x>|] < (5)

—M, M4

Remark 2 The proof of Theorem 1 is based on several ingredients: firstly, (2) is used to
derive an integral representation for H (see (10)). This representation is related to the
Radon-wavelet integral representation (as used in Maiorov and Meir, 2000) and represen-
tations in Barron (1992), Barron (1995), Klusowski and Barron (2018). Secondly, the
output weights W are selected based on an “importance sampling procedure” (see (11)).
This matches the distribution of the random weights (which is chosen a priori and does not
depend on H ) with the function o« in the integral representation for H (see (10)). Thirdly,
Rademacher complezity-based techniques (Bartlett and Mendelson 2003, Boucheron et al.
2015, Ledouz and Talagrand 2013) are employed to bound the L°°-error between the ran-
dom neural network and the target function H on the hypercube [—M, M]®. The first two
ingredients were also used in the proof of Gonon et al. (2023a, Theorem 1).

Proof First, let us point out that for any RV-valued random vector W the mapping
(w,z) — H;},((“JUJ))’B(w)(x) = Zfil Wi(w)o(Ai(w) - x + Bi(w)) is F ® B(RY)-measurable by
Aliprantis and Border (2006, Lemma 4.51).

We now proceed in two steps. The first step consists in deriving an integral represen-
tation of H based on (2), as in Gonon et al. (2023a). From this integral representation we
construct the output weights W based on an importance sampling procedure. The second
step then uses Rademacher complexities to estimate the expected L*°-error.

Step 1: By considering separately the cases r > 0 and r < 0, one obtains for any r € R

the identity
e —ir—1= —/ (r —u)Te™ + (—r — u) e ™du. (6)
0

Inserting r = & - z, multiplying by G(€), integrating over ¢ € R, employing the representa-
tion (2) and using Fubini’s theorem (which can be applied due to (3)) hence yields for any

x € [-M, M]¢ that

H(z) = VH(©0) = H(0) = [ e"5G(e) — iz €6(€) - Gle)de
- —/ / (€ —w)*e™ + (—z - € —u)* e G(E)dédu.
0 JRrd

6
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Changing variables in the integral and using that for z € [~M, M]¢ and u < —M||€||; we
have (z - £ +u)* = 0 then shows for all 2 € [~ M, M]? that

0 . .
H(z)— 2 - VH(0) — H(0) = — /R d / i - EF TGO+ GEdude (6)

From the fact that H(0) and VH(0) are elements of R one obtains [, Im[G](£)d¢ = 0
and [pq ERe[G](£)dé = 0 and hence we can represent

o VHO)+ H(0) = [ (- Om(Gl(e)ds + [ Rel)de

1 (9)
= [, [ g ) = (ma g - 0 )RGIE) ~ Tm{G)(€))dude.
Rre Jo
Combining (8) and (9) we obtain for all z € [~ M, M]?
/Rd/ z- €4 u)Ta(é, u)dude (10)
with
(€ u) = —1 are)y 0 (WRe[e M G(E) + ™G (=E)] + Lo, (w)g(€) — 11,0 (w)F(—€)
for (&) = 2Re[G](€) — Im[G](€). Define for (¢,u) € R? x R the function
_ o)
6 = e @)
and choose the random vector W = (Wq,...,Wy) as
1 .
The estimate
G|+ |G(—
1601 < (et on(e) + 411 (0) L IEEE) (12)
then proves the claimed bound on ||W;||pec(py for i =1,..., N.

Step 2: We now use the representation (10) to prove (5) for the choice of W made in
(11). To this end, first notice that for any x € [~ M, M]¢ we have by the choice of f and by
the integral representation (10)

E[f(Ai, Bi)o(Ai - z + B) /Rd / €+ u)a(€, u)dudé = H(z).

Therefore, letting U; , = f(Ai, Bi)o(A; -z + B;) for i = 1,...,N and = € [-M, M|, we
have

B| sw  |HE ) - H@)
x€[—M,M]¢

=E (13)

1 N
dﬁz za:_ zz)
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Let e1,...,en by i.i.d. Rademacher random variables which are independent of A and B.
Symmetrization (see e.g. Boucheron et al., 2013) and (13) then yields

E| swp |HyP@) - H()l
z€[—M,M]?

E 87, ’LLE

Fora = (a1,...,an) € R¥x--- xR b c RN we let Top = {(|f(ai,bi)|[ai-z+b;])i=1,.. N |2 €
[—M, M|} and g4, 5, = sign(f(ai,b;))e for i = 1,...,N. Then T,; C RY is bounded,
|0a;.b; (51) = 0ay b, (52)] = |o(s1) — 0(s2)| < |s1 — 82| for all 51,50 € R, i =1,..., N and hence
independence and Ledoux and Talagrand (2013, Theorem 4.12) yield

E [ sup ' ZEZ i@
z€[—M

=E sup Zgzga“ b; t; ]
t€Tan 71 =1 (a,b)=(A,B)
- ) N (15)
<2E |E | sup |— Z gt ]
Al (a,)=(A.B)
=2E |E su a; -z +b;
g § Z 50

(a,b)=(A,B)

Now for each a,b we use Jensen’s inequality and the fact that E[e;e;] = 6;; to estimate

E| sup eif (ai, bi)[a; - © + by
[:EE[ M,M]e Z
1 1 &
<E [ d N;&‘f(aiybi)a + N;&f(ai,bi)bi ]

N 97 1/2 L 97 1/2 (16)
i > eif(ai,bi)a N > eif(ai,bi)b
i=1 i=1

N 1/2 N 1/2
:W@\\fmi,bi)ai\?) +J1V(Zf<az,b>b2) .

i=1

< MVdE

8
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Inserting this in (15) and using first Jensen’s inequality and subsequently the fact that
(A1,By),...,(AN, Bn) are identically distributed yields

L
E u ~ Ui
[xe[f]\}’)M]d N ;5 )
N 1/2 N "
2M\[ <Z |.f(As, Bi) Al ) + %E (Z f(Ai,Bi)QBZ-Q> (17)
i1
2]5[ [Hf(A1,B1)A1H ] \/2NE [F(Ar B1)2B] 2.

From the bound (12) we obtain

(A1, Br)? max(|| A1, BY)]

G G(-9)[1?
/R [ |+ a1y EEE DN w2, 2y 6 ) aua

2
<2 [ [ g + 161 T ael2, ytude
(1G(©)] + G(-6))?
Tw(§)
(1C©)] + G0
Tw(§)

< max(M2,1) /R F(Mg) l¢l13de

ax([|¢]|*, 1)dg

+ 16 /Rd(Fu) — F(-1))

<I.

Combining this with (14) and (17) yields

AMVd+1)
VN
AMVd+1)VI

Vi ,

which completes the proof. |

E E [f(Ay, Br)? max(|| A |2, B2)]"/*

sup ]H{,?,’B(a:) — H(a:)\] <
z€[~M,M]d (19)

Remark 3 With some additional work the weight distributions in Theorem 1 could also
be allowed to have compact support as in Gonon et al. (2023a, Theorem 1). However, in
the results below (for instance in Theorem 7) such weight distributions would require much
more restrictive assumptions on the unknown function H and thus we do not pursue this
direction here.

Remark 4 The error bound (5) depends on the dimension d via the constant I in (4). For
a given H the depenglence of I on d is determined by the choice of the densities m, and
7y (based on which F is defined). Note that 7, is a density on R% and so not only the
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()

decay behaviour of & — ZZJ,(O)’ but also the “normalizing constant” m,(0) determines how I

depends on d. A key example of a situation in which I depends (at most) polynomially on
d will be given in Theorem 7 below. Another example is as follows: let m,, be the density of
a N(0,0214)-distribution, assume |G(£)| < Cy exp(—%HfHQ) for some C1 > 0,Cy > 072,
and 7y, has at most polynomial decay (see below). Then |F(r)| < c¢(1+|r[P) for some p,c > 0
and one estimates

2
I < éd5*' (2m0?) 3/ max(L, [|€][P+2) ex p( e + HfH )dg

d
2

(20)
< &d*(4r?c?(Cy — o7

for some constants &, ¢, k not depending on d. If Co > 02+ 4202, then I < &d* and so
1 is bounded polynomially in d.

Corollary 5 Assume that the hypotheses of Theorem 1 are satisfied. Then the random
vector W from Theorem 1 also satisfies that for any probability measure p on (R, B(R?))
which is supported in [—M, M| we have that

" < (VaM + 1)WVT
< L

Proof Using the same notation as in the proof of Theorem 1, we obtain from the proof of
Theorem 1 and by Tonelli’s theorem and independence that

AB
B [IHy ~ 12 g (21)

)

2

N
1
B (I ~ Hiaga,n] =B | [ |55 30 Ve~ B0i| ()
=1
[ LS R [ - B )
iy N2 < i,T 7,X

< [ 3B [ Bes -2+ B (e

E|1f(Ar, By) max(| 41,1 Bi])?]
. |

< (VdM +1)?

Therefore, (18) yields the claimed bound. [ |

As a further corollary, the (quantitative) bounds above also imply a (qualitative) univer-
sal approximation result for random neural networks. The hidden weights in Corollary 6 are
generated from an arbitrary distribution with polynomial tails. This complements Gonon
et al. (2023a, Corollary 3), where the hidden weights are generated from a uniform dis-
tribution. The error in Corollary 6 is measured with respect to the supremum-norm on a
compact set. An analogous result for H € LP(R?, ) for a probability measure p € R?
p € [1,00) and approximation error measured with respect to the norm on LP(RY, i) can
be obtained similarly.

10
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Corollary 6 Let H: R? — R be continuous. Assume that m, and 7, are continuous,
strictly positive and decay at most polynomially.! Then for any M > 0, € > 0 there exist
N € N and an RN -valued, o(A, B)-measurable random vector W such that

E sup ]H{;‘,’B(w) —H(z)|| <e. (22)
x€[—M,M]?

Proof Continuity of H implies that there exists H. € C°(R? R) such that
€
sup |H(x) — H.(z)| < 7 (23)
x€[-M,M]%

e . bel(S)
at most polynomially. Let H.(§) = (2m)"2 [pu e " *H.(z)dx be the Fourier transform of
H.. Then the fact that H. is a smooth function with compact support implies that ]/'{\5
is a Schwartz function and Fourier inversion yields H.(x) = (27T)_g Jra eixfl/{\s(f )d¢ for all
z € R%. The fact that ]/'{\,5 is a Schwartz function, at most polynomial growth of F and at
most polynomial decay of 7y, imply that

ds is finite for all » € R and F grows

By assumption on my, it follows that F(r) := 2 ffr

g =8 2 7T ()2
[ IFOh Il + max(t, 1P <|H5<£>\ + RN L) ) & < oc.

Theorem 1 hence proves that there exist N € N and an R¥-valued, o(A, B)-measurable
random vector W such that

€
E sup ]H{,?,’B(a:) — Hg(a:)]] <3 (24)
x€[—M,M]?
Combining (23) and (24) completes the proof. |

3. Random Neural Network Approximation Bounds

In this section we use random neural networks to approximate functions with a convolutional
structure. In Section 3.1 we derive approximation error bounds with explicit dependence
on the dimension d. These results are then applied in Section 3.2 in the context of certain
exponential Lévy models, which include the Black-Scholes model as a special case.

3.1 Bounds for Convolutional Functions

Consider a function H: R? — R given by H(z) = E[®(z + V)] for an R%valued random
vector V and a function ®: R? — R. Assume that the characteristic function of V satisfies
the following bound: there exists C' > 0 such that

B[ V]| < exp(=Cl|¢[|?)  for all £ € R™. (25)

1. That is, there exist polynomials pw, pr: R — (0, 00) such that 1 < pw(]|£]|)mw(§) and 1 < py(2)m,(2) for
all € e R, z € R.

11
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Examples of functions H of this type include expectations (respectively option prices) and
associated solutions to PDEs in (exponential) Lévy models with non-degenerate Gaussian
component, see Section 3.2 below.

We now approximate H by a random neural network H{;‘,’B and analyze the approx-
imation error. As above the randomly generated hidden weights A, B are not trainable
and the goal is to find W such that the expected uniform approximation error E[HH{/?/’B -
H Lo (=M, M]d)] is small. The output weight vector W may be chosen depending on A, B,
i.e., it is a (A, B)-measurable random variable.

Our goal is to obtain approximation error bounds in which the dependence on the
dimension d is fully explicit. To achieve this we need more specific assumptions on the
distributions from which the hidden weights A and B are drawn. Recall that m, denotes
the Lebesgue-density of By and my, denotes the density of A;. We will assume below that
Ty is the density of a multivariate t-distribution ¢,(0, 1) for some v > 1 and that m, has
at most polynomial decay, that is, there exists a polynomial py,: R — (0, 00) such that

1 <py(2)mp(z) forall z € R. (26)

This hypothesis is satisfied, for instance, by Student’s ¢t-distribution.
These assumptions allow us to obtain explicit control of the normalizing constant of the
weight distribution .

Theorem 7 Let C > ﬁ and let v > 1. Suppose Ay ~ t,(0,14) and By has density m
satisfying (26). Then there exist k € N and an absolute constant Cgp, > 0 such that for
any H: R — R of the form H(z) = E[®(z + V)] with ® € LY(R?) and V satisfying (25)
the following random neural network approzimation result holds: there exists an RY -valued,
o(A, B)-measurable random vector W such that

Clanpl|® v+ d)Ft3
E sup |H$B(IL’) _ H(ﬁl?)’ < pp” HLl(Rd)( ) .

< 27
o VN (27)

The constant k only depends on m, and the constant Cpp, depends on v, my, C, M, but it does
not depend on d, N or H.
Moreover,

CthHq)HLl(Rd)(y + d)2k+%
N

fori=1,..., N, where the constant Cyq > 0 depends on v, my,, C, M, but it does not depend
ond, N or H.

[Will oo ) <

(28)

Remark 8 In addition to the uniform bound in (27) the proof of Theorem 7 also shows
that for any probability measure u on (R%, B(RY)) supported in [—M, M]% we have

}1/2 Clappl| @Il 1 ety (v + d)*
< :
N v N

This follows directly by using Corollary 5 instead of Theorem 1 in (37) below.

A,B
E \[|Hy” = H 72 g, (29)

)

12
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Remark 9 Hypothesis (25) in Theorem 7 is employed in the proof in order to guarantee
that the constant in the error bound does not grow exponentially in the dimension d. In low-
dimensional situations this behaviour may not be required and hence (25) could be replaced
by the weaker hypothesis |E[e’sV]| < exp(—C||€||%) for some C > 0, a > 0 or even by the
assumption that [E[e®V]| < C(1 + ||€]|)? for some C > 0 and sufficiently large B > 0
(depending on v and ). In this situation the error bound (27) is still valid with a different
constant Cqpp and an additional factor which may not necessarily be polynomial in d.

Proof Let H:R? — R be of the form H(z) = E[®(z + V)] with & € L}(R?) and V
satisfying (25). We verify that H satisfies the hypotheses of Theorem 1 and derive a bound
for the constant [ in (4) with the claimed properties.

For f € L'(R%) we denote by f the Fourier transform of f given for all £ € R? by
f) = (2%)_% Jga€ ¢ f(z)dz . By (25) and Sato (1999, Proposition 2.5(xii)) the random
variable —V" has a bounded Lebesgue-density p_y-. Thus, we can write H(z) = [ps ®(x —
y)p—v(y)dy = (® * p_y)(z). The convolution theorem (see for instance Amann and Escher

(2009, Theorem X.9.16)) hence shows that H(&) = (2r)2®(€)p—y(£). Combining this
with p_y(€) = (27T)_% Jpae " p_y(z)dz = (2%)_%E[e*i§'(*v)] and (25) we obtain that H
is integrable. The Fourier inversion theorem (see for instance Amann and Escher (2009,
Theorem X.9.12)) therefore yields for all x € R? that

H(z) = (2r)" 2 /R ) ST (€)de = (2m) "% /R ) TP (E)E[eV]de. (30)

Hence, the representation (2) holds for all z € R? with G(¢) = (QW)_gi(f)E[eiéV], ¢ e R
Condition (3) is satisfied, since (25) implies

[ mas(LIEIIGO1dS < (2010l | max(1, 61 exp(~ClE]2)dg < oc.

Denote by k € N the degree of py,, then there exist ay, . . ., ax € R such that p,(s) = Zf:o ast
for all s € R. Then |py(s)| < (k + 1) max;{|a;|} max(1,|s|¥) < Cp(1 + %) for all s € R,
where Cp, = (k + 1) max;{|a;|}. Consequently, we may use (26) to estimate for any r > 0

_ 0 1 0 r2k+1
F =2 ——ds <2 <2
(r) /_r 7rb(s)ds < /_pr(s)ds <20y (r + T 1) < 00

and for 7 < 0 analogously |F(r)| = 2 [, Wbl(s)ds < =20y (r + %) < o00. Therefore,

F(1) — F(—1) < 8C}, and we can now use the comparison || - ||; < v/d|| - || on R? to estimate
the constant [ in (4) as

€1 (MIg]1)* (GO +16(=9D)*

I <2Chenrs /Rd [MH&H? + + 4max(1, \5||2)] & dé
< 2Ccnad ™ [l + 167 + max(, )] (EELIEEOD
< 6Chearad [ maa, sy HEEET L ACIR T
< ot ey [ | max(, o0y SEEEIED) g

13
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with CM,I = max(Mz, 16), CM’Q = CM,l max(M2k+1,4), C] = 24CbCM2
We now insert the density my(x) = L(y+d)/2)

W(l + v Hjz|?)~+9/2 and use the
estimate (v + [l2)” < 27107 4 ) for p > 1 f0 obtain

: a2 EXP(=2CEPIT ()~
L B e L s Lt

d
erTes) ¢
. ) 201€]|*)m?
< k+3 2 v u/2/ 2 (2k+3+u+d)/2exp(
< Crd 30l ol () 72 | v+ 1EIP) iy
Crd™*2 @)%, i i
e s [ 7 expl 201 e
2
. (31)
with 7 = 2k + 34 v, C; = 27/2)~ 1C’IF( )% ~¥/2 Denote by X¢ a random variable with

a N(0 ,4C]ld) -distribution. Then the last line in (31) can be rewritten in terms of X¢,
yielding

A k43 2

Cfd 2||@||L1(Rd) / (V(l/+d)/2+||£Hy+d) exp( 20”5” ) dg
= (2m)r () (2404/2) Jra (2m)4/2(4C) /2
éfdk'f‘%H(I)Hil(Rd)

(D+d)/2 U+d
g i [ "]

(32)

On the other hand, E[||X¢|”+9] = [||(2\F) LZ||7*d) = (2 VO)~ ”*d)E[(HZW)%] where

7 is a d-dimensional standard normal random vector. Hence, || Z||? has a x?(d)-distribution
and thus

© siad (T+2d)/21((p
B{(12ZI7) 2] = 2 a2 [ e - P )

_ 20FD2D((7 + 2d) /2)
B I'(d/2)

Combining this with (32) and the upper and lower bounds for the gamma function (see
e.g., Gonon et al. 2021, Lemma 2.4) we obtain

k+ b ~
Crd"2 ||<I>||L1(Rd YHD/2 | (90/C) =) 22D (7 4 2d) /2) (33)
= (2m)dr(4Ed)(24C04/2) I'(d/2)
= 3
Cfdk+2|’q)”%1(Rd) V—i—d)%( 2e )%d =L n e (%)g( d )%(ﬁ-i-Qd p+2d
(2m)d(24C4/2) Ar v4d (20) Hdrqd’ ‘v42d 2e
C[dk+2 H(I)HLl Rd)v v+d 2e¢ _io+d 22k 3 (4 C)D szLd n (26)% v+ 2d V+22li
= s 1% 5
(1672C) "2 v+d (20)%5°q: = 2e
= 3 td U+ 2d v+d U+ 2d. d
< fot 3 9 k2 ev +d v+
< Crd™2 ||| gay (v + d) [(wc@ )" Y ey T )
- 7 otd v+ 2d o, (D+2d)? L4
o2 okt T ev +d v+
PN v+ D72 | (Gaan ) T Gamern 1 a) " Sane2 + )

14
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with C; = 61(26)7¥(167T20)%. Now clearly

u-gm
ev
Ci = — 34
! i%%{<8w2c<u+m>> }<°° (34
and
Gy = sup (7+2m?  NEL (m+2? )7
" men | \3272C2 (v + m)m meN | \ 32m2C2 (% + 1)
_ m (35)
- (£4+2)?2)° _
=2\ 32n202 o0
because C? > ¢l and hence mg = 2(\/§+C—1) >0 and (£ +2)? < 327%C? for all m € N

with m > mg. Combining this with (33) we have therefore proved that

pr2d 3
Cit <327T202(1/ + d)) 02]

. r 54+2 \? 36
< CIH(I)‘|%1(R(1)(V+CZ)%+; [Cl +< v ) CQ] ( )

— 7

32722
7

with Cs = C1(C) + (52525)3 Cy).
Altogether, the hypotheses of Theorem 1 are satisfied and hence there exists an RY-

valued, o(A, B)-measurable random vector W such that the error bound (5) holds. Inserting
(36) yields

E su HA,Bx ~ H(x <4(M+1)\/g\/j
xe[—f\/fM]d| w () ( )‘] < Vi .
o AM A DV @ ey (v + d)
: VN -

Hence, the L*>-error estimate (27) follows with

Capp = 4(M +1)/Cs = 4(M +1)(Cp)"/?

- o 1/2
v+ 2
Gt <32772C’2) 02]
_ 2k+3

where we recall that C; = 24C}, max(M?2,16) max(MQkH,4)2(’7/2)_11“(%)1/_”/2(26) I

(16#20)3, v = 2k + 3 4+ v, the constants C}, and k only depend on p, and C7, Co are
given by (34) and (35), respectively.

15
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To prove the upper bound on W we insert the bound from Theorem 1, then (25) and
(26) can be used to estimate similarly as before fori=1,..., N

W (o) + 4 () Eo=on

sup 2(2m) || ®|| L1 () exp(—CII€]*) Cb (1 + max(1, M||¢[11)*)

¢eRrd Tw(§)

ward |l exp(—CIEI?) 2 + M) + g+
N = 25T (v + d)/2)(2m)?

< OWgtdk||q>||Ll(Rd) max (2, M?*) ax exp(—Cr) (v + r)rHd+2k)/2

) N 20 28((v + d)/2)(2m)?

éwgtdkn(p”LI(Rd) max (2, M2F) e (v + d + 2k)/(2Ce)) v +d+2k)/2

N 25T((v + d) /2)(27)*

_ C‘wgt||®||L1(Rd)(y+d)2’f+% bt d 2k \ HdE2R)/2
B N 47C(v + d)

[Will oo () <

IA
v 2len 2l

with Cygy = 100, (v/2)r77/2, Cygr = Cuygr max(2, M?#)e’C (2e)7* (47)+26=1)/2 In the
last two steps we used that the maximum is attained for v +r = (v + d + 2k)/(2C) and
we applied the lower bound for the gamma function as in (33). The hypothesis 872C? > 1
implies 47C' > 1 and therefore

Um0k \ Hmt2R)/2
o (it o) -

by a similar reasoning as used to argue that Co in (35) is finite. Hence, the bound on

[Will oo (py follows with Cygt = CygtCs. This completes the proof. [ ]

Remark 10 In general (when C > ﬁ is not necessarily satisfied) the proof (with con-
stants Co and Cy defined slightly differently) still yields the bounds (27), (28) with additional

factors (87r202)_% and (47TC)_g, respectively. Thus, in thedcase C< ﬁ the bounds have

constants polynomial in d provided that H<I>||L1(Rd)(2%7r0)_5 is at most polynomial in d.

We now show that an analogous approximation result holds when the assumption ® €
Ll(Rd) is replaced by the assumptions that ® satisfies a Lipschitz-condition and V' admits
certain moments.

Here we call 1): R? — R? increasing if for any x,y € R? with z; < y; foralli=1,...,d
it holds that ;(x) < 4;(y) for alli = 1,...,d. Furthermore, we denote 1 = (1,...,1) € R%

Proposition 11 Let C,Cp;, > 0 with C? > 8% and let v > 1. Suppose Ay ~ t,(0,14)
and By has density m, satisfying (26). Let v: R? — R? be increasing and measurable. Let
H:R? — R be of the form H(x) = E[®(z + V)] for ® satisfying

() — 2(y)| < Crpllv(@) —v(y)ll, =,y e R (38)
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and V satisfying (25), E[||v(M1 + V)||?] < co. Then for any R > 0 there exists an RY-
valued, o(A, B)-measurable random vector W such that

CauppZ(R)(v + d)k’+3
E sup HAE x)— H(x < PP
o (i @)~ ) o

where Z(R) = [ |2(2)|Lyja)<rr+ry 82, Cmom = Crip(El[w(M1+V)[P1Y2+[|%(0)[)+]2(0)]
and k € N, Cypp > 0 are as in Theorem 7.

+ CromP(|V|| > R)Y?,  (39)

Proof Let R > 0 and denote ®%(z) = Q(z) Ly |<rr+Ry- Set HE(z) = E[®%(z + V).
Then for z € By(0) we estimate
(AR (z) — H(z)

< E[®(z + V) L{svi<mry — 2z + V)]

= E[l{jotrvi>m+ry|2(z + V)]

< CpE[L{jpsvsmirllt(z + V) =9 (0)[] + [2(0)[P([|z + V] > M + R)

< CupE[Ljzrvismiry [V (ML + V)] + (Crip [ (0) | + [@(0))P(||z + V|| > M + R)

< CLpE[Lyvy>myllo (M1 + V)] + (Cuipll(0)[| + [20)DP(IV]] > R)

< CrpP(|[V]| > B)VPE[[v(M1 + V)|IP]Y? + (Cripllw (0)]| + [2(0))P(| V]| > R)'/2.

The truncated function ®¥ is integrable and

19550 = [ @I aicaremds = Z(R)

Therefore, the result follows from Theorem 7 and the triangle inequality. |

Remark 12 Let us now explain how Proposition 11 could be applied. In the case of ex-
ponential Lévy models we would choose ®(x) = p(exp(z)) for ¢: RY — R. Hence, if ¢
is Crip-Lipschitz-continuous, then (38) is satisfied with ¢(x) = (exp(x1),...,exp(xq)) for
x € R Consequently, if we choose R = élog(N) for some a > 1, then

2(8) = | 0@ girsmds < | o0+ |esp@I)apearnds

< /Rd e(1+ d> exp(M + R)) Ly <prs myde
= c(1+ d2 exp(M + R))Vol(Bar4z(0))

d/2 d
< o(1+ dzeMNw)(dr) "1/ (22‘5> <M + log(N)>
(6%

1
<éNa

with ¢ = max(Cri, |p(0)]), é = 2cmax(1,eM)7=Y2 and where the last step holds if the
number of nodes satisfies the condition N < exp(a[d'/?(2me)~1/2 — M]) (which is, however,
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exponential in d). Furthermore,

Cimom = CLipEl|| exp(M1 + V)|P]'/2 + Cpl|1]| + |io(1)]

d 1/2
< Crpe <Z E[eXP(QVi)]> +d2Cryy + c(1 + dY?)
i=1

is finite under exponential moment hypotheses on V. Therefore, from (39) and Markov’s
inequality we obtain

Capp(V + d)* 3 + CromElexp(a||V]])]'/? (40)
. .

<
Ni— s

E| sup |Hjy"(z)— H(x)|
x€B)(0)

3.2 Bounds for Non-degenerate Lévy Models

In this section we apply Theorem 7 to prove that random neural networks are capable
of overcoming the curse of dimensionality in the numerical approximation of solutions to
partial (integro-)differential equations (also referred to as (non-local) PDEs) associated to
exponential Lévy models with a non-degenerate Gaussian component. This includes the
Black-Scholes PDE as a special case. We refer to Cont and Tankov (2004), Eberlein and
Kallsen (2019) for background on exponential Lévy models and their applications in financial
modelling and, e.g., to Sato (1999) for an extensive treatment of Lévy processes.

For each d € N we consider a payoff function ¢4: (0,00)¢ — R and a Lévy process L¢
with characteristic triplet (3¢, v¢, vf) satisfying v¢ ({y € R?| ||ly|| > R}) = 0 for some R > 1.
We define the shifted drift vector 3¢ given by ¢ = v+ %ZZi—i_fRd (e¥i—1 —yl-]l{HyHSl})ug(dy)
fori=1,...,d. We now consider the partial (integro-)differential equation

Oyua(t,s) = % Zi,za Skslzg,laskaslud(t’ s)+ Z?:l Si/?idasiud(t? s)
+ fRd [ud(t, se¥) —uq(t,s) — Zle(eyi — 1)si0s,uq(t, s)} fo(dy), (41)
ug(0,8) = @a(s)

for s € (0,00)%,t > 0, where we write sexp(z) = (s1 exp(z1),...,sqexp(zq)) for s,z € R?,
The (non-local) PDE (41) is the Kolmogorov PDE for the exponential Lévy model associated
to L%. By Sato (1999, Theorem 25.17) the exponential Lévy process (exp(L{))i>o is a
martingale if (and only if) #¢ = 0. In this case, ug(T,s) is the price at time 0 of an option
with payoff ¢4 at maturity T" when price of the underlying at time 0 is s. Furthermore, if
the jump-measure vanishes (v = 0), then (41) is the Black-Scholes PDE.

We now provide sufficient conditions on the payoff functions and the characteristic
triplets which guarantee that ugy(7,-) can be approximated by random neural networks
without the curse of dimensionality. To achieve this, the weights of the random neural
networks are generated as follows: let v > 1 and for each d € N let Ad,Ag, ... by ii.d.
t,(0, 14)-distributed R%-valued random vectors independent of the i.i.d. random variables
By, Bs, ... which have a strictly positive Lebesgue-density m}, of at most polynomial decay
(see (26)). For N € N we write A%YN = (A4,..., A%) and BY = (By,..., By).

Theorem 13 complements the results in Grohs et al. (2023), Gonon and Schwab (2021).
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Theorem 13 Let p > 0, ¢,C,M,T > 0. For each d € N assume the payoff function
satisfies pgoexp € L' (RY) and |¢q0exp |21 (rey < cdP, the characteristic triplet (24 44, 1)
of the Lévy process L% satisfies for all € € R?

1

€ 2= Cllel”, (42)
assume CT > ﬁ and suppose ug € C12((0,T] x (0,00)4) N C([0,T] x (0,00)%) is an at
most polynomially growing solution to the PDE (41). Then there exist constants Co,p > 0

such that for any d,N € N there exists an R -valued, J(Ad’N,BN)—measumble random
vector WEN such that the random neural network

N

_ d,N pN

Hyn(@) = Hipa " (2) =Y WNo(Al -2+ B;), x€RY, (43)
=1

satisfies the approximation bound

_ CodF
E| sup [Hyn(z) — ua(T,exp(z))|]| <

. (44)
x€[—M,M]¢ \/N

Proof Let d,N € N, ®(z) = pg(exp(r)) and H(x) = ug(T,exp(x)) for z € R%. Then

Proposition 16 below shows that H(z) = E[p4(exp(x + L%))] = E[®(z + LL)].
Furthermore, by the Lévy-Khintchine representation (see for instance Sato (1999, The-

orem 8.1) or Applebaum (2009, Theorem 1.2.14 and Theorem 1.3.3)) we have E[e®LT] =

exp(T7(€)) with

we) =ig - 3¢zl + [

i&- . d .
R4\ {0} |:€ - 1 —ig- yﬂ{“yHSl}} Z/L(dy) , £eR% (45)

In particular,

Ren(e) = —€-S%e+ [ feost€-9) 1) < 5

since the integrability property fRd(HyH2 A 1)1/ff(dy) < oo guarantees that y — cos(§-y) — 1
and y > sin(§ - y) — & - ylyyy <1y are indeed vi-integrable for any ¢ € R%. This and (42)
show that for all £ € R?

B[ 1] = TReME) < exp(—CT|€]|2). (46)

Theorem 7 hence shows that there exist Capp > 0, & € N and an RV-valued, o(A%N, BN)-

measurable random vector W such that the random neural network f_Id7 N = H@Z%’BN
satisfies
_ Clapp||® v+ d)k+3
E sup |Hgn(x) — H(z)|| < il FATGON ) . (47)

z€[—M,M]? \/N
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Thus, we obtain

B Ca Cdp(l/ + 1)k+3dk’+3
E| sup [Hgn(z) —ug(T,exp(z))|| < —22
z€[—M,M]? \/N

_ Code
VN

with Co = (v + 1)*3Cappc and p = p + k + 3. This proves (44) and the statement, since
Capp in Theorem 7 does not depend on d or N and hence the constants Cp, p are the same
for all d, N € N. [ ]

Remark 14 Theorem 13 also holds if we directly assume uq(T,exp(z)) = Elpq(exp(z +
LL))] instead of considering the PDE (41). For instance in the context of mathematical
finance many quantities of interest (such as option prices or “greeks”) are defined in terms
of such expectations. In particular, in this situation the hypothesis pq € C((0,00)% R) is
not required (in Theorem 183 this hypothesis is implicit in the assumption ug € CH2((0,T) x
(0,00)%) N C([0,T7] x (0,00)7)).

The integrability hypothesis pgoexp € LY (R?) is more restrictive, but currently it can not
be avoided in the proof of Theorem 7. The hypothesis is satisfied e.g. for butterfly or binary
options. More general payoffs can be incorporated by truncation (which is often possible
without affecting the price significantly) or potentially by employing Fourier representations
as in Carr and Madan (1999) instead of (30).

Remark 15 The assumption v3({y € R||ly|| > R}) = 0 for some R > 1 is only required
to obtain a “Feynman-Kac representation” from the results of Barles et al. (1997) (see

Proposition 16 below). This assumption on ve can be weakened to f{HyH>1} evivd(dy) < oo
for i = 1,...,d for instance in the situation of Remark 14 when we directly assume a

stochastic representation for ug.

Alternatively, instead of assuming vi({y € R?||jy|| > R}) = 0 for some R > 1 we
could impose that fo is a finite measure and (42) holds. Then we may apply Pham (1998,
Proposition 5.3) instead of Barles et al. (1997) in the proof of Proposition 16 below and
also obtain the representation ug(t,s) = Elpg(sexp(L{))].

The proof of Theorem 13 employs the “Feynman-Kac representation” from Proposi-
tion 16 below. Proposition 16 is essentially a consequence of the results from Barles et al.
(1997). For the readers’ convenience we provide a proof of Proposition 16 and make explicit
how it can be obtained from Barles et al. (1997). Related results and further references can
be found, for instance, in Pham (1998), Cont and Voltchkova (2005), Cont and Voltchkova
(2006, Proposition 3.3), Glau (2016).

Proposition 16 Suppose ug € CY2((0,T] x (0,00)%) N C([0,T] x (0,00)%) is an at most
polynomially growing solution to the PDE (41) and ¢q is bounded. Then for all (t,s) €
[0, T] x (0,00)% it holds that ug(t,s) = Elpa(sexp(L))].
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Proof Let ®4(z) = @q(exp(x)) and vg(t,z) = ug(T — t,exp(z)). Firstly, the assumptions
on ug imply that vy € C12([0,T) x RY) N C([0,T] x R?) and a straightforward calculation
shows that vy satisfies the (non-local) PDE

—Og(t,w) =530y B 00, O valt, m) + 0 (W + [aa vily>13v(dy)) O, va(t, )
+ o |valt, @+ ) = valt 2) = Sy yide,valt @) | v (dy),
Ud(Tvm) = q>d($)
(48)
for z € R4t € [0,T). Set 4% = (v + [a YLy >13¥4(dy)) and for ¢ € C*(RY) write

Adw) = 5 Trace(S'D26(w)) + D,0(a)}y"

Kola) = | (6o +1) = 6(a) = [Dao)ri ()

Now if ¢ € C?([0, T] x R%) and (tg, x0) € [0,T) x R is a global maximum point of vq— ¢,
then Dy ) (va — ¢)(to, z0) = 0 and D3 (vq — ¢)(to, z0) < 0. Thus, (48) implies
_at¢(t07 xo) - A¢(t07 1.0) - K¢(t07 fIf())
= A(va — ¢)(to, xo) + K(va — ¢)(to, z0)

= %Trace(@D?E(vd — ¢)(to, 1) VET) + / (va — 8)(to, 20 + y) — (va — &) (to, wo)vf (dy)

Rd

(49)

<0.
(50)
This and Barles et al. (1997, Lemma 3.3) show that vg is a viscosity subsolution of (48) in
the sense of Barles et al. (1997). Similarly, one argues that vy is also a viscosity supersolution
to (48). Barles et al. (1997, Theorem 3.5) hence shows that for all (t,z) € [0,T] x R? we
have v4(t, r) = E[®4(X5")] (see also the proof of Gonon and Schwab (2023, Corollary 5.4))
where (Xf«’m)rzt is the unique solution to X}* = z,

dX5H® = 4%dr + VXIAWE + / 2N(dt, dz)

RA\{0}
= ’)/ddT +V EdW;l —|—/ Zﬂ{”Z”Sl}Nd(dT, dz) —I—/ Z]l{HZ||>1}Nd(dT, dz)
RA\{0} RA\{0}

where N is a Poisson random measure on Ry x (R?\ {0}) with intensity v, W9 is an inde-
pendent d-dimensional standard Brownian motion and N¢(dt,dz) = N%(dt,dz) — dtvi(dz).
Note that the assumption v¢({y € R?||ly|| > R}) = 0 for some R > 1 guarantees that the
function g in Barles et al. (1997, Theorem 3.5) can be chosen so that it satisfies the required
boundedness hypothesis. Hence, by the Lévy-It6-decomposition (see for instance Sato 1999,
Theorem 19.2 or Applebaum 2009, Theorem 2.4.16) we obtain that erp’x has the same dis-
tribution as = + L% _,. Thus, we have proved the representation vy(t,z) = E[®q4(z + L _,)]
and therefore for all z € R?, with s = exp(x),

ua(t,s) = va(T — t,z) = Elpa(exp(z + Lf))] = Elga(s exp(L{))].
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4. Learning by Random Neural Networks

In this section we use random neural networks H{/?,’B to learn functions of the type considered

in Section 3.1. In Section 4.1 we formulate the considered learning problem. In Sections 4.2,
4.3, 4.4 we then provide bounds on the prediction error that arises when W is learnt by
means of regression, constrained regression and stochastic gradient descent, respectively. In
Sections 4.5 we will then apply these results to obtain prediction error bounds for random
neural networks applied to learning option prices in certain non-degenerate models.

4.1 Formulation of the Learning Problem

Let n € N and suppose that we are given i.i.d. R? x R-valued random variables (X1,Y1),...,
(X,,Y,) (the data) which are independent of (A, B). Let H: R? — R be the target function
(which we will assume to be of the form specified in Section 3.1) and suppose that

H(z) = EY1|X) = 7], (51)

for (P o (X;1)™!)-a.e. x € RY, that is, H is the regression function. This encompasses two
important situations:

e Learning H from noisy observations: We observe the unknown function H (the solu-
tion to a PDE or market prices of options) at n data points up to some additive noise.
Thus, in this situation we suppose Y; = H(X;) +¢;,i=1,...,n, for 1,...,&, i.i.d.
random variables which are independent of (X7, ..., X)) and satisfy E[e;] = 0.

e Solving PDFEs by learning: Solving linear Kolmogorov PDEs with affine coefficients has
been formulated as a learning problem in Berner et al. (2020). The setting considered
here also covers this type of learning problem.

The target function H is considered unknown and is to be learnt from the data D,, =
((X1,Y7),...,(X,,Y,)) using random neural networks. To do this, we recall that H(X;)
E[Y1]|X1] minimizes

R(f) =E[(f(X1) — Y1)?] (52)

among all measurable functions f: RY — R. Thus, to learn H(z) = E[Y;|X; = ] from the
data one aims at finding a minimizer of

Z(f(X» ~Yi)2 (53)

Rn(f) is the empirical version of (52). In the situation considered here we know from
Section 3 that H can be approximated well by random neural networks and so we learn
H by minimizing R, () only over this class of functions, i.e. by minimizing R, (H{/?,’B) over
neural networks HI‘/?/’B with random weights (A, B) and trainable W (see Section 2). This
leads to the optimization problem

— . 1 « A,B
W = arg Juin {n ;(HW (X5) — Yz)Z} (54)
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for a suitable set W of RN -valued, o(A, B, D,,)-measurable random vectors. The measur-
ability requirement incorporates the fact that A, B are generated randomly and then fixed
and hence the trainable weights may depend on A, B.

Having solved (54), the learning algorithm then returns the (random) function

N
H%B(.%') :ZWiQ(Ai'x+Bi)7 z e R?

=1

as our approximation for H. To evaluate the learning performance of the random features
regression algorithm we need to bound the (squared) learning error (or prediction error)

E[|H(X) - HZ"(X)P), (55)
where (X,Y) has the same distribution as (X1, Y1) and is independent of (A, B, D,,).

4.2 Regression

Consider first the case W = {W: Q — RN |W is 0(A, B, D,,)-measurable}. In this case
computing (54) amounts to a simple least squares optimization. Hence W can be calculated
explicitly by solving

X'X)W=X"Y (56)
where X is the n x N-random matrix with entries X;; = 0(4; - X; + B;) and Y is the
n-dimensional random vector with Y; =Y; fori=1,...,n,j=1,..., N.

Thus, there is no additional “optimization error” component in this case and we can
directly bound the prediction error (55) by combining the approximation error estimates
from Section 3 with a result from Gyorfi et al. (2002).

The trained neural network H%’B will be capped at a level L > 0 by applying the

truncation 77,: R — R, 77 (u) = max(min(u, L), —L).
Theorem 17 Let C > ﬁ and let v > 1. Suppose Ay ~ t,(0,14) and By has density m,
satisfying (26). Suppose H: R? — R is of the form H(x) = E[®(x + V)] with ® € L*(R?)
and V satisfying (25). Assume that | Xi||cc < M, P-a.s. Let L > 0 and assume 0° =
sup,epd E[(Y1 — H(X1))?| X1 = 2] < o0 and |H(z)| < L for all z € RY. Then there exist
k €N and é’app > 0 such that

E[|H(X) — TL(H%B(X))‘QPN

(log(n) + 1)1/2\/N n éapp”q)HLl(Rd)(V + d)k+3 (57)
Vi VN '

The constant k only depends on m, and the constant é’app depends on v, my, C, M, but it does
not depend on d, n or N.

< Cyppmax(c, L)

Remark 18 Theorem 17 bounds the square-root of the prediction error by O(W +

ﬁ) This matches, up to constants, the error bound obtained in the seminal work Barron
(1994) for general “Barron functions”. In Barron (1994) all parameters of the network are
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trainable and the neural network estimator is defined via empirical risk minimization over
a constrained parameter set. However, the optimization error, which arises when the neural
network estimator is calculated based e.g. on the stochastic gradient descent algorithm, is not
addressed in Barron (1994). In contrast, in our situation the class of considered functions
18 smaller, but the neural network estimator can be directly calculated by solving the linear
system (56). Hence, the bound in Theorem 17 captures the full training error.

Proof Firstly, for fixed a € (R?)Y, b € RY we consider the function class F, ; = {H{,l[’/b |W e
RN}, Fop(Dy) = {H%}b W:Q — RY is o(D,)-measurable} (in Gyorfi et al. (2002) the

same symbol is used for these two sets) and let fa,b = argminger, ,(p,) Rn(f). Then Fup
is an N-dimensional vector space and hence Gyorfi et al. (2002, Theorem 11.3) implies that

B | [ Tifunle)) ~ Ha) P (o)

log(n
(Og()nH)N +8 il | 1f(e) — H@) e (de),

where px is the law of X1 under P and ¢ = 8 + 2304[log(9) + 4log(12¢) + 1].
For any a € (R*)N, b € RV the minimization problem for fap can be solved explicitly

(58)
< cmax(o?, L?)

and we obtain fmb = Hgfb, where 10, 5 is a solution to the linear system (56) with A, B fixed
to a,b. A solution always exists (see for instance Stoer and Bulirsch 2002, Chapter 4.8.1)
and, e.g. by choosing the solution given in terms of the pseudo-inverse matrix as W =
(XTX)IXTY, it is possible to write W = F(A, B, D,,) for a measurable function F': (R9)N x
RN x (R? x R)™ — R and select We,p in such a way that W, = F(a,b, D).

Using independence we thus obtain from (58)

E [|[TL(HAP (X)) ~ H(X)P|A, B] = E[TL(HL?, (X)) - H(X)P

Wa,b

(a,b)=(A,B)

(59)

< emao?, 1) CEOEIN g (o w0 R

(a,b)=(A,B)

+ 8E[|H{32(X) — H(X)?|A, B],

n

where W* denotes the random vector from Theorem 7. We may therefore take expectations
in (59), use || X[[ooc < M and insert the bound from Theorem 7 (c.f. also Remark 8) to
deduce (57) with Capp = max(y/c, V8Capp)- [ |

4.3 Constrained Regression

In the next result we consider a constrained regression estimator, i.e., W in (54) is calcu-
lated with a smaller set of potential weights . This leads to a different bound than in
Theorem 17, but for instance for N = y/n the same rate is achieved.

Set Wy = {W: Q — RN | W is 0(4, B, D,,)-measurable, || W|| < A P-a.s.}. Computing
(54) now corresponds to a constrained regression problem

o . 1 = A,B 2
Wy = arg poan {n ;<HW (Xi) = Vi) } - (60)
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The solution to (60) is given explicitly as follows: /WA coincides with the solution W to the
unconstrained problem (56) with minimal norm in case W satisfies HWH < A. Otherwise
W,\ is given explicitly as

Wy=(X"X+1A0)"'X"Y (61)

with A a non-negative (A, B, D,,)-measurable random variable? such that ||W,|| = A. The
two cases can be summarized by setting A = 0 in the first case and interpreting the inverse
in (61) as a pseudo-inverse, then W,\ is given by (61) in both cases.

We now provide a bound on the prediction error for random neural networks with
parameters learned according to (60).

Theorem 19 Let C' > ﬁ and let v > 2. Suppose Ay ~ t,(0,14) and By has density m,
satisfying (26). Suppose H: R? — R is of the form H(x) = E[®(x + V)] with ® € L*(R?)
and V satisfying (25). Assume that || X1||eo < M, P-a.s. and E[|Y1]*] < co. Let k € N and

1
Cugt[ ] 1 gy () 2

Capp, Cuwgt > 0 be as in Theorem 7. Let X\ > 0 satisfy ~ <2< aai\/”#
for some p > 0, Cjyp, > 0 not depending on n, N,d. Then there exists Cesy > 0 such that

o > Capp||® v+ d)kt3 p+1
EHH(X) o Hfl\,B(X)|2]1/2 < Z)PH HLl(Rd)( ) + Cestff ‘
W)\ \/N i

The constant Ces depends on v, 7y, Clam, M,IE[Y14], but it does not depend on d, n or N.

(62)

Remark 20 Theorem 19 shows that the prediction error is of order O(% + ﬁ) Thus,

the error bound decays more quickly than the bound O(ﬁ + ﬁ) that was obtained in the
seminal work Rahimi and Recht (2009), where high-probability bounds were obtained for
random neural networks trained by constrained regression in a classification setting (P(Y; €
{1,—=1}) = 1). The reason for this faster rate is that we use the mean-square loss here.
This allows to write |R(H) — R(H)| = E[|H(X) — H(X)|?] due to (51). For L-Lipschitz
loss functions the bound R(H) — R(H) < LE[|H(X) — H%f(X)P]l/Q can be deduced (see
Rahimi and Recht 2009, Lemma 2), which leads to an approximation error of order 1/\/N
instead of 1/N.

Thus, we are concerned here with a slightly different setting, but our proof of the “es-

timation error” (or generalization error) component is based on similar arguments as the
proof in Rahimi and Recht (2009).

Proof Firstly, (51) and independence imply

E[H(X)HZ" (X)) = E[E[E[Y | X]Hj" (X))

(CL,b,’UJ):(A,B,W)\)

= E[E[Y Hy"(X)] ] (63)

(a,bw)=(A,B,Wy)
= E[Y HAB(X)]
%%

A

2. This means that once the data and the random weights have been sampled/observed (i.e. conditionally
on these) A is just a constant.
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IE[YHA B(X)] for any W € W). Thus, we calculate

B[|H(X) - Hy” (X)P] + E[|Hg"(X) - Y] - B[ Hy" (X) - Y]] o)
= E[|H(X) — Hyp” (X)) + E[R(HZ") — R(HVAV’BM
E AB(

where we used (60) and W € W, in the last step.

Consider the first term in the right hand side of (64). Theorem 7 (c.f. also Remark 8)
guarantees that there exists an R¥-valued, o(A, B)-measurable random vector W* such
that

X X Capp | v+ d)kt3

EHH(X) — _HI’/?/’*B(X)F}I/Z S app” HLl(Rd)( ) |
VN

where we used that ”X”LOO(IP < M. Furthermore, (28) shows that P-a.s. the weight vector

Cuogt B[] 1 gty (v )™ 2

(65)

satisfies |[W*|| < v/Nmaxly, |[W; oo py < i < . Hence, it follows
that W* € W, and so the decomposmon (64) can be applied with W = W*,

For the second term in the right hand side of (64) we let Wf * denote the solution to
(60) for (A, B) fixed to (a,b). The random variable A can be written as A = F(A, B, D,,)
for a measurable function F: (RN x RNV x (R? x R)® — [0,00) (in fact, F(a b,dy) =
inf{t > 0| fupa,(t) < A} for the strictly decreasing function f, 44, (t) = [(X. by Kab,dn T
1) 'X )y 4. Yaba,ll, where Xopa,, Yapa, are X, Y with (A, B, Dy) fixed to (a,b,dy)).
Then from the formula (61) it is clear that Wy=G (A, B, D,,) for a measurable function G
and /W)Cf’b = G(a,b, D,,). Furthermore, we write (a,b) — W? for the measurable function
with W48 = W (which exists, since W is 0(A, B)-measurable) and W9 = {w € RV | |lw| <
A}. Then by independence

BIR(H") = Ru(H3) + Ru(Hip”) = R(H")

A

= E[E[R(H%bgqb) - Rn(H%L/l;b) + Rn(H;}l;b) — R(Ha,b’ )]

]
A A (a.b)=(A,B) (66)

<2E |E

sup
wGWg

RHE") = R (H") ]]

(a,b)=(A,B)

We now fix (a,b), consider for i = 1,...,n, w € Wf\) the random variables Ug’l; =

(HE(X;) — Y;)? and let £1, . . ., &, denote i.i.d. Rademacher random variables independent
of all other random variables. Employing symmetrization (see for instance Boucheron et al.
2013, Lemma 11.4) we obtain

E | sup

wGWg

(67)

1 n
R(HY) — Rn(Hbe)) <2E | sup |— ZsiUgg
wens |
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In the next step we denote by X' the vector with components X; = o(a; - X; + bj),

j=1,...,N and rewrite Hfb’b(X,-) = w - X% Then we use the triangle inequality, Jensen’s
inequality and independence to estimate

25’ nZsZHab
=1
Sen
i=1
w' lzn:st[Xz]T w
i Z

Z&Hab

sup
wGW

sup
wEWO

sup
wEWO

|

1
+-E
n

1
+-E
n

<E

sup
wewg

07 1/2

+E | sup

wewg n

n
wT Z EZXZE
i=1

07 1/2

n
E 82'}/;2
i=1

01 1/2

n .
> ey
=1

(68)
where || - || is the Frobenius norm on R¥*¥. Denoting by (-, ) the Frobenius (matrix)
inner product on RV*Y and using independence and E[e;e;] = §;; we obtain

n 2 n
S_eXXT| | =B | Y ey (XXX X)) | =nE [Hxl[xﬂﬁ]
i=1 F ij=1

Employing an analogous argument for the second term in the right hand side of (68) (now
with the standard inner product on RY) yields

ab
Z&
n

sup

- < g [l s Zhe e

NG Vi )

L gy
RN

Using || X' [XYT||% = S0 [X}2X12 = | XY)|* and inserting the bound (69) in (67) we
obtain

2
-_— \/ﬁ

2
Sl o Y4 1/2'
+ \/ﬁ [ 1]

E | sup

o B[] + v

v (70)

RH") = Ro(HE)
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Employing the bound

N

N
XYY" = lolay - X1+ 7)1 <23 llag |21 Xal| + b2 (71)
j=1 j=1

we estimate using the Minkowski integral inequality and the triangle inequality
9+ 1/2
14142 - 2 2 2 . 2 2 2\2]%/2
E[[X] <E | |23 g 2101 + 1o <23 E [ (las 21 X002 + b1
j=1 j=1
N
<2 llagPE[I X012 + by .

j=1
The second term in the right hand side of (70) can be bounded similarly with (71). Inserting
this and (70) in (66) yields

E[R(HZ) = Ru(HZ) + Ru(Hiy") — R(Hy")]

Wy
ax? (Y
<9oFE |2 APE[ X1 |1MY2 + | B, |?
NG j:1|! SIFENX ] |Bj|
22+3) = 2 2 2 2 2 v 4 411/2
+92FE | =— =2 A PEIYV2] X112 + | B;|2E]Y, + —_EJY, (72)
NG ;HJH[M %] + |B;|"E[Y] \/ﬁ[l]
8AZN
< T (E[J|A1|AE[ X1 + E[|B1]%)
23+%)‘\/N 1/2 4
2 AV (R ALNAEYVR | X |12 + BBy |PE[Y2 —_E[YAY/2
+ NG (E[|ALIPIE[Y? | X1]17] + E[| B P]E[YT]) +\/ﬁ[1]

Recall that A; has a multivariate t-distribution ¢, (0, 14), hence A; g Z/\/U/v where Z ~
N(0,14) and U ~ x2(v) are independent. Thus, E[||4;||?] = E[||Z||Y|E[v/U] = vd/(v — 2).
Using that || Xi[lec < M and A < % we may thus deduce from (72) that

AB AB AB AB
E[R(H/W/\ ) - Rn(H/W/\ ) + Rn(HW ) - R(HW )]
_ G (73)
==/
with C2, = 8CR,,, (24 M2+E[| B1[2]) +2%*2 Clam (25 MPE[YE]+E[| B [2JE[Y ) /2+4E[ Y] /2
not depending on d, n or N. Combining (73) with (64) and (65) we obtain

2
Capp || P|| 11 (ray (v + d)k+3> n C2 d*r+2

Vi VO "

B (%) — HAP (X)) < (

A
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4.4 Stochastic Gradient Descent

For the most common choices of W the solution to the optimization problem (54) can be
obtained by solving the system of linear equations (56) or (61), respectively. There may
nevertheless be situations in which one is interested in solving (54) using a stochastic gradi-
ent descent method (e.g. when comparing the performance of different learning methods in
an experiment). Therefore, we will briefly discuss optimization of (60) by stochastic gradi-
ent descent here and combine our error bound in Theorem 19 with the stochastic gradient
descent optimization error bound from Shamir and Zhang (2013).

To this end, let V = {w € R¥ ||w| < A} denote the set within which we look for
an optimizer, let IIy,: RY — V be the orthogonal projection onto V, for i = 1,...,n
write X’ for the RV-valued random vector with components Xz =0(4;- X+ By), j =
1,...,N, let T € {2,3,...} denote the number of stochastic gradient descent iterations,
let B € {1,...,n} denote the batch size and let J = {Jis}ipe(1,..8)x{1,.., 7} denote
i.i.d. random variables each having a uniform distribution on {1,...,n} and independent of
(A, B,D,, X,Y). Then, starting with W7 = 0, we iteratively compute

B
277t . .
W1 = Iy (Wt -5 STX (W - Xt — yﬁ,t)) , ot=1,...,T -1, (75)

=1

where 7, = not_1/2 fort = 1,...,7 — 1. The parameter vector Wy is then used for the
random neural network, i.e., H;Il/’f is the learned function approximating H. The next
proposition provides a bound on the prediction error.

Proposition 21 Let C > ﬁ, no > 0 and v > 4. Suppose Ay ~ t,(0,1,) and By has

density T, satisfying (26). Suppose H: R? — R is of the form H(x) = E[®(z + V)] with

® € LYR?Y) and V satisfying (25). Assume that || X1|lee < M, P-a.s. and E[|Y1]|*] < oc.

Let my = not= Y2 fort =1,...,7T —1 and X € ﬁ[0w9t||¢|\L1(Rd)(u + d)2k+%, ClamdP] with

k€N, Cyg > 0 as in Theorem 7 and p > 0, Cigm > 0 not depending on n, N,d or T.
Then there exist Copp, Cest, Copt > 0 such that

Capp||q>||L1(Rd)(V + )3 n ClogrdPt!
VN ni
Coptd?*2N (2 + log (7))
+ - .
Ta
The constant k only depends on my, and the constants Capp, Cest, Copt depend on v, my,, C, M,
E[Y{Y], 1m0, Ciam, but they do not depend on d, n, N or T.

E[|H(X) — HyP(X)]))? <

(76)

Remark 22 The first two terms in the error bound in (76) are as in the bound (62) in
Theorem 19, whereas the last term in (76) is due to the stochastic gradient descent opti-
mization. The rate of convergence to O of this last error term as a function of T could be
further improved, e.g., by using a more refined optimization scheme (based on averaging)
than (75), see for instance Shamir and Zhang (2013). However, for our purposes the bound
in Proposition 21 suffices as this bound already proves that the overall error does not suffer
from the curse of dimensionality.
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Proof Let Cypp > 0 be as in Theorem 7, let W be the RM-valued, o(A, B)-measurable
random vector satisfying (27) (see Theorem 7) and let Ces; > 0 be as in Theorem 19.
By independence and (51) we obtain (as in (63)-(64) in the proof of Theorem 19)

= E[|H(X) — Hy” (X)) + E[R(H:P) - R(HpP)]
< B[JH(X) — Hjy”(X)P]
+ER(H ) = Ra(Hip?) + R(Hip) = Ra(HE ) 4+ R (Hip) = R,

(77)
where we used (60) and W € W, (as established in the proof of Theorem 19) in the last
step. The first expectation in the right hand side of (77) has been bounded in (65) in the
proof of Theorem 19. For the second expectation we may proceed analogously as in (66):
we use the same notation as in (66) and, in addition, write W7“-’b for the output of the
stochastic gradient descent algorithm with (A, B) fixed to (a,b). Then independence yields

E[R(H{p?) — Ru(Hip?) + Ru(Hyp®) — R(HP))

= E[E[R(H".,) — Ra(H™ ) + Ra(HEL ) — R(HEE )] ]

b ) Wa,b
W Wi (a,b)=(A,B) (78)
<2E |E [ sup R(Hff,’b) — Rn(Hgb)‘]

weW (a,b)=(A,B)

Now we can compare (77) and (78) to (64) and (66) in the proof of Theorem 19. We see that
the decomposition (77) yields the same error terms as in Theorem 19 plus the additional
term B[Ry, (Hy") — Rn(Hf‘W’B)].

Therefore, Theorem 19 sﬁows that

Cappl| @/l 1 ey (v + )+ 4 Cesed™

E[|H(X) — Hiyy? (X)]'/? <

W VN ni (79)
+E[Rn(Hyyy) = Ru(HZ )2,

We now analyze the last term. Write W;-’b’d” for the output of the stochastic gradient
descent algorithm and W;’b’d" for the solution to (60) when (A, B, D,) = (a,b,d,). From
the updating scheme it is clear that there exists a measurable function F' such that Wy =
F(A,B,D,,J) = W?’B’D". Furthermore (as argued in the proof of Theorem 19), W;’b’d” =

G(a, b, d,,) for a measurable function G and /W)‘j‘ BDn /WA. Thus, we may use independence
to write
A,B A,B ' ( TTG:D n ( IT%b
E[Rn(HWT ) — Rn(HWA )] = E[E[Ri (HW;L_,b,dn) - Rg (Hgv\a,b,dn)] ], (80)

A (avbvdn):(A»Ban)

where R (f) = 1 (
(RHN xRN x ([~ M, M]¢xR)™ as fixed now and write x* for the vector with xé = o(a;-x;+b;),
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j=1,...,N. Let F:V = R, Flw) = 137 (w-x'—y;)?. Then HE () = w - X,
Rin(HS") = F(w) and hence o := W/\bd
wy := WP and recall

is a (global) minimizer of F' in V. Write

wipr =1y (wg —meGe), t=1,...,7 —1 (81)
with §; = % Z?Zl x7it (wy 'XJ”' — yJM) Independence implies E[g:|w;] = 5 ZZ 1 ]E[ it (w
xTit =y Nlw=w, = %Z?:l x! (wy - x? — y;) = VF(w;). Furthermore, F' is convex and the

Minkowski integral inequality and independence yield

2
E[[|g]%] < 4E ( ZIIX”H |we - x ”HlyJi,tD)

% 2
1 ; ;
<4 (%2 ([ 2 - 0] + \yJi,tD?})l”)

i=1

< *ZHXJII E[]lwel ]I 1> + ly; 1) (82)

16

| /\

ZH%H il + 1052 | P[> + [yl *)
=1 7j=1

< 32 (14 M2d|all3 + [b]]%) Zlyz ,

where in the last two inequalities we used the estimate HXZHQ = Zéyzl[g(aj - @i + bj)]?

2 Zjvzl lla;|?||#:]|* + |b;|?. Shamir and Zhang (2013, Theorem 2) hence implies that

4N 2 + log(7T)
E[F(wy) — F(0)] < | =— + 1932 (1 + dM?||a||% + ||b yil?) | —=—~.
[F(wr) — F(w)] <77 1032 ( lallF + [1b]1) Zl ) Vs
Inserting this in (80) and using independence yields
A,B A,B
E[Rn(Hip) — R (HA)
402 2 1 & 2 +log(T)
<E |=— +32n (1 +dM?|A||% + ||B||*)” (\2 + = Y| —=—=
<t 32 ( 41 +IBI%)* 0+ 2301w | =22 (83)
4\? 2 + log(T)
< | = 4 96m0(1 + > M*E[|| A|3] + E[||B|)* )\2+EY2>.
(770 o( [A[E] -+ E[IBI])( [YA]7]) N
Employing Minkowski’s integral inequality we estimate
N 2 N 2
27 74 4 4 27 74 1471/2 411/2
M E[||A El||B|I*l < d*M El||A E[|B
d HAlE] +E[I B[] < ; [A;5117] + ; [1B;]"] (84)

= N?(d® ME[|| A1 |['] + E[| By [*).

31



(GONON

Recall that A; < Z/\/U/v, where Z ~ N(0,14) and U ~ x?(v) are independent. Therefore
E[||A1||*] = E[||Z||*]E[v?/U?] and one obtains analogously to (84) the estimate E[||Z]|4] <

d’E[Z{]. Inserting this into (84) and (83) and estimating \ < qai\/%dp yields

E[Rn(Hiy;) = R (HE")

Coot d*r+t 2 + log(T)
< ((1 + N2+ (1 + N2)d4> % (85)

2+1
< Cgpt J2PHA N2 + \;37&(7—)

with C2, = 4max(=,96m) max(2,3M*v?/[(v — 2)(v — 4)] + E[|B1|*]) max(C2_, E[|Y1]%])

opt — M0’
and where we used E[Z}] = 3, E[U~2] = 1/[(v — 2)(v — 4)]. Combining this with (79) yields
(76), as claimed. [ |

4.5 Application to Basket Option Pricing

As a first application of the results derived in Sections 4.2-4.4 we consider the problem of
learning prices of basket put options in certain “non-degenerate” models.

Suppose that y; is the market price of a put option with strike K; > 0 written on a basket
of m assets. Assume that, up to some additive noise, these market prices are “generated”
from an unknown, non-degenerate stochastic model. This means that we assume

m
y; = E max(Ki—ZwiSTvi,()) +e, t1=1,...,n,
i=1
where €1, ..., &, are i.i.d. random variables, St = (S7.1,...,S7m) is a [0, 00)™-valued ran-
dom vector and wy,...,w, € [0,00) are non-negative weights. Assume that E[e;] = 0,

E[e}] < oo and {€i}i=1,..n are independent of (A, B, St). We think of Sz as the value at
time T of a price process S (for which P is a martingale measure).

The goal is to learn the pricing function H(K) := E[max (K — ) ;" w;St,,0)] from
the observed market prices y1, ..., Yn.

This fits into the framework introduced above (see Section 4.1) if we let M = max;—1,. n K;
and consider K1, ..., K, as the observed realizations of the n i.i.d. random variables X1, ..., X,
so that also y; = H(K;) + ¢; is the realization of Y; = H(X;) + ¢;. We assume that X;
is distributed uniformly on [0, M] and {X;}i—1 ., are independent of {e;}i—1, n, (A, B).
Then the option pricing function H is indeed the regression function (51) and we obtain
the following corollary. Recall that X has the same distribution as X; and is independent
of (A, B, D,,).

Corollary 23 Letv >4, C > ﬁ, no > 0 and ¢ > 0 be constants which do not depend on
n, N or T. Suppose A1 ~ t,(0,1) and By has density my, satisfying (26). Assume that the
[0, 00)™-valued random vector St satisfies |E[e~w5T]| < exp(—C|¢[?) for all € € R. Then
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there exists Cy > 0 such that the prediction error bound

log(n) + 1)'/2V/N N 1
vn VN

holds and there exist C,Csy, c > 0 such that for any A € ﬁ[g, ¢| the prediction error bounds

mm&—nm%ﬁﬁmms%<( (86)

B0 - HEP ORI <01 (o ), (57)

hold. The constants Cy, C1,Co, c do not depend onn, N or T.

Remark 24 The proof of Corollary 23 shows that ¢ does not depend on ¢. Hence, by
choosing ¢ > c it can always be guaranteed that [c, ¢] is not empty.

Remark 25 The hypothesis |E[e~%%5T]| < exp(—C|¢|?) is inherited from Theorem 7. In
Theorem 7 this hypothesis guarantees that the constants do not grow exponentially in the
dimension d. In the situation here d = 1 and so this hypothesis could be relaxed considerably:
it could be replaced by the assumption |E[e™%5T]| < exp(—C|£]®) for some C > 0, a > 0
or even by the assumption that |E[e=w5T]| < C(1+[€))™8 for some C > 0 and sufficiently
large B > 0 (depending on v and my).

Proof Firstly, by assumption we have |X;| < M, P-a.s. and H: R — R satisfies for
K € [0, M] that
H(K) =E[max (K —w-Sr,0)] = E[®(K + V)]

with V' = —w - S and ®(y) = ylja(y). Hence, H(X) = H(X) P-a.s. with H(z) =
E[®(z + V)] for z € R. Furthermore, ® € L}(R), V satisfies (25), 02 = sup,cg E[(Y1 —
H(X1))%|X; = 2] = E[}] < 0o and |H(z)| < M for all € R. Thus, the hypotheses of
Theorem 17 with L = M are satisfied and so, using H(X) = H(X) P-a.s., we obtain that
there exist & € N and Cipp > 0 such that the prediction error bound (57) holds. Hence (86)
follows with Cp = max(Capp max (o, M), CN'apqu)Hp(R)(V + 1)k,

Next we prove (87). To this end, notice E[|Y1|*] < 8(E[|H(X1)|*] + E[|e1]*]) < 8(M* +
E[le1]}]) < oo and let Capp, Cwet > 0 be as in Theorem 7. Then Theorem 19 proves

2k+1

ngt”q)”“\(/ﬂ%(yﬂ) ’ < A< \/% there exists a constant
Cest > 0 such that the prediction error bound (62) holds. The proof actually shows that
the same constant can be chosen for all A in the specified range. Thus, (87) follows with
C1 = max(Capp|| @ 11 () (v + )543, Cest) and ¢ = Cougs| @] 1y (v + 1) 22

Furthermore, Proposition 21 proves that there exists Cypy > 0 such that (76) holds.
Setting Cy = max(C1, Copt) we obtain (88).

In these results we proved that the constants Cypp, Cest, Copt depend on v, m,, C, M,
E[Y{Y], no, & but they do not depend on n, N or T, hence it follows that Cp, Cy,Cs,c do
not depend on n, N or T.

that for any A > 0 satisfying
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5. Learning Black-Scholes Type PDEs

In this section we apply the results from Section 4 to prove that random neural networks are
capable of learning certain Black-Scholes type partial (integro-)differential equations (also
referred to as (non-local) PDEs) without the curse of dimensionality. More specifically, we
consider the problem of learning solutions to Kolmogorov PDEs associated to exponential
Lévy-processes, which includes the Black-Scholes PDE as a special case. The learning
methods used to tackle this problem are random neural networks trained by (constrained)
regression or stochastic gradient descent. By combining the results from Theorems 13, 17, 19
and from Proposition 21 we obtain bounds on the prediction error. The dependence on the
dimension d in these bounds is explicit and at most polynomial, whereas the bounds decay
at polynomial rate in the number of samples n and the network size N (and the number of
stochastic gradient descent iterations 7). Hence, the number of samples, hidden nodes of
the network and gradient steps required to achieve a prescribed prediction accuracy € > 0
grows at most polynomially in d and ¢~!. This means that random neural networks are
capable of learning solutions to such Kolmogorov PDEs without the curse of dimensionality.

For the reader’s convenience we introduce in Section 5.1 in detail again all the objects
relevant to the discussion. Section 5.2 then contains the prediction error bounds for Black-
Scholes type PDEs. We conclude in Section 5.4 with numerical experiments.

5.1 Formulation of the Learning Problem for PDEs

We again put ourselves in the situation studied in Section 3.2 and consider for each d € N
the partial (integro-)differential equation

Opug(t,s) = % Z%lzl sklezJ@Skaslud(t, s)+ Zle 87305, uq(t, s)
+ fRd {ud(t, se¥) —ugq(t,s) — Zgzl(eyi —1)s;05,uq(t, s)} Vg(dy), (89)
ud(oa 5) = @d(s)

for s € (0,00)%,t > 0, where ¢g4: (0,00)¢ — R is a “payoff” function and (X%,~%, 1)
is the characteristic triplet of a Lévy process L%, we write ¢ = ~¢ + %Z?ﬂ- + fgale¥ —
1 - yi]l{Hy”Sl})uﬁ(dy), i = 1,...,d, for the shifted drift vector and we assume vZ({y €
RY| |yl > R}) = 0 for some R > 1. Furthermore, we recall the notation sexp(z) =

(spexp(z1),...,sqexp(zq)) for s,z € RY,
The (non-local) PDE (89) is the Kolmogorov PDE for the exponential Lévy model
associated to L9, see Section 3.2 for further interpretation and a discussion on the relation
to option pricing and the assumption on uff. If y]‘f = 0, then (89) is the Black-Scholes PDE.

Let T > 0 and suppose we are given i.i.d. R¢xR-valued random variables (X{, Y3, (X4, Y51),
... with the property that

uq(T, exp(x)) = E[Y{|X{ = 2], (90)

for (Po (X{)D-ae. 2 € R? that is, ug(T,exp(-)) is the regression function. We are
interested in learning ug(T,-) on the set D¢ = {exp(z)|x € [-M, M]?} C (0,00)¢. This
encompasses two particularly relevant situations.

Example 1 Suppose that the solution ug(T,-) of the PDE can be observed at m points
exp(X{),...,exp(X%). The observations are not perfect, but perturbed by some additive
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noise. The goal is to learn the solution of the PDE on the entire set D* from these noisy
observations. This situation is captured in our setting with Y& = uy(T,exp(X3)) + ¢ for

i=1,...,n, where 5‘11, . ,5‘711 are i.i.d. random variables independent of X{l, . ,Xff.

Example 2 A different situation of interest arises when neural networks are employed as a
solution method for the PDE (89) in the way proposed in Berner et al. (2020) for a related
setting. Let X{,..., X4 be i.i.d. random variables uniformly distributed on [—M, M]¢ and
independent of L% and let Y = pq(exp(X¢ + L)) fori =1,...,n. Then one may show
using the Feynman-Kac formula (see Proposition 16) that

ud(T, exp()) = Elpa(exp( + LT))] = Elpa(exp(X{ + LT)|X{ = 2] = E[Y{'|X{ = 2]

for (Po (X{)™Y-a.e. z € R? and hence ug(T,exp(-)) is indeed the regression function (90).
Thus, in this situation we have formulated the problem of solving the PDE (89) on D% as a
statistical learning problem with data points (X;, pq(exp(X + LE))), i=1,...,n

In order to learn the unknown function ug(T, -) from the data D¢ = ((X{,Y{), ..., (X2, Y4
we employ a random neural network. Recall frorn Section 2 that a random neural network is
a single-hidden-layer feedforward neural network in which the hidden weights are randomly
generated and then considered fixed and only the output-layer weight vector can be trained.
The weights of the random neural networks are generated as follows: let v > 4, for each
d € Nlet A4, A4, ... be i.i.d. R%valued random vectors and let By, Ba, ... be i.i.d. random
variables. Assume that A¢ is t,(0, 14)-distributed and B; has a strictly positive Lebesgue-
density m, of at most polynomial decay (see (26)). For each d,n € N we assume that
{A%Yien, {Bi}ien and D? are independent. For d,N € N we write A%Y = (A¢,..., A4)
and BY = (By, ..., By). If N hidden nodes are used, the random neural network employed

for learning is then given by
BN (o szg x4+ B;), zeR (91)

where W is an RV -valued, o(A%Y, BN, D4)-measurable random vector which needs to be
chosen. The (squared) learning error (or prediction error) is given by

E|ua(T, exp(X9) — Hyy 2" (X)), (92)

where (X% Y9) has the same distribution as (X¢, Y{?) and is independent of {(A¢, B;)}ien
and D¢,
Learning uq(7), -) by H then amounts to selecting an R"-valued (random) vector

W that minimizes the predlctlon error. W may be chosen depending on the random weights
A4N BN and the data D = (X, Y%),...,(X4,Y.%). We consider three choices:

n’ n

’BN

e W is chosen as W%N:" where

— . 1< AdN BN
WaNn — arg WGIII}VIEN’" {n Z;(HW J (de) _ Yid)Q} (93)
1=

for WhNn = [W: Q — RN |W is (AN, BN, D4)-measurable}. Note that WdNn
can be calculated explicitly by solving a system of linear equations (see Section 4.2).
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. 5d,N
e TV is chosen as W/‘\i 0" where

—~ 1 n AdN BN
WENT —arg min - { =Y (Hir P (X4 — Y2 (94)
T2

for Wf’N’" = {W e W ||| < X P-a.s.}. Recall that /Wg’N’n can be calculated
explicitly by solving a system of linear equations (see Section 4.3).

e W is chosen as W7d—’N’", where W7d-’N’n is computed using the stochastic gradient de-
scent algorithm as introduced in Section 4.4.

Remark 26 As pointed out above, training of random neural networks can be performed
by solving a system of linear equations (see (56) in Section 4.2 and (61) in Section 4.3).
There may nevertheless be situations in which one is interested in training a random neural
network using a stochastic gradient descent method (e.g. a performance comparison in an
experiment). This is the reason why we also analyze optimization by stochastic gradient
descent here.

5.2 Learning Error Bounds

With these preparations (see Section 5.1) we now use the results from Sections 3 and 4
to provide sufficient conditions which guarantee that ug(7,-) can be learnt using random
neural networks without the curse of dimensionality.

Corollary 27 Letp > 0, ¢,L,M,n9 > 0, C > ﬁ Assume that for each d € N the
payoff function satisfies pg 0 exp € LY(R?) and ||pq o exp 21 (rey < cdP, the characteristic
triplet (X4, v, v) of the Lévy process L¢ satisfies for all ¢ € RY

265 > Clel? (95)

assume that | X@|co < M, P-a.s. and suppose ug € CH2((0,T] % (0,00)*)NC(]0,T] x (0, 00)%)
is an at most polynomially growing solution to the PDE (89).

(i) Assume for all d € N that 03 = sup,cpa E[(Y — uq(T, exp(X{)))?| X{ = z] < cd? and
lug(T,s)| < L for all s € (0,00)%. Then there exist constants Co,p > 0 such that for
any d, N,n € N the prediction error of random neural network regression satisfies

R Vi VN
(96)

Eﬂud(T, eXp(X'd)) —TL(HAd’N,BN(Xd))‘Q]lﬂ < Codp ((log(n) + 1)1/2\/N N 1 ) .

(it) Assume for all d € N that E[|Y{![*] < cdP. Then there exist p,c > 0 such that for any
P > p, ¢ > c there exist Co,p > 0 such that for any d, N,n € N the random neural
network trained by constrained regression with parameter A € —[cd®, ¢dP] satisfies

VN
Fdvy AN, BN 5dy (21172 p L i
E[|uq(T, exp(X?)) HW;“N’" (XY%]= < Cod <\/N+ 1) (97)
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(i1i) Consider the same situation as in (ii). Then, in addition, there exist constants C1,q >
0 such that for any d, N,n,T € N the random neural network trained by stochastic
gradient descent for T steps with learning rate ny = not /2 fort =1,...,T — 1 and
with A as in (i) satisfies

) 1
E[|ug(T, exp(X9)) — HAY B (X4))21/2 < 0y a0
s (T, exp(£4) ~ AL (RPY2 < | =

Remark 28 FEach of these statements can be translated directly into a statement on the
number of samples and hidden nodes required to guarantee a prescribed learning error of
precision at most € > 0. For instance, in the case of regression (corresponding to the bound
(96)) we see that there exist constants Co,p > 0 such that for alld € N, € > 0 at most
N < CodPe2 weights and n < CodPe™8 samples suffice to guarantee
— Ad,N N  —

E|ua(T, exp(X?)) = T (HZ, o7 (X))PIV? <e. (99)
This follows from (96) by choosing N = 4C3d%*c~2, n = 16c>Cid*e*N? and Cy =
max(4C2,256¢*CS), p = 8p where ¢ is a constant such that log(m) + 1 < cy/m for all
m € N.

Proof For fixed d € N let ®(z) = pg(exp(z)) and H(x) = ug(T,exp(z)) for z € R%. Then
Proposition 16 shows that H(z) = E[®(z + L%)] and, as argued in the proof of Theorem 13,
the characteristic function of L% satisfies the bound (46).

Proof of (i): Theorem 17 hence implies that there exist k¥ € N and C’app > ( such that

E[|uq(T, exp(X'd)) TL(HA N.BN (Xd)) |2]1/2

Wd,N,n
(log(n) + 1)1/2\/N éappH‘I’HLl(Rd)(V + d)Ft3
< Capp max(oy, L) Jn + N (100)
1/2
< Cod? (log(n) 4+ 1) \/]V+ 1
Vi VN

with Cp = Capp max(max(c, L), ¢(2v)**3) and p = p 4+ k + 3. This proves (i), since k and
Capp in Theorem 17 do not depend on d, n or N.
Proof of (ii): Let k € Nand Cypp, Cywgt > 0 be as in Theorem 7, choose p = 2k+l+p, c=

ngtc(Qu)2k+2 and let p > p, € > c. Then A € \F[cdp cdP| satisfies \}ngtHCI)Hp Rray(V +
d)2k+2 < X and hence Theorem 19 shows that there exists Cest > 0 such that

(101)

o > Coppl|®l| L1 (ray (v + )F T3 O dPt
E[Juq(T, exp(X4)) — HAVGBY (X)2]1/2 < 222 (RY) o Cst
H a( p( )) Wf’N’ ( )’ ] > \/N ni

From the proof of Theorem 19 (with Cl,m = € here) the constant Ceg is given by

o2 _ (VM2 vM?
v —

est —

+E(|B1°]) + 23“0( —5E(V)?] + E[| B1PE[()*) 2 + 4E[(v{) ]2
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and hence Cogt < di Cogy with C2, = 822 (XL 4[| By |2))+ 2% 2eci (XL +E[| By |2]) /2 +4cz.

Thus, (101) yields

_ d,N pN  _

Blua(T,exp(X) ~ " (KR < Coe o+ ) (102)
with Cy = maX(Cappc(Qy)kJr?’,éest) and p = max(p +k +3,p+ 1+ %). As shown in the
above results (and visible from the explicit expressions available for these constants) neither
k € N nor the constants Cypp, Cwet > 0 depend on d, n or N. Hence, the constants C, p
do not depend on d, N,n or A. This proves (ii).

Proof of (iii): Let k € N, Capp, Cyet, s ¢, Co,p > 0 be as in the proof of (ii) and let
P > p, ¢ > c. Applying Proposition 21 with Clam = ¢ and using the estimate provided in
the proof of (ii) (see (101) and (102)) for the first two terms in (76) we obtain that there
exists Copy > 0 such that

X ’ ¢ 11 optd 2N (2 + 1 2
Bllua(T exp(X4) — S (P2 < o (4 ) 4 SR IoR(T)E,
Wr N2 ni1 T1

(103)
rJ;he constant Cypy was given explicitly in the proof and we deduce that Cqpy < dr/ 4Copt with
Ciy = 4max (2, 96m) max(2,3M*?/[(v — 2)(v — 4)] + E[|B1]*]) max(2?, ¢'/?). Combining

M0’ B
this with (103) proves (98) with C1 = max(Co, Copt), ¢ = max(p,p + 2 + §). By the same
reasoning as above C1, q do not depend on d, N,n, T or A. This proves (iii). [ |

5.3 Discussion and Comparison to Deterministic Neural Networks

Let us discuss the relationship between (shallow) deterministic, fully trainable neural net-
works and random feature neural networks in the context of Black-Scholes PDEs. As de-
scribed above, a random neural network approximation uses the function (91) with randomly
generated hidden weights Af, B; and only trains the readout weights W;, i =1,...,N. In
contrast, a standard (deterministic) neural network with a single hidden layer is a function

N
H(2) = ZWig(af x4b), xeRY (104)
i=1

with trainable parameters af e R? b,W; € R, i = 1,...,N, and where we denote by
0= (a‘f, .. ,a‘fv, bi,...,bn, Wi, ..., Wx) the trainable parameters. Let us now compare the
random feature neural network approximation and learning error bounds in Theorem 13
and Corollary 27 to existing results for (deterministic) neural networks in the context of
Black-Scholes PDEs. Firstly — with the exception of Elbréachter et al. (2022) and Gonon
and Schwab (2023) — existing results that prove that (deep) neural networks overcome the
curse of dimensionality when approximating certain Kolmogorov PDEs (see, for instance,
Grohs et al. 2023, Elbrachter et al. 2022, Berner et al. 2020, Reisinger and Zhang 2020,
Gonon and Schwab 2023 and the references therein) are concerned with LP-error bounds (for
p € [1,00)), whereas Theorem 13 provides an L>-error bound. Secondly, when specialized
to the Black-Scholes model these papers impose a condition on boundedness or at most
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polynomial growth of suitable norms of the covariance ¢ and the drift ¥¢ as a function
of d. In contrast, Theorem 13 and Corollary 27 impose a non-degeneracy condition on £¢.
The reason for the different type of condition is that Grohs et al. (2023), Berner et al.
(2020), Reisinger and Zhang (2020), Gonon and Schwab (2023) use “artificial” Monte Carlo
samples to construct a neural network approximation of uy(T, -), whereas Theorem 13 and
Corollary 27 exploit smoothness of ug(T,-). Thirdly, for the same reason also the condition
on the payoff ¢4 is different: here an integrability condition is imposed, whereas in the
cited papers it is assumed that ¢4 can be “approximated well” by a (deep) neural network.
Finally, we comment on the case in which all conditions are satisfied and so both the
approximation results for (deterministic) neural networks and those for random feature
networks can be applied. In general the approximating neural networks constructed in
Grohs et al. (2023), Berner et al. (2020), Reisinger and Zhang (2020), Gonon and Schwab
(2023) are deep in the sense that they may contain more than one hidden layer, but in
some situations (when the payoff is given ezactly by a shallow neural network (104)) the
approximating neural network turns out to be again a shallow neural network of type (104).
Assuming the conditions on ¢g, ¢, 4¢ are all satisfied we now obtain the same rate of decay
N2 using a (deterministic) network (104) and a random neural network (91). This follows,
e.g., from Remark 5.3 in Gonon and Schwab (2023) and Theorem 13. Alternatively, under
certain hypotheses on ¢4 the same approximation rate by (deterministic) shallow neural
networks is also asserted by Barron (1993), see Gonon and Schwab (2021, Proposition 5.6).
However, all these results for (deterministic) networks do not cover the full learning error
and thus in this case random neural networks have the useful advantage that bounds on
the full learning error (approximation, generalization and optimization) are available, see
Corollary 27.

On the other hand, let us briefly discuss deterministic shallow neural networks from
a practical perspective. Typically, finding 6 that (approximately) minimizes the empiri-
cal risk R, (H?) = 13" (H?(XZ) — Y4)? is computationally more demanding than just
optimizing over W in the random features case, since 6 +— R, (H?) does not reduce to a
(constrained) regression. Instead an (approximate) minimizer of § — R, (H?) is typically
computed by using the stochastic gradient descent algorithm or a variant thereof (such as
Adam introduced in Kingma and Ba 2015) and the required gradients are computed by
backpropagation. Training may require tuning of the learning rate of the stochastic gra-
dient descent algorithm and more importantly, no theoretical convergence guarantees are
available in this case. Thus, from a practical implementation perspective, using random
feature neural networks is advantageous in this situation.

5.4 Numerical Examples

In this section we consider numerical examples in which the solution ug(T, -) to (89) is learnt
from noisy observations. We carry out the same experiment for different configurations of
parameters and initial conditions. We start by describing in detail the setup in a first
example. We fix d, T and generate n training data points (X{,Y?),... (X% Y,4) for our
experiment. The goal is then to learn uy(T, -) based only on these data points, i.e. without
using any knowledge about the underlying PDE or its parameters. This is achieved by
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employing neural networks with randomly generated hidden weights, as explained in detail
in Section 5.1.

For the unknown PDE we choose the pricing PDE for a max-call option in a d-dimensional
Black-Scholes model with equal correlations among the assets. Thus, we fix d = 50, choose
¢4(s) = max(max(sy,...,sq) — K,0) as initial value for the PDE and let X¢ be given for
i,7=1,...,d by Z;'i,j = o?p for i # j and E;‘i,z‘ = 2. Furthermore, 3¢ = 0, Vf = 0 and the
parameter values are chosen as ¢ = 0.2, p = 0.2, T'= 1. The strike K is chosen as K =1
(which corresponds to expressing prices in units of the “actual” strike). From the solution
ug(T,-) with K = 1 on D? one can also directly obtain the solution @g(T, -) for other values
of K (e.g. K = 100) on the set { K exp(z) |z € [~M, M|} by using @q(T, s) = Kug(T, s/K).
For our experiment we now select M = 1 and generate the i-th data point as follows: we ran-
domly uniformly sample X¢ on [—1,1]% and then use a Monte Carlo simulation with 5 - 10°
sample paths to calculate an approximate value of uy(T,exp(X?)). Y is then defined as
this approximate value and corresponds to a noisy observation of u4(T),-) at exp(X®). By
using this procedure for i = 1,...,n we generate n = 5-10% data points (the training data).

The goal is now to learn the solution ug4(7),-) to (89) based only on these (noisy) ob-
servations. To achieve this we use random neural networks as described in Section 5.1.
We consider different choices for the number of hidden nodes N. For the weight distribu-
tions we choose A¢ ~ t5(0,14) and let B; have a Student’s ¢-distribution with 2 degrees of
freedom (i.e. v = 5 and 7 is the density of a ¢-distribution with 2 degrees of freedom).
Unconstrained regression is employed to fit the output weights (see (93)), resulting in an

. — . . ALN BN
output weight vector W% and a random neural network approximation H/m7 N

(91)) to ug(T,exp(-)). - ) )
Then we generate nyes; = 5 - 10° test samples (X¢,Y?),..., (X2 Y4 ) according to
the same procedure that we used for the training data above. Based on these training

(see

_ 4N pN  _
data points we calculate the squared error &2 = LY7o (Y4 — H% . N’f (X3))2. The

error ¢ is an estimate of the prediction error (see (92), (96) and recall that the Monte
Carlo price Y, is an unbiased estimate of uy(T,exp(X{))) conditional on A%N, BN, The
(unconditional) prediction error €2 is then estimated by generating x = 50 independent
realizations of A%YN BN fitting WdN M calculating é? for each of them and averaging é2
over the k realizations. Figure 1 displays é = é(NN) for different choices of the number of
hidden nodes, namely, N € {1}U{10,20,...,190} and a realization of A%", BV, The figure
also displays the function z é—ox, where € is chosen as é(1). Figure 2 shows the analogous

plot for the estimated (unconditional) prediction error € and the function = — % with

eo =ée(1).

The theoretical results from Corollary 27 show that, for n large, the theoretical predic-
tion error decays at least as 1/v/N when N increases. The numerical results here reproduce
this behaviour for the (conditional and unconditional) estimated prediction errors é(N) and
€(N). This can be seen from Figures 1 and 2, where the estimated errors é(N) and e(NV)
match closely the functions x — % and = — %, respectively. To examine the rate of
decay more precisely, we also generate a log-log plot in which (log(/N),log(e(N)) is shown
for the different choices of N above. We use linear regression to fit an affine function to
these points. Since the theoretical prediction error is bounded by a constant times ﬁ, we

expect that the slope of the affine function should be close to —0.5. In fact, since the bound
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may not necessarily be sharp, the slope could also be smaller than —0.5 or the behaviour
could only be observed when looking at sufficiently large N. Figure 3 displays the log-log
plot of the error, the regression line and a line with slope —0.5. The slope of the regression
line is —0.524, confirming the expected behaviour.
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Figure 1: Plot of the estimated learning error — for a realization of the hidden weights and
biases — committed when a random neural network with N hidden nodes is used
to learn a 50-dimensional Black-Scholes PDE from observations. The dots show
the estimated learning error é(NN) for different values of N, the line shows the
decay implied by the theoretical results j—oﬁ (with éy chosen as é(1)).

This numerical experiment also indicates that the integrability and smoothness assump-
tions in Corollary 27 can potentially be relaxed. More specifically, the payoff 4 considered
in the example here does not satisfy the hypothesis g o exp € L'(RY) and for the chosen
parameters the matrix ¢ does not satisfy (95), since the smallest eigenvalue of %Ed is
smaller than ﬁ and hence any eigenvector £ of %Ed corresponding to this eigenvalue
satisfies 1€ - £9¢ < C||€||? for any C > ﬁ Nevertheless, the numerical results suggest
that Corollary 27(i) is still valid in this situation. While Theorem 1 may be used to estab-
lish the N~/2-decay in N also without the hypotheses ¢4 o exp € L'(R?) and (95), these
hypotheses were needed in the proof of Theorem 7 (and propagate to Corollary 27) in order
to guarantee that the constant in the error bound does not grow exponentially in d. The
numerical experiment and the choice d = 50 indicates non-exponential constants also here
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Figure 2: Plot of the estimated (unconditional) learning error committed when a random
neural network with IV hidden nodes is used to learn a 50-dimensional Black-
Scholes PDE from observations. The blue line shows the estimated learning error
é(N) for different values of N, the orange line shows the decay implied by the
theoretical results % (with ep chosen as é(1)).

and hence it may be possible to relax these assumptions by taking a different approach than
the one that was used in the proof of Theorem 7.

Variations We now repeat the above experiment in different other examples and estimate
in each case the rate of decay by performing a linear regression of the errors on a logarithmic
scale, as described above. As training data we use n = 2 - 10% data points, each of which is
generated using 2 - 105 Monte Carlo samples. We consider several variations of the above
setting.

First, we look at different payoffs given by a basket call option gog) (s) = max(% Zle S;i—
K,0) or a put on min option go((f)(s) = max(K — min(sy, ..., Sq),0) as initial condition for
the PDE. Figure 4 shows the log-log plot of the errors for gofil). We observe that the expected
rate of decay indeed occurs, but only for N > 20. To estimate the rate of decay we may
thus omit the first two data points and obtain an estimated slope of —0.501. For @&2) we
observe an even faster decay and estimate a rate of —0.58. Both results again confirm the
expected behaviour.

Next, we vary the number of underlying assets, i.e., the dimension d of the domain of the
PDE. We consider d € {1, 5, 25, 50,200,500} and display the estimated rates in Table 1. We

also indicate the range of N considered, since — as in Figure 4 above and not contradicting

42



RANDOM NEURAL NETWORKS LEARN BLAcCK SCHOLES PDEs WitHouTt CoD

--®- log(estimated error)
059 @ theoretical decay (log-scale)

N B N —— regression line

Q

® 0.0

i

(@]

ke}

— —0.51

o

]

o —1.0 +

C

IS

©

Y —-1.5 -

—2.0 4
0 1 2 3 4 5

log(N)

Figure 3: Log-log plot of the estimated learning error committed when a random neural
network with N hidden nodes is used to learn a 50-dimensional Black-Scholes
PDE from observations. The dots show (log(NN),log(e(N))) for different values of
N. The slopes of the lines correspond to the rate of decay estimated by regression
(green) and expected based on the theoretical results (orange).

the non-necessarily sharp bound — for larger d the rate of convergence is only observed for
N sufficiently large. For example, for d = 500 using N € {1} U {10,20,...,190} yields the
rate —0.319, whereas for N € {410,420, ...,490} we again observe the expected behaviour
(see Figure 5 and Table 1). Thus, Table 1 shows that also for different choices of dimension
d the experimental results are in line with theoretical results.

In a next experiment, we vary some further model parameters and consider different
volatilities o € {0.01,0.2,0.5} and correlations p € {—0.2,0.2}. The results are reported in
Table 2. In each case we observe a very similar behaviour with rates smaller than —0.5.

Finally, we also consider instead of the Black-Scholes model a multivariate Merton jump
diffusion model with various parameter specifications. This is an extension of the Black-
Scholes model with an added independent jump process. Jump sizes are drawn indepen-
dently from a N'(0, f]d)—distribution and jumps occur at the jump times of a Poisson process
with intensity A > 0. This corresponds to ¢ = Ay with vy a Gaussian measure with mean
0 and covariance $¢. We refer, e.g., to Eberlein and Kallsen (2019) for further details. For
our experiments we let 2 be given for ¢, =1,...,d by igj = 52p for i # j and ifz =52
and consider different configurations for o, d, g, A\. The results are reported in Table 3. In
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each case we observe estimated rates smaller than —0.5, which is again in line with the
expected behaviour.

Table 1: Estimated rate of decay of the (unconditional) learning error in a d-dimensional

Black-Scholes model with payoff gpgll) for varying choices of d. The rates were

estimated based on N € {max(N,1), N + 10, N +20,...,N}.

d 1 5 25 50 200 500
Estimated rate | —1.330 | —0.622 | —0.562 | —0.500 | —0.496 | —0.468
(N, N) (0,190) | (0,190) | (20,190) | (20,190) | (200,290) | (410, 490)

Table 2: Estimated rate of decay of the (unconditional) learning error in a 50-dimensional
Black-Scholes model for varying parameter choices. The rates were estimated
based on N € {20, 30,...,190}.
(7, p) (0.2,0.2) | (0.01,0.2) | (0.5,0.2) | (0.2, —0.2)
Estimated rate | —0.500 —0.552 —0.548 —0.519

Table 3: Estimated rate of decay of the (unconditional) learning error in a 50-dimensional
Merton model for varying parameter choices. The rates were estimated based on
N €{20,30,...,190}.

(0,5, 5, \) (0.2,0.1,—0.1,1) | (0.2,0.2,-0.2,2) | (0.2,0.5,0.2,5) | (0.01,0.5,0.2,5)
Estimated rate | —0.534 —0.526 —0.509 —0.514
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