~ A Service of
’. b Leibniz-Informationszentrum

.j B I l I Wirtschaft
) o o o Leibniz Information Centre
Make Your PUbllCCltlonS VZSlble. h for Economics ' '

Gonon, Lukas; Schwab, Christoph

Article — Published Version
Deep ReLU network expression rates for option prices
in high-dimensional, exponential Lévy models

Finance and Stochastics

Provided in Cooperation with:
Springer Nature

Suggested Citation: Gonon, Lukas; Schwab, Christoph (2021) : Deep ReLU network expression rates
for option prices in high-dimensional, exponential Lévy models, Finance and Stochastics, ISSN
1432-1122, Springer, Berlin, Heidelberg, Vol. 25, Iss. 4, pp. 615-657,
https://doi.org/10.1007/s00780-021-00462-7

This Version is available at:
https://hdl.handle.net/10419/286787

Standard-Nutzungsbedingungen: Terms of use:

Die Dokumente auf EconStor durfen zu eigenen wissenschaftlichen Documents in EconStor may be saved and copied for your personal
Zwecken und zum Privatgebrauch gespeichert und kopiert werden. and scholarly purposes.

Sie durfen die Dokumente nicht fiir 6ffentliche oder kommerzielle You are not to copy documents for public or commercial purposes, to
Zwecke vervielféltigen, 6ffentlich ausstellen, 6ffentlich zugénglich exhibit the documents publicly, to make them publicly available on the
machen, vertreiben oder anderweitig nutzen. internet, or to distribute or otherwise use the documents in public.
Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen If the documents have been made available under an Open Content
(insbesondere CC-Lizenzen) zur Verfiigung gestellt haben sollten, Licence (especially Creative Commons Licences), you may exercise
gelten abweichend von diesen Nutzungsbedingungen die in der dort further usage rights as specified in the indicated licence.

genannten Lizenz gewahrten Nutzungsrechte.

.: BY https://creativecommons.org/licenses/by/4.0/
Mitglied der
WWW.ECOMSTOR.EU K@M 3
. J . Leibniz-Gemeinschaft


https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://doi.org/10.1007/s00780-021-00462-7%0A
https://hdl.handle.net/10419/286787
https://creativecommons.org/licenses/by/4.0/
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/

Finance and Stochastics (2021) 25:615-657
https://doi.org/10.1007/s00780-021-00462-7

®

Check for
updates

Deep ReLU network expression rates for option prices
in high-dimensional, exponential Lévy models

Lukas Gonon' - Christoph Schwab?

Received: 3 August 2020 / Accepted: 2 June 2021 / Published online: 31 August 2021
© The Author(s) 2021

Abstract

We study the expression rates of deep neural networks (DNNs for short) for option
prices written on baskets of d risky assets whose log-returns are modelled by a mul-
tivariate Lévy process with general correlation structure of jumps. We establish suffi-
cient conditions on the characteristic triplet of the Lévy process X that ensure ¢ error
of DNN expressed option prices with DNNs of size that grows polynomially with
respect to O(¢ 1), and with constants implied in O(-) which grow polynomially in
d, thereby overcoming the curse of dimensionality (CoD) and justifying the use of
DNNss in financial modelling of large baskets in markets with jumps.

In addition, we exploit parabolic smoothing of Kolmogorov partial integro-differ-
ential equations for certain multivariate Lévy processes to present alternative archi-
tectures of ReLU (“rectified linear unit”) DNNs that provide & expression error in
DNN size O(]log(e)|*) with exponent a proportional to d, but with constants im-
plied in O(-) growing exponentially with respect to d. Under stronger, dimension-
uniform non-degeneracy conditions on the Lévy symbol, we obtain algebraic expres-
sion rates of option prices in exponential Lévy models which are free from the curse
of dimensionality. In this case, the ReLU DNN expression rates of prices depend
on certain sparsity conditions on the characteristic Lévy triplet. We indicate several
consequences and possible extensions of the presented results.
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1 Introduction

Recent years have seen a dynamic development in applications of deep neural net-
works (DNNs for short) in expressing high-dimensional input—output relations. This
development was driven mainly by the need for quantitative modelling of input—
output relationships subject to large sets of observation data. Rather naturally, there-
fore, DNNs have found a large number of applications in computational finance and
financial engineering. We refer to the survey by Ruf and Wang [47] and the references
there. Without going into details, we only state that the majority of activity addresses
techniques to employ DNNs in demanding tasks in computational finance. The often
striking efficient computational performance of DNN-based algorithms raises natu-
rally the question for theoretical, in particular mathematical, underpinning of success-
ful algorithms. Recent years have seen progress, in particular in the context of option
pricing for Black—Scholes-type models, for DNN-based numerical approximation of
diffusion models on possibly large baskets (see e.g. Berner et al. [9], Elbrichter et
al. [22] and Ito et al. [34], Reisinger and Zhang [45] for game-type options). These
references prove that DNN-based approximations of option prices on possibly large
baskets of risky assets can overcome the so-called curse of dimensionality in the
context of affine diffusion models for the dynamics of the (log-)prices of the under-
lying risky assets. These results could be viewed also as particular instances of DNN
expression rates of certain PDEs on high-dimensional state spaces, and indeed cor-
responding DNN expressive power results have been shown for their solution sets in
Grohs et al. [29], Gonon et al. [27] and the references there.

Since the turn of the century, models beyond the classical diffusion setting have
been employed increasingly in financial engineering. In particular, Lévy processes
and their non-stationary generalisations such as Feller—Lévy processes (see e.g.
Bottcher et al. [11, Chap. 2] and the references there) have received wide attention.
This can in part be explained by their ability to account for heavy tails of financial
data and by Lévy-based models constituting hierarchies of models, comprising in
particular classical diffusion (“Black—Scholes’) models with constant volatility that
are still widely used in computational finance as a benchmark. Therefore, all results
for geometric Lévy processes in the present paper apply in particular to the Black—
Scholes model.

The “Feynman—Kac correspondence” which relates conditional expectations of
sufficiently regular functionals over diffusions to (viscosity) solutions of correspond-
ing Kolmogorov PDEs extends to multivariate Lévy processes. We mention only Nu-
alart and Schoutens [41], Cont and Tankov [16, Sect. 12.2], Cont and Voltchkova [18],
Glau [26], Eberlein and Kallsen [21, Chap. 5.4] and the references there. The Kol-
mogorov PDE (“Black—Scholes equation”) in the diffusion case is then replaced by
a so-called partial integro-differential equation (PIDE) where the fractional integro-
differential operator accounting for the jumps is related in a one-to-one fashion with
the Lévy measure v¢ of the R?-valued Lévy process X¢. In particular, Lévy-type
models for (log-)returns of risky assets result in nonlocal partial integro-differential
equations for the option price which generalise the linear parabolic differential equa-
tions which arise in classical diffusion models. We refer to Bertoin [10, Chap. 1],
Sato [48, Chaps. 1-5] for fundamentals on Lévy processes and to Bottcher et al.

@ Springer



DNN expression rates for high-dimensional exp-Lévy models 617

[11, Chap. 2] for extensions to certain non-stationary settings. For the use of Lévy
processes in financial modelling, we refer to Cont and Tankov [16, Chap. 11], Eber-
lein and Kallsen [21, Sect. 8.1] and the references there. We refer to Cont and
Voltchkova [18, 17], Matache et al. [40], Hilber et al. [32, Chap. 14] for a presen-
tation and for numerical methods for option pricing in Lévy models.

The results on DNNs in the context of option pricing mentioned above are exclu-
sively concerned with models with continuous price processes. This naturally raises
the question whether DNN-based approximations are still capable of overcoming the
curse of dimensionality in high-dimensional financial models with jumps which have
a much richer mathematical structure. This question is precisely the subject of this ar-
ticle. We study the expression rates of DNNs for prices of options (and the associated
PIDESs) written on possibly large baskets of risky assets whose log-returns are mod-
elled by a multivariate Lévy process with general correlation structure of jumps. In
particular, we establish sufficient conditions on the characteristic triplet of the Lévy
process X that ensure ¢ error of DNN expressed option prices with DNNs of size
O(e7?), and with constants implied in O(-) which grow polynomially with respect
to d. This shows that DNNs are capable of overcoming the curse of dimensionality
also for general exponential Lévy models.

Let us outline the scope of our results. The DNN expression rate results proved
here give a theoretical justification for neural-network-based non-parametric option
pricing methods. These have become very popular recently; see for instance the re-
cent survey by Ruf and Wang [47]. Our results show that if option prices result from
an exponential Lévy model, as described e.g. in Eberlein and Kallsen [21, Chap. 3.7],
these prices can under mild conditions on the Lévy triplets be expressed efficiently
by (ReLU) neural networks, also for high dimensions. The result covers in particular
rather general, multivariate correlation structure in the jump part of the Lévy process,
for example parametrised by a so-called Lévy copula; see Kallsen and Tankov [36],
Farkas et al. [24], Eberlein and Kallsen [21, Chap. 8.1] and the references there. This
extends, at least to some extent, the theoretical foundation to the widely used neural-
network-based non-parametric option pricing methodologies to market models with
jumps.

We prove two types of results on DNN expression rate bounds for European op-
tions in exponential Lévy models, with one probabilistic and one “deterministic”
proof. The former is based on concepts from statistical learning theory and pro-
vides for relevant payoffs (baskets, call on max, ...) an expression error O(¢) with
DNN sizes of O(¢~2) and with constants implied in O(-) which grow polynomially
in d, thereby overcoming the curse of dimensionality. The latter bound is based on
parabolic smoothing of the Kolmogorov equation and allows us to prove exponential
expressivity of prices for positive maturities, i.e., an expression error O(g) with DNN
sizes of O(|loge|*) for some a > 0, albeit with constants implied in O(-) possibly
growing exponentially in d.

For the latter approach, a certain non-degeneracy is required for the symbol of the
underlying Lévy process. The probabilistic proof of the DNN approximation rate re-
sults, on the other hand, does not require any such assumptions. It only relies on the
additive structure of the semigroup associated to the Lévy process and on existence
of moments. Thus the results proved here are specifically tailored to the class of op-
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618 L. Gonon, C. Schwab

tion pricing functions (or more generally expectations of exponential Lévy processes)
under European-style, plain vanilla payoffs.

The structure of this paper is as follows. In Sect. 2, we review terminology, ba-
sic results and financial modelling with exponential Lévy processes. In particular,
we also recapitulate the corresponding fractional, partial integro-differential Kol-
mogorov equations which generalise the classical Black—Scholes equations to Lévy
models. Section 3 recapitulates notation and basic terminology for deep neural net-
works to the extent required in the ensuing expression rate analysis. We focus mainly
on so-called ReLLU DNNs, but add that corresponding definitions and also results
hold for more general activation functions. In Sect. 4, we present a first set of DNN
expression rate results, still in the univariate case. This is, on the one hand, for pre-
sentation purposes, as this setting allows lighter notation, and for introducing mathe-
matical concepts which will be used subsequently also for contracts on possibly large
basket of Lévy-driven risky assets. We also present an application of the results to
neural-network-based call option pricing. Section 5 then has the main results of the
present paper: expression rate bounds for ReLU DNNs for multivariate, exponential
Lévy models. We identify sufficient conditions to obtain expression rates which are
free from the curse of dimensionality via mathematical tools from statistical learn-
ing theory. We also develop a second argument based on parabolic Gevrey-regularity
with quantified derivative bounds, which even yield exponential expressivity of ReLU
DNN:gs, albeit with constants that generally depend on the basket size in a possibly ex-
ponential way. Finally, we develop an argument based on quantified sparsity in poly-
nomial chaos expansions and corresponding ReLU expression rates from Schwab and
Zech [49] to prove high algebraic expression rates for ReLU DNNs with constants
that are independent of the basket size. We also provide a brief discussion of recent,
related results. We conclude in Sect. 6 and indicate several possible generalisations
of the present results.

2 Exponential Lévy models and PIDEs
2.1 Lévy processes

Fix a complete probability space (€2, F, P) on which all random elements are defined.

We start with the univariate case. We recall that an R-valued continuous-time pro-
cess (X;)s>0 is called a Lévy process if it is stochastically continuous, has almost
surely RCLL sample paths, satisfies X( = 0 almost surely and has stationary and in-
dependent increments. See e.g. Bertoin [10, Sect. I.1], Sato [48, Definition 1.6] for
discussion and for detailed statements of definitions.

It is shown in these references that a Lévy process (LP for short) X is characterised
by its so-called Lévy triplet (o2, y, v), where 0 > 0, y € R and v is a measure on
(R, B(R)) with v({0}) = 0, the so-called jump measure or Lévy measure of the LP X
which satisfies fR (x2 A 1) v(dx) < oco. For more details on both univariate LPs and
the multivariate situation, we refer to [48, Chap. 2].

As in the univariate case, multivariate (R¢-valued) LPs X9 are completely de-
scribed by their characteristic triplet (A4, y?, v?), where y? € R is a drift vector,
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DNN expression rates for high-dimensional exp-Lévy models 619

A? € R?*4 is a symmetric, nonnegative definite matrix denoting the covariance ma-
trix of the Brownian motion part of X? and v? is the Lévy measure describing the
jump structure of X¢.

To characterise the dependence structure of a Lévy process, the drift parameter 3¢
does not play a role. The dependence structure of the diffusion part of X¢ is charac-
terised by A?. Since the continuous part and the jump part of X¢ are stochastically
independent, the dependence structure of the jump part of X¢ is characterised by the
Lévy measure v¢.

In Kallsen and Tankov [36], a characterisation of admissible jump measures v for
R¢-valued LPs X¢ has been obtained as superposition of marginal, univariate Lévy
measures with a so-called Lévy copula function.

2.2 Exponential Lévy models

In this article, we are interested in estimating expression rates of deep neural net-
works for approximating the function s — E[¢(sST)], where S is an exponential of
a d-dimensional Lévy process and ¢ : RY — R an appropriate function. The key mo-
tivation for studying such expectations comes from the context of option valuation.
Thus, we now outline this relation and always use the language of option pricing,
i.e., we refer to these expectations as option prices and to ¢ as the payoff. This inter-
pretation is justified if S is a martingale, and we state below conditions on the Lévy
process that guarantee this.

Let the R-valued stochastic process (S;);c[0,7] model the price of one risky finan-
cial asset. Here T € (0, co) is a fixed, finite time horizon. An exponential Lévy model
assumes that S; = Spe’'t%1, 1t € [0, T], where r € R denotes the (constant) interest
rate. The model could be specified either under a real-world measure or directly under
arisk-neutral measure (constructed using the general change of measure result in Sato
[48, Theorems 33.1 and 33.2] of which the Esscher transform in Gerber and Shiu [25]
is a particular case, or by minimising certain functionals over the family of equivalent
martingale measures; see for instance Jeanblanc et al. [35], Esche and Schweizer [23]
and the references therein). The latter situation means that (S;e™"")sef0,77 is a mar-
tingale, which is equivalent to the condition on the Lévy triplet of X (see e.g. Hilber
et al. [32, Lemma 10.1.5]) that

0'2 )
y=—7- / (€ =1 =y Iyy<ivdy), / e’v(dy) <oo.  (2.)
R (Iyl>1)

For a d-dimensional Lévy process X d [48, Theorem 25.17] shows that the multivari-
d d
ate geometric Lévy process (X1, ..., eX'vd),Zo is a martingale if and only if

/ eivldy) <oco  fori=1,....d,
{Iyl>1)
(2.2)
Al ) 4
v =—# —f @ —1—ylyy<ipvi(dy)  fori=1,....d.
R4

This condition ensures that the functions defined in (2.3) and (5.1) below represent
option prices. However, the condition is not needed for the proof of the results later,
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620 L. Gonon, C. Schwab

and so we do not need to impose (2.1) or (2.2) in any of the results proved in the
article. We shall, however, impose certain moment or regularity conditions.

For more details on exponential Lévy models, with particular attention to their use
in financial modelling, we refer to Cont and Tankov [16, Chap. 11], Lamberton and
Mikou [38] and Eberlein and Kallsen [21, Sect. 8.1] and the references there.

2.3 PIDEs for option prices

Let us first discuss the case of a univariate exponential Lévy model. For the multi-
variate case, we refer to Sect. 5 (cf. (5.1) and (5.14) below).

Consider a European-style option with payoff function ¢: (0, co) — [0, 0o) and
at most polynomial (pth order) growth at infinity. Assume for this subsection that
(2.1) is satisfied.

The value of the option (under the chosen risk-neutral measure) at time ¢ € [0, T']
is given as the conditional expectation C; = E[e™" (T_’)go(ST)l]:t] with the o-field
Fr=0(Sy :ve€][0,t]). By the Markov property, C; = C(t, S;) and so, switching to
time-to-maturity t =T — ¢, u(t,s) = C(T — 7, 5), we can rewrite the option price as

u(zr,s) =E[le " @(ST)|S; =s5]= E[e_”go(s exp(rt + Xr))] 2.3)

for T € [0,T], s € (0, 00), where the second step uses that X7 — X; is independent
of X; and has the same distribution as X7_;. If the payoff function ¢ is Lipschitz-
continuous on R and the Lévy process fulfils either o > 0 or a certain non-degeneracy
condition on v, then u is continuous on [0, T") x (0, co), C120on (0,T) x (0, 00) and
satisfies the linear, parabolic partial integro-differential equation (PIDE for short)

o252 9%u

2 9s2

8u( ) Bu( )
—(t,8) —rs—(t,5) —
ot as

(tv S) - VM(T,S)
! ou
— / (u(r, se’) —u(z,s) — s’ —1)—(z, s))v(dy) =0 2.4)
R as

on [0, T) x (0,00) with initial condition u(0, -) = ¢; see for instance Cont and
Voltchkova [18, Proposition 2]. If the non-degeneracy condition on v is dropped,
one can still characterise u (transformed to log-price variables) as the unique viscos-
ity solution to the PIDE above. This is established e.g. in [18] (see also Cont and
Voltchkova [17, Proposition 3.3]). For our purposes, the representation (2.3) is more
suitable. However, by using this characterisation (also called Feynman—Kac represen-
tation for viscosity solutions of PIDEs; see Barles et al. [2]), the results formulated
below also provide DNN approximations for PIDEs. Finally, note that the interest
rate » may also be directly modelled as a part of X by modifying y. To simplify the
notation, we set » = 0 in what follows. We also remark that all expression rate results
hold verbatim for assets with a constant dividend payment (see e.g. Lamberton and
Mikou [38, Eq. (3.1)] for the functional form of the exponential Lévy model in that
case).
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DNN expression rates for high-dimensional exp-Lévy models 621

3 Deep neural networks (DNNs)

This article is concerned with establishing expression rate bounds of deep neural net-
works (DNNs) for prices of options (and the associated PIDEs) written on possibly
large baskets of risky assets whose log-returns are modelled by a multivariate Lévy
process with general correlation structure of jumps. The term “expression rate” de-
notes the rate of convergence to 0 of the error between the option price and its DNN
approximation. This rate can be directly translated to quantify the DNN size required
to achieve a given approximation accuracy. For instance, in Theorem 5.1 below, an
expression rate of ! is established and one may even choose q = 2 in many relevant
cases. We now give a brief introduction to DNNSs.

Roughly speaking, a deep neural network (DNN for short) is a function built by
multiple concatenations of affine transformations with a (typically nonlinear) acti-
vation function. This gives rise to a parametrised family of nonlinear maps; see for
example Petersen and Voigtlaender [44] or Buehler et al. [14, Sect. 4.1] and the ref-
erences there.

Here we follow current practice and refer to the collection of parameters @ as
“the neural network” and denote by R(®) its realisation, that is, the function defined
by these parameters. More specifically, we use the following terminology (see for
example Opschoor et al. [42, Sect. 2]). We first fix a function o: R — R (referred to
as the activation function) which is applied componentwise to vector-valued inputs.

Definition 3.1 Let d, L € N. A neural network (with L layers and d-dimensional
input) is a collection

® = ((A1,b1), ..., (AL, b1)),

where Ng =d, N; € N, A; e RNixNi-1t b e RNi fori =1,...,L and (A;, b;) are
referred to as the weights of the ith layer of the NN. The associated realisation of ®
is the mapping

R(®): R > RV, x5 R(®)(x) = Arxi_1 + b,
where x7_1 is given as
X0==x, x¢=0(A¢x¢—1+bg) fort=1,...,L—1.

We call M;(®) =1Ajllo+ |Ibjllo, with || - [lo being the number of non-zero entries
in -, the number of (non-zero) weights in the jth layer and M (®) = Z,L-=1 M;(®P)
the number of weights of the neural network ®. We also refer to M (®P) as the size
of the neural network, write L(®) = L for the number of layers of ® and refer to
No(®) = Ny, as the output dimension.

We refer to Opschoor et al. [42, Sect. 2] for further details.

The following lemma shows that concatenating n affine transformations with dis-
tinct neural networks and taking their weighted average can itself be represented as
a neural network. The number of non-zero weights in the resulting neural network
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622 L. Gonon, C. Schwab

can be controlled by the number of non-zero weights in the original neural networks.
The proof of the lemma is based on a simple extension of the full parallelisation op-
eration for neural networks (see [42, Proposition 2.5]) and refines Grohs et al. [29,
Lemma 3.8].

Lemma 3.2 Let d,L,n € N and let ', ..., ®" be neural networks with L layers,
d-dimensional input and equal output dimensions. Let D1, ..., D, be d x d-matrices,
Cly...,Cp € RY and wi, ..., wy € R. Then there exists a neural network  such that

R()(x) =Y wR(®)(Dix +c;) forallx e R (3.1)

i=1

and M;(y) <Y 7, Mj(CIDi)for j=2,...,L.If in addition Dy, ..., D, are diago-
nal matrices and cy = --- =c¢, =0, then M () < Z?:] M (D).

Proof Write fori =1,...,n
' = ((A}, b)), ... (AL, b))

and define the block matrices

AlD, Alcy +b]
+1 __ . +1 __ .

A= | by = : ,
Al D, Alcy + !
1 1
40 b

A'Jz+1= , b7+1= : for j=2,...,L—1,

n n

0 A" v

A = (wiAL o w,Al), BT =wib] 4 4 wab].

Set yr = (AT, BTy, (AT b0 Y). Thenfor £ € {1,..., L — 1} and x € RY,
it is straightforward to verify that x, has a block structure (with subscripts indicating
the layers and superscripts indicating the blocks)

1
Xy

xe=1 : 1,
n
X

with x} = (A} (Djx + ¢;) + b)), x) = o(Alx)_| + b)) for£=2,...,L — 1 and

n
ROY)() = ATy + b5 = wi (Al x) |+ b)),

i=1
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DNN expression rates for high-dimensional exp-Lévy models 623

Hence (3.1) is satisfied and
M) =M;(@" )Y+ -+ M;@") forj=2,...,L—1,
My (Y) < Mp(DY) L, 20y + - - + ML(®") L, 20)-

If i_n addition Dl,...,Dn are diagonal matrices and c; = --- = ¢, = 0, then
A} Dillo = A} llo and therefore M;(y) = Mi(®') + .-« + M{(®"). Thus in
this situation, M(y) = Y7, M;(¥) < Y5 Y0 Mj(®) = Y M(®'), as
claimed. O

4 DNN approximations for univariate Lévy models

We study DNN expression rates for option prices under (geometric) Lévy models
for asset prices, initially here in one spatial dimension. We present two expression
rate estimates for ReLLU DNNs, which are based on distinct mathematical arguments;
the first, probabilistic argument builds on ideas used in recent works by Gonon et al.
[27], Beck et al. [7] and the references there. However, for the key step of the proof,
a different technique is used, which is based on the Ledoux—Talagrand contraction
principle (see Ledoux and Talagrand [39, Theorem 4.12]) and statistical learning.
This new approach is not only technically less involved (in comparison to e.g. the
techniques used in [27]), but also allows for weaker assumptions on the activation
function; see Proposition 4.1 below. Alternatively, under stronger hypotheses on the
activation function, one can also rely on [27, Lemma 2.16]; see Proposition 4.4 be-
low. The probabilistic arguments result in, essentially, an expression error O(¢g) with
DNN sizes of O(e~2). The second argument draws on parabolic (analytic) regularity
furnished by the corresponding Kolmogorov equations and results in far stronger, ex-
ponential expression rates, i.e., with an expression error O(e) with DNN sizes which
are polylogarithmic with respect to 0 < ¢ < 1. As we shall see in the next section,
however, the latter argument is in general subject to the curse of dimensionality.

4.1 DNN expression rates: probabilistic argument
We fix 0 < a < b < oo and measure the approximation error in the uniform norm
on [a, b]. Recall that M (®) denotes the number of (non-zero) weights of a neural

network ® and R(®) is the realisation of ®. Consider the following exponential
integrability condition on the Lévy measure v: for some p > 2,

/ ePv(dy) < oo. 4.1
{lyl>1}

Furthermore, for any function g, we denote by Lip(g) the best Lipschitz constant
for g.

Proposition 4.1 Suppose the moment condition (4.1) holds. Suppose further the pay-
off ¢ can be approximated by neural networks, i.e., given a payoff function s — ¢(s),
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624 L. Gonon, C. Schwab

there exist constants ¢ > 0, ¢ > 0 such that for any ¢ € (0, 1], there exists a neural
network ¢ with

lp(s) —R(¢e)(s)| < ec(1 +[s]), s € (0, 00), (4.2)
M(¢e) <ce™, (4.3)
Lip(R(¢)) <c. 4.4

Then there exist k € [c, 0) (depending on the interval [a, b]) and neural networks
Ve, € € (0, 11, such that for any target accuracy ¢ € (0, 1], the number of weights
is bounded by M (V) < ke =>4 and the approximation error between the neural
network o and the option price u from (2.3) is at most ¢, that is,

sup [u(T,s) —R(Pe)(s)| <e.

s€la,b]

Remark 4.2 In relevant examples such as e.g. plain vanilla European options, the pay-
off can be represented exactly as a neural network ¢. Then one can choose ¢ = ¢ for
all ¢ € (0, 1] and so (4.2)—(4.4) are satisfied with g =0, ¢ = max{M (¢), Lip(R(¢))}.
Examples include call options, straddles and butterfly payoff functions (when o is the
ReLU activation function given by x — max{x, 0}).

Remark 4.3 In Proposition 4.1, the time horizon T > 0 is finite and fixed. As is evi-
dent from the proof, the constant k¥ depends on 7.

Proof of Proposition 4.1 Let ¢ € (0, 1] be the given target accuracy and fix & € (0, 1]
(to be specified later). Denote ¢ = ¢;. First, (4.2) and (4.4) show for any s € (0, 00)
that

lp(s)] = lp(s) —R(@)(s)| + [R(@)(s) —R(#)(0)| + [R(¢)(0)]
< éec(I+s]) +cls| + [R($)(0)].

Thus ¢ is at most linearly growing at co. Hence we obtain E[¢(seX7)] < oo since
even the second exponential moment is finite, i.e.,

E[e*X7] < 00, 4.5)

due to the assumed integrability (4.1) of v and Sato [48, Theorem 25.17].
Now recall that

u(T, s) =E[p(seXT)].
Combining this with assumption (4.2) yields for all s € [a, b] that
lu(T, s) — E[R(¢)(se*T)]| < E[|p(se*T) — R(¢)(se*T)|]
<&c(l+Is|E[e*T]) < &y (4.6)

with the constant ¢; = ¢(1 + bE[eXT]) being finite due to (4.5).
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In the second step, let X 1 .., X" denote n i.id. copies of X and introduce an
independent collection of Rademacher random variables ¢1, . .., &,. This means that
1, ..., &, are i.i.d., take the values £1 with probabilities % each and are independent
of all other random variables introduced before. Write f(s) = R(¢)(s) — R(¢)(0) for
s € (0, 00). Note that the mapping R" x R" 5 (x, y) = supsciq.p; | Y ke Vi f (s
is Borel-measurable, because the supremum over s € [a, b] equals the supremum
over s € [a,b] N Q due to continuity of f. The same reasoning guarantees that the
suprema over s € [a, b] in (4.7) and (4.8) below are indeed random variables.

Using independence and a standard symmetrisation argument (see for example
Boucheron et al. [12, Lemma 11.4]), we obtain

1 n
IE[ sup [E[R(@)(seX)] — ~ Y R(@)(s¢*T) ]
s€la,b] n k=1
< 2E[ sup Zekf(se ) ] 4.7
sela,b] 1 1

Elementary properties of conditional expectations in the first step and Ledoux and
Talagrand [39, Theorem 4.12], with T in that result chosen as

={teR": 1y =se",...,t, =se™ for some s € [a, b]},

.......

in the second step show that

Les[l;pb Zekf(se T)}
=25 [Saswl]

ZETxl ,,,,, o k=1

§%Lip(R(¢))E[E[ sup ‘iaktku

tETxl ,,,,, o k=1

x1=X1T,...,x,L=X’;:|

n

= fLip(R((j)))IE[ sup Zeksexl; :|
n s€la,b] k=1
= P Lip(r) [ nge } @.38)

On the other hand, using Jensen’s inequality, independence and E[e;e,] = 8k ¢ yields

n n
]E|: Zekexkr } §]E|: nge>¢
k=1 k=1

291/2 n L\ 12
i| :<ZE[62XT]> Z\/EIE[EZXT]I/2.
k=1
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Combining this with (4.7), (4.8) and (4.4), we obtain that

]E|: sup
s€la,b]

E[R($)(se*7)] — = ZR(«s)(se "

} =< 7 4.9)

with ¢ = 4bcE[e?X711/2, which is finite again due to (4.5).
In a third step, we now apply Markov’s inequality and then insert (4.9) to estimate

P E[R($)(se*7)] — R(¢)(se*h)| = }
e e R
< ME[ sup |E[R(@)(se*)] — lZR(cﬁ)(seX’%) ] <2 (4.10)
3¢ s€la,b] n =1 3
This proves in particular that
P E[R X1—-) 'R T ] 0.
[gilipb [R(¢)(se*™)] Z (@) (se*T)| < 7
Therefore there exists w € Q with
sup E[R(¢>)(seXT)]—12R(¢)(se"kr<w>) <= (4.11)
s€la,b] n

k=1

Lemma 3.2 proves that s % 22’:1 R(d))(sexkf (‘”)) is itself the realisation of a neural
network 1/~/ with M (1/7) <nM/(¢), and hence we have proved the existence of a neural
network i with

. 2
sup IE[R(#)(seXT)] — R (5)| < 2- 4.12)
sela,b] Jn

The final step consists in selecting € = e(c] + DL choosing n = [(2cz§_1)21, set-
ting ¥, = ¥, noting (with x = c(1 + 40%)(01 + 1)219) that

M@We)=M@) <nM @) < (1+ Qe H)?)cE ™ < c(1 +4c3)e 21 = ke 71
and combining (4.12) with (4.6) to estimate

sup [u(T,s) —R(Ye)(s)]

s€la,b]

< sup |u(T,s) —E[R(¢)(se*T)]|+ sup |E[R(¢)(se*T)] —R(W)(s)]
s€la,b] s€la,b]

<&(c1+1)=e. O
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Proposition 4.4 Consider the setting of Proposition 4.1, but instead of (4.4) assume
that R(¢.) is C' and there is a constant ¢ > 0 such that for every s € (0, 00), we have

IR(¢:) ()] <c. (4.13)

Then the assertion of Proposition 4.1 remains valid.

Proof We present two different approaches to prove Proposition 4.4. The first com-
bines (4.13) with the mean value theorem to obtain that (4.4) is satisfied. Hence,
Proposition 4.1 can be applied. The second approach is based on a different tech-
nique to obtain (4.9). First, let us verify that (4.13) and (4.2) yield a linear growth
condition for R(¢,). Indeed, we may use the triangle inequality to estimate for any
e€(0,1], s € (0, 00) that

IR(¢¢)(5)] < [R(¢e)(s) — R(Be)(0)] + [R($)(0) — 9(0)| + |9(0)]
< max{c, [@0)[}(1 +[s]). (4.14)

Now the same proof as for Proposition 4.1 applies; only the second step needs to be
adapted. In other words, we prove the estimate (4.9) with a different constant ¢, by
using a different technique.

To do this, we again let X', ..., X" denote  i.i.d. copies of X. Applying Gonon

et al. [27, Lemma 2.16] (with random fields & (s, @) = R(¢)(s¢X7@), k=1,...,n,
which satisfy the hypotheses of [27, Lemma 2.16] thanks to (4.5) and (4.13)) in the
first inequality and using (4.13) and (4.14) for the second inequality then proves that

)

L sup (E[R(@®)(seX)P1V% + (b — a)E[R(¢) (seXT)eXT 2]1/2)

n sela,b]

_ 32max{c, lp(0)}v/e
N Vn

which is a bound as in (4.9) with constant

IE|: sup
s€la,b]

1 n .
E[R($)(se* )] - Y R(@)(se*T)
k=1

(1 +bE[XXT1V/2 4 (b — a)E[e*¥7]"/2),

2 = 32max{c, | (0)|}/e(1 + bE[e*XT1V% + (b — a)E[e*XT]1/?). O

Remark 4.5 The architecture of the neural network approximations constructed using
probabilistic arguments in Proposition 4.1, Proposition 4.4 and also Theorem 5.1
below differ from architectures obtained by analytic arguments; see Proposition 4.8
and Theorem 5.4 below. While the neural networks in the latter results are deep in
any situation, the architecture of the neural networks in the former situation depends
heavily on the architecture of the neural network ¢, used to approximate the payoff
function ¢. Therefore, in certain simple situations, the approximating neural network
Y. may be a shallow neural network, that is, a neural network with only L = 2 layers.
For example, by (4.6) or (2.3), the function ¢ is specified in the variable s > 0 and
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not in the log-return variable x. This implies e.g. for a plain vanilla European call
that ¢(s) = (s — K)* must be emulated by a ReLU NN, which can be done using the
simple 2-layer neural network ¢o = ((1, —K), (1, 0)), that is, R(¢g) =

4.2 DNN expression of European calls

In this section, we illustrate how the results of Proposition 4.1 can be used to bound
DNN expression rates of call options on exponential Lévy models.

Suppose we observe call option prices for a fixed maturity 7 and N different
strikes K1,..., Ky > 0. Denote these prices by é(T, Kl),...,é’(T, Ky). A task
frequently encountered in practice is to extrapolate from these prices to prices corre-
sponding to unobserved maturities or to learn a non-parametric option pricing func-
tion. A widely used approach is to solve

1 C(T, K;)
m1n—;(T — ¢(So/Ki )) (4.15)

Here H is a suitable collection of (realisations of) neural networks, for example all
networks with an a-priori fixed architecture. In fact, many of the papers listed in the
recent review by Ruf and Wang [47] use this approach or a variation of it, where for
example an absolute value is inserted instead of a square or é(T, K;)/K; is replaced
by C(T, K;) and S/K; by K;.

In this section, we assume that the observed call prices are generated from an (as-
sumed unknown) exponential Lévy model and H consists of ReLU networks. Then
we show that the error in (4.15) can be controlled and that we can give bounds on
the number of non-zero parameters of the minimising neural network. The following
result is a direct consequence of Proposition 4.1. It shows that O(e ~!) weights suffice
to achieve an error of at most ¢ in (4.15).

Proposition 4.6 Assume that
C(T, K;) =E[(ST — K] fori=1,...,N,

with St = Soexp(Xr) and X an (unknown) Lévy process satisfying (4.1). For any
k >0, ¢ € (0, 1], we let Hy ¢ denote the set of all (realisations of) neural networks
with at most ke~ non-zero weights and choose o(x) = max{x, 0} as activation func-
tion. Then there exists k € (0, 00) such that for all € € (0, 1],

min — ; (C(TTZK) — ¢(So/Ki )) <e.

Proof First, choose the interval [a, b] by setting @ = min{Sy/K1, ..., So/Ky} and
b = max{So/K1, ..., So/Ky}. We note that the function ¢(s) = (s — 1) can be
represented by the 2-layer neural network ¢9 = ((1, —1), (1, 0)), that is, R(¢o) =

Thus Proposition 4.1 can be applied (with ¢ = ¢ for all ¢ € (0,1] and g =0,
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DNN expression rates for high-dimensional exp-Lévy models 629

¢ = 3) and there exist ¥ € [3, 00) and neural networks s, § € (0, 1], such that for
any d € (0, 1], we have M (¢s5) < 872 and

‘S[uPb] lu(T,s) —R(¥s)(s)| <6

with (T, s) = E[(seXT — 1)*]. Therefore,
1 & (é(T, K:) )2
— Y —F— —RWs)(So/K)
N & K;

(u(T, So/K:) — R(5)(So/ K1) < 62
1

N

z|~

1

Setting & = 82 and noting R(s) € H,.. then finishes the proof. O

Remark 4.7 The proof shows that « is independent of N. This can also be seen by
observing that the result directly generalises to an infinite number of call options
with strikes in a compact interval K = [K, K] with K > 0, K < co. Indeed, let
be a probability measure on (K, B(K)). Then choosing s, § = &2 as in the proof of
Proposition 4.6 and a = So/f, b= So/K yields R(¥s) € Hy.. and

C(T,K 2
/ (¥ —R(Iﬁa)(So/K)> W(dK)
K K

= [T 50/8) =R S0/ K0 i) <.

4.3 ReLU DNN exponential expressivity

We now develop a second argument for bounding the expressivity of ReLU DNNs
for the option price u(t,s) solving (2.4) with initial condition u (0, s) = ¢(s). In
particular, in this subsection, we choose o(x) = max{x, 0} as activation function.

As in the preceding first, probabilistic argument, we consider the DNN expression
error in a bounded interval [a, b] with 0 < a < s < b < co. The second argument is
based on parabolic smoothing of the linear parabolic PIDE (2.4). This in turn ensures
smoothness of s — u(z, s) at positive times t > 0, i.e., smoothness in the “spatial”
variable s € [a, b] resp. in the log-return variable x = logs € [loga, logb], even for
non-smooth payoff functions ¢ (so in particular, binary options with discontinuous
payoffs ¢ are admissible, albeit at the cost of non-uniformity of derivative bounds at
T | 0). It is a classical result that this implies spectral, possibly exponential conver-
gence of polynomial approximations of u(t, -)|[a,p] in L°°([a, b]). As observed in
Opschoor et al. [43, Sect. 3.2], this exponential polynomial convergence rate implies
also exponential expressivity of ReLU DNNs of u(z, - )|[4.p] in L>([a, b]) for any
T>0.

To ensure smoothing properties of the solution operator of the PIDE, we require
additional assumptions (see (4.17) below) on the Lévy triplet (2, y, v). To formulate
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these, we recall the Lévy symbol i of the R-valued LP X as
o? » .
16 =58 iyt = [ @ < 1-iexlgapvdn,  EeR (@10

Proposition 4.8 Suppose that the symbol  of the LP X is such that there exist
p € (0, 1] and constants C; > 0,1 =1, 2, 3, such that for all £ € R, we have

Rey (£) > C1lE1, ¥ ()| < ColE[* + Cs. (4.17)

Then for every vg such that vop = ¢ o exp € L%(R), every 0 < t < T < 00, every
0 <a <b<ooandevery0 < e < 1/2, there exist neural networks ! which express
the solution u(t, -)|[q,p) to accuracy ¢, i.e.,

S[llpb] lu(r,s) —RW¥H (| <e.

Furthermore, there exists a constant C' > 0 such that with § = m > 1, we have
M@y <C'llogel®, L) < C'|loge|’|log(|loge).

Remark 4.9 A sufficient condition on the Lévy triplet which ensures (4.17) is as fol-
lows. Let X be a Lévy process with characteristic triplet (o2, y, v) and Lévy density
k(z), where v(dz) = k(z)dz satisfies the following:

1) There are constants _ > 0, B+ > 1 and C > 0 such that

—B-z| -1
e s < ,
k(z)<C
@) = L"S*Z, z>1.
2) Furthermore, there exist constants 0 < « < 2 and C+ > 0 such that
1
k(Z)§C+—|Z|1+a, 0<|z] <1.

3) If 0 =0, we assume additionally that there is a C_ > 0 such that

1 1

E(k(Z)—i_k(_Z))Zc_m]—W’ 0<|Z|<1
Then (4.17) is satisfied (see Hilber et al. [32, Lemma 10.4.2]). Here, p =1 if o >0
and otherwise p = «/2.

Proof of Proposition 4.8 The proof proceeds in several steps. First, we apply the
change of variables x = logs € R in order to leverage the stationarity of the LP
X for obtaining a constant coefficient Kolmogorov PIDE. Assumption (4.17) then
ensures well-posedness of the PIDE in a suitable variational framework. We then ex-
ploit that stationarity of the LP X facilitates the use of Fourier transformation; the
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lower bound on ¢ in (4.17) will allow deriving sharp, explicit bounds on high spa-
tial derivatives of (variational) solutions of the PIDE which imply Gevrey-regularity
of these solutions on bounded intervals [a, b] C (0, 00). Gevrey-regularity in turn
implies exponential rates of convergence of polynomial and deep ReL.U NN approx-
imations of s — u(t,s) for T > 0, whence we obtain the assertion of the theorem.
We recall that for § > 1, a smooth function x > f(x) is Gevrey-§-regular in an open
subset D C RY if f € C*(D) and for every compact set k C D, there exists C, > 0
such that for all @ € Ng and every x € k, we have |DY f(x)| < C,L“H](a!)‘s. Note
that § = 1 implies that f is real analytic in k. We refer to Rodino [46, Sect. 1.4] for
details, examples and further references.

We change coordinates to x = logs € (—o00, 00) so that v(7, x) = u(z, ¢*). Then
the PIDE (2.4) takes the form (see e.g. Matache et al. [40, Sect. 3], Lamberton and
Mikou [38, Sect. 3.1])

3
—————(y+r)a—v+A[v]+rv=0 in (0, T) x R, (4.18)
X X

where A denotes the integro-differential operator

Alv](z,x) = — /R (v(f,x +y) —v(r, x) - yg_:(fvx)]l{lyfl}) v(dy),
together with the initial condition
v(0, x) = p(e¥) = (p o exp) (x). (4.19)
Then C(t,s) = v(T —t,logs) satisfies
C(t, ) =E[e" " De(Sr)|F 1. (4.20)

Conversely, if C(t, s) in (4.20) is sufficiently regular, then v(r,x) = C(T — 1, ¢e") is

a solution of (4.18), (4.19) (recall that we assume » = 0 for notational simplicity).
The Lévy—Khintchine formula describes the R-valued LP X by the log-character-

istic function ¥ of the random variable X;. From the time-homogeneity of the LP X,

E[eiSXr] — e—f‘/f(é), vVt > 0. 4.21)

The Lévy exponent ¥ of the LP X admits the explicit representation (4.16).

The Lévy exponent ¥ is the symbol of the pseudo-differential operator — L, where
L is the infinitesimal generator of the semi-group of the LP X. Here A = —L is the
spatial operator in (4.18) given by

242 d
A[f](x)=—%d—)£(x)—yé(xHA[f](x). (4.22)

For f, g € C;°(R), we associate with the operator A the bilinear form
atf.9)= [ LI,
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The translation invariance of A (implied by stationarity of the LP X) in (4.22) and
Parseval’s equality (see Hilber et al. [32, Remark 10.4.1]) imply that v is the symbol
of A, ie.,

a(f.g) = /R VEFOFEEE, Vg e COR).

Here f(é) = (271)_% fR e ¢ f(x)dx, & € R, denotes the Fourier transform of f.
The assumption (4.17) on i implies continuity and coercivity of the bilinear form
a(-, -) on H?2(R) x HP/2(R) so that for vy € L*>(R), there exists a unique vari-
ational solution v € C([0, T]; L>(R)) N L%(0, T; H?/*(R)) of the PIDE (4.18) with
initial condition (4.19); see e.g. Eberlein and Glau [20].

Fix0 <t <T < ooand x € R. The variational solution v of (4.18), (4.19) satisfies

1
() == /R exp(ix€)D(t, £)de
- \/%—n /R exp(ixt) exp ( — T (6))§ 0 Rp(E)d.

For every k € Ny, Parseval’s equality implies with the lower bound in (4.17) that

fR |(DXv) (7, x)[dx = /R &% exp (— 2Ty (§))|Ig o exp(§)|*dE

< /R &% exp(—27C1|€]%°)|g o exp(€)|*dE.

An elementary calculation shows that for any m, k, u > 0, we have
m O\ "M/
max (nm exp(—/cn“)) = (—) . (4.23)
n>0 Kue

We use (4.23) with m =2k, k =2tCy, u = 2p and n = |£| to obtain

k/p
k 2 k 2
||(DXU)(T, .)”LZ(R) < 2'L'C1,0€ ||v0”L2(R)'

Taking square roots and using the (rough) Stirling bound k¥ < k!¢ valid for all k € N,
we obtain

1

k
1 r €1
I(DXv)(x, M2y < <<2‘L’C1p) ,,) kD% voll 2wy VT >0,Vk e N.

(4.24)
This implies with the Sobolev embedding theorem that for any bounded interval
I=[x_,x;+]CR, —00 < x_ < x4 <00, and for every fixed T > 0, there exist con-
stants C = C(x4,x_) > 0 and A(z, p) > 0 such that
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sup [(DXv)(x, x)| < C(A(z, p)) (k)Y ™20 yreN.

xel

This means that v(z, -)|; is Gevrey-§-regular with § = 1/ min{l, 2p}.

To construct the DNNs v+ in the claim, we proceed in several steps. We first use a
(analytic, in the bounded interval I = [x_, x; ] € R) change of variables s = exp(x)
and the fact that Gevrey-regularity is preserved under analytic changes of variables
to infer Gevrey-§-regularity in [a, b] C R4 of s — u(z,s), for every fixed t > 0.
This in turn implies the existence of a sequence (u(s)) p>1 of polynomials of degree
p € Nin [a, b] converging in WLoo([a, b]) to u(z, -) for T > 0 at rate exp(—b’pl/‘g)
for some constant b’ > 0 depending on a, b and on § > 1, but independent of p.
The asserted DNNs are then obtained by approximately expressing the u,, through
ReLU DNNSs, again at exponential rates, via Opschoor et al. [43]. The details are as
follows.

The interval s € [a, b] in the assertion of the proposition corresponds to the in-
terval x € [loga, logb] under the analytic (in the bounded interval [a, b]) change of
variables x = logs. As Gevrey-regularity is known to be preserved under analytic
changes of variables (see e.g. Rodino [46, Proposition 1.4.6]), also u(t, §)|se[q,5] 1S
Gevrey-é-regular, with the same index 6 = 1/min{1, 2p} > 1 and with constants in
the derivative bounds which depend on 0 < a < b < 0o, p € (0, 1], T > 0. In partic-
ular, for p > 1/2, u(t, s)|sefa,p) is real analytic in [a, b].

With Gevrey-§-regularity of s — u(t, s) for s € [a, b] established, we may invoke
expression rate bounds for deep ReLLU NNs for such functions. In Opschoor et al.
[43, Proposition 4.1], it was shown that for such functions in space dimension d = 1,
there exist constants C’ > 0, B’ > 0 such that for every N € N, there exists a deep
ReLU NN i zr with

soql 1
M(iin) <N, L(iy) < C/Nmm{i’m}log,/\/,
||lu — R(IZN)”WI.oo([_Ll]d) < C/CXp(— ,B/Nmin{Zl_S’d(S;-f—l})'

This implies that for every 0 < & < 1/2, a pointwise error of O(¢) in [a, b] can
be achieved by some ReLU NN ¢/ of depth O(| loge|®|log(|loge])|) and of size
O(|loge|?®). This completes the proof. |

4.4 Summary and discussion

For prices of derivative contracts on one risky asset whose log-returns are modelled
by an LP X, we have analysed the expression rate of deep ReLU NNs. We have pro-
vided two mathematically distinct approaches to the analysis of the expressive power
of deep ReLU NNs. The first, probabilistic approach furnishes algebraic expression
rates, i.e., pointwise accuracy ¢ > 0 on a bounded interval [a, b] is furnished with
DNNSs of size O(¢~7) with suitable g > 0. The argument is based on approximating
the option price by Monte Carlo sampling, estimating the uniform error on [a, b] and
then emulating the resulting average by a DNN. The second, “analytic” approach,
leverages regularity of (variational) solutions of the corresponding Kolmogorov par-
tial integro-differential equations and furnishes exponential DNN expression rates.
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That is, an expression error ¢ > 0 is achieved with DNNs of size O(|loge|) for suit-
able a > 0. Key in the second approach were stronger conditions (4.17) on the charac-
teristic exponent of the LP X, which imply, as we showed, Gevrey-§-regularity of the
map s — u(t, s) for suitable ¢ > 0. This regularity implies in turn exponential rates
of polynomial approximation (in the uniform norm on [a, b]) of s — u(z, s), which
is a result of independent interest, and subsequently, by emulation of polynomials
with deep ReLU NN, the corresponding exponential rates.

We remark that in the particular case § = 1, the derivative bounds (4.24) imply
analyticity of the map s — u(z, s) for s € [a, b] which implies the assertion also with
the exponential expression rate bound for analytic functions in Opschoor et al. [43].

We also remark that the smoothing of the solution operator in Proposition 4.8
accommodates payoff functions which belong merely to L2, as they arise e.g. in
particular binary contracts. This is a consequence of the assumption (4.17), which on
the other hand excludes Lévy processes with one-sided jumps. Such processes are
covered by Proposition 4.1.

5 DNN approximation rates for multivariate Lévy models

We now turn to DNN expression rates for multivariate geometric Lévy models. This
is a typical situation when option prices on baskets of d risky assets are of inter-
est, whose log-returns are modelled by multivariate Lévy processes. We admit rather
general jump measures, in particular with fully correlated jumps in the marginals, as
provided for example by so-called Lévy copula constructions in Kallsen and Tankov
[36].

As in the univariate case, we prove two results on ReLU DNN expression rates
of option prices for European-style contracts. The first argument is developed in
Sect. 5.1 below and overcomes in particular the curse of dimensionality. Its proof is
again based on probabilistic arguments from statistical learning theory. As exponen-
tial LPs X¢ generalise geometric Brownian motions, Theorem 5.1 generalises several
results from the classical Black—Scholes setting, and we comment on the relation of
Theorem 5.1 to these recent results in Sect. 5.2. Owing to the method of proof, the
DNN expression rate in Theorem 5.1 delivers an e-complexity of O(s~2), achieved
with potentially shallow DNNs; see Remark 4.5.

The second argument is based on parabolic regularity of the deterministic Kol-
mogorov PIDE associated to the LP X¢. We show in Theorem 5.4 that polylogarith-
mic in & expression rate bounds can be achieved by allowing DNN depth to increase
essentially as O(|loge]). The result in Theorem 5.4 is, however, prone to the curse
of dimensionality: the constants implied in the O(-) bounds may (and in general
will) depend exponentially on d. We also show that under a hypothesis of sufficiently
large time ¢ > 0, parabolic smoothing allows overcoming the curse of dimensional-
ity, with dimension-independent expression rates which are possibly larger than the
rate furnished by the probabilistic argument (which is, however, valid uniformly for
allt > 0).

@ Springer



DNN expression rates for high-dimensional exp-Lévy models 635

5.1 DNN expression rate bounds via probabilistic arguments

We start by remarking that in this subsection, there is no need to assume ReLLU
activation.

The following result proves that neural networks are capable of approximating
option prices in multivariate exponential Lévy models without the curse of dimen-
sionality if the corresponding Lévy triplets (A4, y¢, v?) are bounded uniformly with
respect to the dimension d.

For any dimension d € N, we assume given a payoff ¢s: RY — R and a d-variate
LP X4, and we denote the option price in time-to-maturity by

ua(t,s) =E[a(s1exp(X? ), ... saexp(X? )], 1€[0,T],s € (0,00)".
5.1
We refer to Sato [48, Chap. 2] for more details on multivariate Lévy processes and to
Cont and Tankov [16, Chap. 11], Eberlein and Kallsen [21, Sect. 8.1] for more details
on multivariate geometric Lévy models in finance.

The next theorem is a main result of the present paper. It states that DNNs can
efficiently express prices on possibly large baskets of risky assets whose dynamics are
driven by multivariate Lévy processes with general jump correlation structure. The
expression rate bounds are polynomial in the number d of assets and therefore not
prone to the curse of dimensionality. This result partially generalises earlier work on
DNN expression rates for diffusion models in Elbréchter et al. [22], Grohs et al. [29].

Theorem 5.1 Assume that for any d € N, the payoff ¢4: R? — R can be approxi-
mated well by neural networks, that is, there exist constants ¢ >0, p>2,4,q >0
and for all ¢ € (0, 1], d € N, there exists a neural network ¢, g with

|90a(s) — R(¢e.a) ()] <ecdi(1+s|?)  foralls e (0,00), (5.2)
M($e.a) < cde™, (5.3)
Lip(R(¢e.0)) < cd?. (5.4)
In addition, assume that the Lévy triplets (A%, y?,v?) of X are bounded in the di-
mension, that is, there exists a constant B > 0 such that foreachd e N,i,j =1,...,d,
max {Afij, yid,f ePive(dy), y?vd(dy)} <B. (5.5)

{lyl>1} {lyl=1}

Then there exist constants k,p,q € [0,00) and neural networks ¢ 4, € € (0, 1],
d € N, such that for any target accuracy € € (0, 1] and for any d € N, the number
of weights grows only polynomially, i.e., M (s 4) < kdPe™9, and the approximation
error between the neural network . 4 and the option price is at most ¢, that is,

sup [ugq(T,s) —=R(Vea)(s)| <e.

s€la,b]d

Remark 5.2 The statement of Theorem 5.1 is still valid if we admit logarithmic
growth of B with d in (5.5).
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Remark 5.3 As in the univariate case (cf. Remark 4.2), in relevant examples of options
written on d > 1 underlyings (such as basket options, call on max/min options, put on
max/min options, ... ), the payoff can be represented exactly as a ReLU DNN. Thus
we may choose ¢ =0 in (5.3) and obtain q = 2 in Theorem 5.1 (cf. (5.12) below).

Proof of Theorem 5.1 Let ¢ € (0, 1] be the given target accuracy and consider
€ € (0, 1] (to be selected later). To simplify notation, we write for s € [a, b

d
seXT = (Sl exp(X‘%,l), <es8d exp(X%d))-

The proof consists of four steps:

— Step 1 bounds the error that arises when the payoff ¢, is replaced by the neural
network approximation ¢z 4. As a part of Step 1, we also prove that the pth exponen-
tial moments of the components X ‘% ; of the Lévy process are bounded uniformly in
the dimension d. ’

— Step 2 is a technical step that is required for Step 3; it bounds the error that
arises when the Lévy process is capped at a threshold D > 0. If we were to assume in
addition that the output of the neural network ¢z 4 were bounded (this is for example
the case if the activation function ¢ is bounded), then Step 2 could be omitted.

— Step 3 is the key step in the proof. We introduce n i.i.d. copies of (the capped
version of) X ‘% and use statistical learning techniques (symmetrisation, Gaussian and
Rademacher complexities) to estimate the expected maximum difference between the
option price (with neural network payoff) and its sample average. This is then used
to construct the approximating neural networks.

— Step 4 combines the estimates from Steps 1-3 and concludes the proof.

Step 1: Assumption (5.2) and Holder’s inequality yield for all s € [a, b]? that

ua(T, 5) — E[R($5.4)(s¢XT)]| < El|ga(s¢*T) — R(¢s.q) (seXT)]]

< Ecdi(1 +E[|seXT|P])

gcdd d axd \P/?
:Squ<1+E|:<Zsi2e T,i) i|>
i=1
d
Fed? (1 + bPIE|:d(p1)/2(Ze21’X?,i>1/2}>

i=1

IA

<gc ditarts (5.6)

with the constant ¢; = cmax{1, b”}(1 + sup, ; E[e”x%f]) and we used |- | <|-|1
in the last step. To see that c; is indeed finite, note that (5.5) and Sato [48, The-
orem 25.17] (with the vector w € R? in that result being pe;) imply that for any
deN,i=1,...,d, the exponential moment can be bounded as
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2

d p .

Ele?*Ti1=exp ( T(5 A%+ | (P —1— pyilgy=<ipv?(@y) + pyf
2 R4

3 2
<exp T(§B+/ (e — 1 — pyvi(dy)
{lyl=<1}

b e 1)vd<dy))>
{lyl>1}

5 2
<exp(T(Z-B + pler / yiv@y))
2 {Iyl<1}

sz 2.p
<exp <T<TB + pZe B) , 5.7

where the second inequality uses that |[e* — 1 — z| < 72e? forall z € [—p, p], which
can be seen e.g. from the (mean value form of the) Taylor remainder formula.

Step 2: Before proceeding with the key step of the proof, we need to introduce
a cut-off in order to ensure that the neural network output is bounded. Let D > 0
and consider the random variable X ‘;’D = min(X d, D), where the minimum is un-
derstood componentwise. Then the Lipschitz property (5.4) implies that

d,D
T

IER (¢5.4) (s¢XT)] — B[R (¢z.0) (s¢XT )| < cdTE[|seXT — 5¢X7" ]

d
- d,D
< bchE[ Y " jeXti — X '}

i=1

d
~ d
<bed? Yy B2 iy _p)]
i=1 ’

d
<2bed? Y E[X74)2PIXS, > D]/

i=1

d
<2 Pbedl Y B[]

i=1

<é&e Paitt, (5.8)

where ¢; =2bcexp(STpB + 2Te? pB) and we used | - | <| - |1, Holder’s inequality,
Chernoff’s bound and finally again Holder’s inequality and (5.7).

Step 3: Let X1,..., X, denote n i.i.d. copies of the random vector X‘;’D and
Z1, ..., Zyii.d. standard normal variables, independent of X1, ..., X,. For any sep-
arable class of functions X C C(R?; R), define the random variable (the so-called
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empirical Gaussian complexity)

G (H) = [ sup szﬂxk)\‘xl, s }
feH'n
Consider now fori =1, ..., d the function classes

Hi = {(—o0, D >x> sexp(x;): s € [a, b]}
and, with the notation s exp(x) = (s1 exp(x1), ..., sq exp(x4)), the class
={(=00, DI* 5 x > R(¢z.q) (s exp(x)) — R(¢z.0)(0): s € [a, b]"}.
Denoting by H € C((—o0, D]¢; R?) the direct sum of 4, ..., Hq, we have that
H=0H).

where ¢ = R(¢z.4)(-) — R(¢z,4)(0) is a Lipschitz function with Lipschitz con-

stant cd? (due to the hypothesis on the Lipschitz constant of the neural network
(5.4)), satisfies ¢(0) = 0 and is bounded on the range of H (which is contained in
[0, bexp(D)]d). Consequently, Bartlett and Mendelson [6, Theorem 14] implies that

d
Ga(M) <2¢d® " Gu(Hy). (5.9)
i=l

Let €1, ..., &, be an independent collection of Rademacher random variables. We
then estimate

.D 1 &
E[R@s) e )] = — 3 R(ge.a)(se™)

|

z > Zigp(se™)
n
k=1

]

IE|: sup

s€la,b]?

< ZE[ sup

s€la,b]?

lXjezczzﬁ(se’“)
k=1

< EZIE|: sup
s€la,b)?

]

=52]E[ sup ’ szf(xk)
feH

d
<2&¢d®y E[G,(H)]
i=1

4czcd‘1b Z IE|:

i=1

th

], (5.10)
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Here, the first inequality follows by symmetrisation (see for example Boucheron et al.
[12, Lemma 11.4]), the second follows from the comparison results on Gaussian and
Rademacher complexities (see for instance Bartlett and Mendelson [6, Lemma 4])
with some absolute constant ¢, and the third uses (5.9).

We note that the constant ¢, in (5.10) may be chosen as ¢; = 1/E[|Z;|] = /7 /2.
Indeed, setting G =o(¢q, ..., &, X1, ..., X,) and using independence yields

}

ZEnzng]am(seXk)

IE[Ile]E[ sup

s€la,b]d

L > exp(se’)

=E| sup
L sefa,bld 1T

1 n
E[ 2zl s

]
dl

=5[] sup 1f|zk|ek¢(se"k)|\gﬂ

sela,bld ' 2

Z Zig(se*)| |-
n
k=1

To further simplify (5.10), we now apply Jensen’s inequality and use independence
and E[Z; Z;] = 6k ¢ to derive fori =1, ..., d that

n n 2172 n 1/2
E[ Z ZkeXk.i } S E[ Z ZkeXk.i } — <ZE[62Xkl])
k=1 k=1 k=1

S\/r—l]E[e2X%i]l/25\/EE[er%i]l/p'

=E| sup

L se[a,b)?

=E| sup

L se[a,b)?

Combining this with (5.10) and (5.7), we obtain that

Czdz}Jrl
<
] T n

E[ sup

s€la,bld

d,D 1 &
E[R(¢z.a)(se™7 )] = — Y R(@e.a)(se™)
k=1
with ¢; =44/ /2cbexp(S5BTp/2 + BT pe?). By applying Markov’s inequality (see
(4.10) and (4.11)), this proves that there exists w € 2 with

262d(1+]

Jn

E[R(@z.4) (s )] - ZR(% 1) (s )| <

sup
s€la,b]?

Now we observe that s = 23"} R(¢z,q)(seX*(®)) is the realisation of a neural
network Il}g,d with M (&g,d) <nM ¢z q) (see Lemma 3.2). We have therefore proved
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that for arbitrary n € N, there exists a neural network IZg’d with

d.D . 20od9H!
sup |E[R(¢z.q)(se*T )] —RWz.a)(s)| <
se[a,h]d| [ e ] ¢ S| N

Step 4: In the final step, we now provide appropriate choices of the hyper-
parameters. We select ¢ = s(cld‘H%”Jr% +2)7!, choose n = [(2codit1E— 127,
D= log(é’ld‘i“él) and set ¥ 4 = Jfg,d. Then the total number of parameters of
the approximating neural network can be estimated, using assumption (5.3), as

5.11)

M (Ye.a) = MPz.a)
<nM(¢z.q4)
< (1 + Q2c2d™™ g2 a5
< (1 +4c3)ed>2g274
< ((1+4cd)c(c) +2)2H0)d T 2Pt D@ H3at2, =270 (5 1)

Thus the number of weights is bounded polynomially in d and ¢!, as claimed. Fi-
nally, we combine (5.6), (5.8) and (5.11) to estimate the approximation error as

sup |ugq (T, s) = R(Ye,a)(s)]

s€la,b]?

< sup (Jua(T.5) — E[R(e.0)se*D)]|

se[a’b]d
! “E[R(d)g’d)(sexg)] - E[R(%,d)(sexgﬁ)”

+ [E[R(@s.0)(5¢*T")] = R(Fz.0)(5)|)

202d’§+1

Jn

_ G4 1 1 ~ 5
<&c1dit2Pt2 4 Gle Pl +
_ Gl g1
<E(cdiTPtr +2) =g,
as claimed. O

The proof of Theorem 5.1 is very similar to the proof of Proposition 4.1. Steps 1
and 4 in the proof of Theorem 5.1 are essentially identical in both proofs. The key
difference is in Step 3: in the d-dimensional case we cannot use the comparison
theorem for Rademacher complexities in Ledoux and Talagrand [39, Theorem 4.12],
but instead need to use a comparison result for Gaussian complexities from Bartlett
and Mendelson [6, Theorem 14]. In the d-dimensional case, the truncation with D in
Step 2 is needed to guarantee that the hypotheses of [6, Theorem 14] are satisfied; in
the 1-dimensional case, this is not required for [39, Theorem 4.12].
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5.2 Discussion of related results

As recently there have been several results on DNN expression rates in high-dimen-
sional diffusion models, a discussion on the relation of the multivariate DNN ex-
pression rate result in Theorem 5.1 to other recent mathematical results on DNN
expression rate bounds is in order. Given that geometric diffusion models are partic-
ular cases of the presently considered models (corresponding to v¢ = 0 in the Lévy
triplet), it is of interest to consider to which extent the DNN expression error bound
in Theorem 5.1 relates to these results.

Firstly, we note that with the exception of Gonon et al. [27] and Elbrichter et
al. [22], previous results in the literature which are concerned with DNN approxi-
mation rates for Kolmogorov equations for diffusion processes (see e.g. Grohs et al.
[30], Berner et al. [9], Grohs et al. [29], Reisinger and Zhang [45] and the refer-
ences therein) study approximation with respect to the L”-norm (p < o0), whereas
in Theorem 5.1 we study approximation with respect to the L°°-norm, which requires
entirely different techniques. While the results in [22] rely on a specific structure of
the payoff, the proof of the expression rates in [27] has some similarities with the
proof of Theorem 5.1. However, the novelty in the proof of Theorem 5.1 is the use
of statistical learning techniques (symmetrisation, Gaussian and Rademacher com-
plexities) which allow weaker assumptions on the activation function than in [27]. In
addition, the class of PDEs considered in [27] (heat equation and related) is different
from the one considered in Theorem 5.1 (Black—Scholes PDE and Lévy PIDE).

Secondly, Theorem 5.1 is the first result on ReLU DNN expression rates for option
prices in models with jumps or, equivalently, for partial integro-differential equations
in non-divergence form

P _1 dp2 d
(T, x) = 2Trace(A Divq(t, x)) + Dyvgi(t,x)y

+ /]Rd (va(T, x +y) —va(r,x) — vad(f,X)y]l{|y|51})vd(dY),

va(0, x) = (@a o exp)(x) (5.13)
for x € RY, T > 0, or, when transformed from log-price variables x; to actual
price variables s; via (s1, ..., Sq) = (exp(x1), ..., exp(xq4)) (and with the convention
se¥ = (s1e’!, ..., 54€)),

d

d
1 -
Qua(z,8) = > D Af jsisj0s,05;ua (T, ) + 3 57 0y a7, )
i,j=1 i=1

d
+ / (ud(r, se) —uq(r.5) — Y si(e¥ — 1)dgua(z, s))v"(dy),
R4

i=1

uq(0,5) = @q(s) (5.14)

5 Ad.
for s € (0,00)¢, T > 0 and with 7/ =y + 5 + [pa(e’ — 1 — yi Ly <1)v?(dy)
(see for instance Hilber et al. [31, Theorem 4.1]). As in our assumptions also Al =0
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is admissible under suitable conditions on v¢, the present ReLU DNN expression
rates are not mere generalisations of the diffusion case, but cover indeed the case
of arbitrary pure jump models for both finite and infinite activity Lévy processes
satisfying (5.5).

In the case of X being a diffusion with drift, i.e., for vl =0, the Lévy PIDE
reduces to a Black—Scholes PDE. In this particular case, we may compare the re-
sult in Theorem 5.1 to the recent results e.g. in Grohs et al. [29]. The results in
the latter article are specialised to the Black—Scholes case in [29, Sect. 4], where
Setting 4.1 specifies the coefficients Al”.{ j (in our notation) as ,Blfj ,B;?(Bd(Bd)T),; j
for some B¢ € R, B¢ e R4 satisfying (Bd(Bd)T)k,k =1 for all d € N,
i,j,k=1,...,d and supy ; |ﬂfl| < 00. The coefficient yd is chosen as a? satisfy-
ing sup, ; |afl| < 00. Using that ¥ = B4(B4)T is symmetric and positive definite,
we obtain %; ; <,/%;;X; ; =1 and hence these assumptions imply that (5.5) is
satisfied. Therefore, the DNN expression rate results from [29, Sect. 4] can also be
deduced from our Theorem 5.1 in the case when the probability measure used to
quantify the L?-error in [29] is compactly supported, as in that case the L°°-bounds
proved here imply the L?-bounds proved in [29].

5.3 Exponential ReLU DNN expression rates via PIDEs

We now extend the univariate case discussed in Sect. 4.3, and prove an exponential
expression rate bound similar to Proposition 4.8 for baskets of d > 2 Lévy-driven as-
sets. In this subsection, we assume the ReLLU activation function o(x) = max{x, 0}.
As in Sect. 5.1, we admit a general correlation structure for the marginal pro-
cesses’ jumps. To prove DNN expression rate bounds, we exploit once more the
fact that the stationarity and homogeneity of the R?-valued LP X¢ imply that the
Kolmogorov equation (5.13) has constant coefficients. Under the provision that
vq(0, -) € Lz(Rd) holds in (5.13), this allows writing for every 7 > 0 the Fourier
transform Fy 04 (T, -) = U4(7, &) as

0a(t,§) =exp (— ¥ (§))04(0, §), EeR (5.15)

Here, for & € R?, the symbol is given by ¥ (§) = exp(—ixTé)A(ax) exp(ixTE) with
A(d,) denoting the constant coefficient spatial integro-differential operator in (5.13)
by Courrege’s second theorem (see e.g. Applebaum [1, Theorem 3.5.5]), and (4.21)
becomes

Elexp(i& " X9)] =exp (— ty/(£)), £ eRY. (5.16)

In fact, ¥ can be expressed in terms of the characteristic triplet (A%, y¢, v¥) of the
LP X as

1 .
¢($)=§$TA"E—1'STV"— Rl(e'ﬁ—1—isTyﬂ{|y‘gu>vd<dy>, £eRY.
(5.17)

We impose again the strong ellipticity assumption (4.17), but now with |£| understood
as |E|> = £ T & for £ € RY. Then, reasoning exactly as in the proof of Proposition 4.8,

@ Springer



DNN expression rates for high-dimensional exp-Lévy models 643

we obtain with C1 > 0 as in (4.17) for every T > 0 for the variational solution v, of
(5.13) the bound

k k/p
k 2 2
||(vad)<r,-)||L2(Rd)s(m> 1040, )2y VkENo  (5.18)

Here, Dl; denotes any weak derivative of total order k € Ny with respect to x € RY.

With the Sobolev embedding theorem, we again obtain for any bounded cube
14 =[x_,x41¢ CRY with —0o < x_ < x4 < 0o and for every fixed 7 > 0 that there
exist constants C(d) > 0 and A(t, p) > 0 such that

sup [(DXvg)(x, x)| < C(d)(A(r, p)) (k) ™n120) - wr e N, (5.19)

xeld

In (5.19), the constant C(d) is independent of x_, x4, but depends in general ex-
ponentially on the basket size (respectively the dimension) d > 2, and the constant
A(t, p) = 21C1p)~1/2P) denotes the constant from (5.18) and Stirling’s bound. If
o = 1 (which corresponds to the case of a non-degenerate diffusion part) and if T > 0
is sufficiently large (so that (2tC DY/@P) > 1), the constant is bounded uniformly
with respect to the dimension d. The derivative bound (5.19) implies that v, (z, -)|;a
is Gevrey-6-regular with § = 1/ min{l1, 2p}.

In particular, for § = 1, i.e., when p > 1/2, for every fixed t > 0, the function
X — vg(t, x) is real analytic in 4 which is the case we consider first. In this case,
we perform an affine change of coordinates to transform v4(z, -) to the real ana-
lytic function [—1, 119 5 % + v.(t, £). This function admits a holomorphic extension
to some open set O C C? containing [—1, 1]¢. By choosing ¢ > 1 (the “semiaxis
sums”) sufficiently close to 1, we obtain that & C O, i.e., v.(t, -) admits a holo-
morphic extension to £, where the Bernstein polyellipse £ € C4 is defined as the
d-fold Cartesian product of the Bernstein ellipse {(z +z71)/2: z € C, 1 < |z| < o).
More precisely, x — v;(7, x) admits, with respect to each co-ordinate x; € [x_, x]
of x, a holomorphic extension to an open neighborhood of [x_, x;] in C (see e.g.
Krantz and Parks [37, Sect. 1.2]). By Hartogs’ theorem (see e.g. Hormander [33,
Theorem 2.2.8]), for every fixed t > 0, the function x + v4(7, x) admits a holomor-
phic extension to a polyellipse in C¢ with foci at x_, x or, in normalised coordinates

£ =(T7' ), =20 — (= +x4)/2]/(x — x2), i=1,....d, (520

the map [—1,1]¢ 3 % — vy(t, T (X)) = ve(t, £) admits a holomorphic extension
to a Bernstein polyellipse & C C? with foci at £ = +1 and semiaxis sums
1 <o=0(A(x, p)_l). As t— A(r, ,o)_1 is increasing for every fixed value of p,
parabolic smoothing increases for p > 1/2 the domain of holomorphy with 7.

In the general case § = 1/min{l,2p} with p > 0 as in (4.17), ReLU DNN
expression rates of multivariate holomorphic (if p > 1/2) and Gevrey-regular (if
0 < p < 1/2) functions such as X + v.(z,x) have been studied in Opschoor et
al. [43]. The holomorphy or Gevrey-3-regularity of the map x + v.(z, x) implies
with [43, Theorem 3.6, Proposition 4.1] that there exist constants 8’ = 8/(0,d) > 0
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and C = C(uy,0,d) > 0 and for every N’ € N a ReLU DNN i/ : [—1, 19 > R
such that

| 1
M@n) <N,  Liiy) < CN™0 @7 1og & (5.21)
and such that the error bound
lve(z, ) —iip( ')||W1,00([_1,1]d) < Cexp(—ﬂ//\/min{%'ﬁ}) (5.22)

holds. Reversing the affine change of variables (5.20) in the input layer, we obtain
the following result on the e-complexity of the ReLU DNN expression error for
x> vg(t,x)atfixed0O <t <T.

Theorem 5.4 Assume that the symbol  of the R -valued LP X satisfies (4.17) with
|E|? = £ T € and some p € (0, 1]. For every g with vg(0, ) = @q o exp € L*(RY), for
every T > 0, on every closed, bounded hypercube I¢ = [x_, x.1* CR? and, respec-
tively, Jd = [s_, s+]d c (0, oo)d with s1 = exp(x+), the variational solutions vg of
the Kolmogorov PIDE (5.13) at T and uy(t, s) = vq(t,logs) can then be expressed
on 14, J¢ by ReLU DNNs Ud.e, Uq e at exponential rate. Specifically, there exists a
constant C = C(x_, x4, 68,d, ) > 0 such that with § = 1/ min{1, 2p} > 1, for every
0 < & <1/2, there exist ReLU DNNs V4 ¢, g, for which we have

sup [vg(7, x) — R(Va,e) (X)), sup |ugq(t,s) —R(ge)(s) <¢
xeld seJd

and
M (Bq.¢) + M(iig ) < C|loge|mx(28,3d+1)
L(34.4) + L(ig.e) < Clloge|’|log(|loge])|.

Here, the constants C = C(8,d, t) > 0 depend on I and J and, in general, exponen-
tially on the basket size d.

Proof The asserted bounds for R(vy ) follow by elementary manipulations from in-
sisting that the expression error bound (5.22) must equal ¢ € (0, 1/2] and subse-
quently inserting the resulting expression A =~ |loge|™®{23:34+1} into the bounds
(5.21) for the DNN size and depth.

The bounds for R(itg ) are then deduced from those for R(vs ) and the fact
that the transformation log : J¢ — I¢ (understood componentwise) is real analytic.
Hence it admits a holomorphic extension to an open neighbourhood of J¢ in C¥.
Then Opschoor et al. [43, Theorem 3.6], combined with the affine transformation
T:[-1, l]d - J d, implies that t}lgre are constants C, 8’ > 0 such that for every
N € N, there exists a ReLU DNN log A/ such that we have

M(ogy) <N,  L(iogy) < CNTH logy(\)
and the error bound

logoT — R(0gxr) o Tyt 130y < C exp(—B'NTHT), (5.23)
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For every N € N, the set 14 = R(logy)(J¥) Ulog(J?) € (=00, 00)? is compact
due to (5.23). For given ¢ € (0,1/2], we choose N € N as before. Using that

A/mintzs  5757) < NTL, this choice guarantees that Cexp(—ﬂ’/\/’ﬁ) <& in (5.23).
Then we define i4(z, -) =R(U4,¢)(-) o R(logyr)(-) and estimate

sup |ug(t,s) —uq(t,s)| = sup |vg(z, -) ologs —ug(z,s)]
seJd seJd

< sup |va(z, -) ologs — va(z, -) o R(Iogr) ()|
seJd

+ sup [va(z, -) o R(Iogpr) (s)

seJd
—R(04.6)(+) o Rlogp) (s)]

< l[va(®, lly1.00(jzy sup |logs —Rlogar)(s)]

seJd

+ sup [vg (7, x) — R(0a,) (x)]

xeld

<Ce.

Since the DNN size and depth are additive under composition of ReLU DNNs, the
assertion for ii4  follows (possibly adjusting the value of the constant C). 0

Remark 5.5 Some sufficient conditions on the characteristic triplet (A4, y¢, v¥) that

ensure (4.17) in the multivariate setting are as follows. Consider first the case when
the diffusion component is non-degenerate, i.e., A is positive definite. Then

1
Rey/ (£) = EsTAdé — /};@ , (cos(&"y) — vl (dy) = CilE %,
1 .
[y (&)] < 5|§A"§| + 16 Ty +/ €€y — 1 —ig T y[vd(dy)

{lyl=<1}
+2f vl (dy)
{lyl>1}

<ClE)P+Cs

for suitable choices of Ci, Cp, C3 > 0. In the case when A4 is not positive defi-
nite, we refer for instance to Eberlein and Glau [20, Sect. 7] and Hilber et al. [32,
Lemma 14.5.1] for sufficient conditions.

5.4 Breaking the curse of dimensionality
The result in Theorem 5.1 gives an ¢ expression error for DNNs whose depth and
size are bounded polynomially in terms of £ ~'d, for European-style options in mul-

tivariate exponential Lévy models. In particular, in Theorem 5.1, the curse of dimen-
sionality is proved to be overcome for a market model with jumps: a DNN expression
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rate is shown which is algebraic in terms of the target accuracy € > 0 with constants
that depend polynomially on the dimension d. The rates p, q € [0, 00) can be read
off from the proof of Theorem 5.1; however, these constants could be large, thereby
affording only low DNN expression rates.

Theorem 5.4, on the other hand, states exponential expressivity of deep ReLU
NNs, i.e., a maximum expression error at time t > 0 with accuracy ¢ > 0 can be
attained by a deep ReLU NN of size and depth which grow polylogarithmically with
respect to |loge|. This exponential expression rate bound is, however, still prone to
the curse of dimensionality (CoD).

In the present section, we further address alternative mathematical arguments on
how DNNs can overcome the CoD in the presently considered Lévy models. Specif-
ically, two mathematical arguments in addition to the probabilistic arguments in
Sect. 5.1 are presented. Both exploit stationarity of the LP X which implies (5.15),
(5.16), to obtain DNN expression rates free from the curse of dimensionality.

5.4.1 Barron space analysis

The first alternative approach to Theorem 5.1 is based on verifying, using (5.15),
(5.16), regularity of option prices in the so-called Barron space introduced in the
fundamental work of Barron [5]. It provides DNN expression error bounds with ex-
plicit values for p and q, however, in [5] only for DNNs with sigmoidal activation
functions o; similar results for ReLU activations are asserted in E and Wojtowytsch
[19]. For simplicity, we consider here a subset B of the Barron space. An integrable
function f : RY — R belongs to B if

”f”B:/Rd 11 (©)]dé < o. (5.24)

Recall that f denotes the Fourier transform of f. The explicit appearance of f
renders the norm || - || in (5.24) particularly suitable for our purposes due to
(5.15)—(5.17). As was pointed out in [5, 19], the relevance of the Barron norm || - ||5
stems from it being sufficient for dimension-robust DNN approximation rates. For
m € N, consider the two-layer neural networks f,,, given by

1 m
fu ROSR, x> = aio(w] x +bi) (5.25)
n i=1

with parameters (a;, wi, b;j) € R x R x R. Their relevance stems from the fol-
lowing result: If o is sigmoidal, i.e., bounded, measurable and o(z) — 1 as
7 — 00, 0(z) — 0 as z - —oo, then for f € I3 and for every R > 0, every probabil-
ity measure v on [—R, R]¢ and every m € N, there exist parameters {(a;, w;, b)Y,
such that for the corresponding DNN f,, in (5.25), we have

If = full L2 g gyd oy < max{1, Rym="/2| f|| 5. (5.26)

The bound (5.26) follows from Barron [5, Theorem 1], and was generalised in E and
Wojtowytsch [19, Eq. (1.3)] to ReLU activation.
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The bound in (5.26) is free from the CoD: the number N of parameters in the DNN
grows as O(md) so that m~12 < CN~1/24'/? with an absolute constant C > 0.

With (5.15), (5.16), for every t > 0, sufficient conditions for x + vg(7, x) to
belong to 3 can be verified. With (5.26), DNN mean-square expression rate bounds
of option prices that are free from the CoD follow.

Proposition 5.6 Assume that o(z) = ReLU(z) = max{z, 0} for z € R. Assume fur-
thermore that the payoff vy (0, -) in log-variables belongs to B. Then for every Tt > 0,
R > 0 and probability measure w on [—R, R]d, the price x — v4(t,x) can be ex-
pressed by a NN x — v4(t, x) of depth 2 and size m(d + 2) with m € N and error
bound

lva(z, ) = 8a (T, 2 g1z < max{l, Rym™"2va(0, -)l|.
Proof We observe that for every & € R?, the identity (5.16) with T = 1 shows that

exp (— Reyrxa(€)) = |exp (= ¥ya(®))| = [Elexp(is TXD)] < 1

and therefore Reyrya (§) > 0. From (5.15), (5.16), we obtain for t > 0 that

184 (7, &)| = |exp (= T¥xa (§))0a(0,£)] = exp (- TReyrya (§))184(0, §)|, VE € R”.

The payoff v;(0, -) in log-price belonging to B implies [|vg(0, -)||g < co. Using
Reyya(£) > 0, we find for every 7 > 0, & € RY that |04(z, £)| < |04(0, &)|. This
implies for every t > 0 that ||vg(z, - )| < |[va(0, -)||5. The approximation bound
(5.26) implies the assertion. 0

Pointwise, L°°-norm error bounds can be obtained by using [19, Eq. (1.4)].
5.4.2 Parabolic smoothing and sparsity of chaos expansions

The second non-probabilistic approach to Theorem 5.1 towards DNN expression er-
ror rates not subject to the CoD is based on dimension-explicit derivative bounds
of option prices, which allow in turn establishing summability bounds for gener-
alised polynomial chaos (gpc for short) expansions of these prices. Good summabil-
ity of gpc coefficient sequences is well known to imply high, dimension-independent
rates of approximation by sparse, multivariate polynomials. This in turn implies cor-
responding expression rates by suitable DNNs; see Schwab and Zech [49, Theo-
rem 3.9]. Key in this approach is to exploit parabolic smoothing of the Kolmogorov
PDE. The corresponding dimension-independent expression rate results are in gen-
eral higher than those based on probabilistic or Barron space analysis, but hold only
for sufficiently large T > 0.

We start by discussing more precisely the dependence of the constants in the proof
of Theorem 5.4 on the dimension d.

Remark 5.7 The constant C(d) = C (1, d) in the derivative bound (5.19) need not be
exponential in d. To see it, we bound (5.19) by the inverse Fourier transform and the
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Cauchy—Schwarz inequality. For « € Ng with |a| = Z?:l o; =k, we find with the
Cauchy—Schwarz inequality and the lower bound (4.17) that

sup | (DY va)(z, x)| = sup

xeld xeld

1
i /R 6 exp(ix &) exp (— Ty (§))0a(0. §)dé

1 . A
= wa &% exp (— Tv (©))]104(0, &)|d&

1/2
< / exp(—27Cy[£[*)dg
COTEAV Tt
1/2
x ( /R e exp(—zrc1|s|2ﬂ)|ﬁd<o,s>|2ds) :

The last factor can be bounded precisely by the square root of the right-hand side of
(5.18) (by using (4.23)). Using k¥ < k!¢, we obtain the bound (5.19) as

sup [(D%va)(z, x)| < C(d, D) (Az, 9)) &) ™12 v, 0, Il pgay  (5:27)

xeld

with constant A(z, p) = 2tC1p)~ /2P and the explicit constant

| 12
C.0= s ( [ ewc-2eciieae

1 T R 2 12
ZW 2Ewd A r exp(—2tCy1r-f)dr

B 1 T 1 F( d ) 172
= 22\ pd @rCy@en 2,

IEENE: N NE
—@m)A2\ pd 2rCC) T4 4 1) ’

(5.28)

where wy denotes the volume of the unit ball in R, Inspecting the constant C(d, 1)
in (5.28), we observe that e.g. for p =1 and 19 = 79(C;) = 1/8nC1), Tt > 19> 0
sufficiently large implies that C(d, t) is bounded independently of T and d.

Remark 5.8 In certain cases, the parabolic smoothing implied by the ellipticity as-
sumption (4.17) on the generator A entails that the constant C in the regularity esti-
mates (5.19) grows only polynomially with respect to d. For instance, in Remark 5.7,
we have provided sufficient conditions which ensure that the constant C in the reg-
ularity estimates (5.19) is even bounded with respect to d. This allows deriving an
explicit and dimension-independent bound on the series of Taylor coefficients. This
in turn allows obtaining bounds on the constant in (5.22) which scale polynomially
with respect to d. Consider for example p = 1 (i.e., non-degenerate diffusion) and
assume that T > 0 is sufficiently large; specifically, 2C)'/? > 1 and dA(z, 1) < 1,
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where A(z, 1) = (2tC;)~ /2 denotes the constant in large parentheses in (4.24). This
holds if

d2

T>—.
2Cy

(5.29)

With (5.29) and using 3~y nd 1ok (£) = a*, we may estimate with the multinomial
theorem that

Z SUpyesd |(Dyva) (T, X)| _ cid. ) Z Az, Dl (Ja))!

o! ol
aeN‘é aeNg

=Cd. 0 (dA@ D) =CW.7)

P 1—dA(t, 1)

By Remark 5.7, (5.29) implies that C(d, t) in (5.28) is bounded uniformly with re-
spect to d. Thus in this case, one may obtain bounds on the constant in (5.22) which
scale polynomially with respect to d. However, the DNN size still grows polylog-
arithmically with respect to the dimension d, in terms of |loge| (i.e., at least as
O] 10g8|d )), so that the curse of dimensionality is not overcome.

The constant C > 0 in the exponential expression rate bounds established in Theo-
rem 5.4 depends in general exponentially on the basket size d, resp. on the dimension
of the solution space of the PIDE (5.13), due to the reliance on the ReLU DNN
expression rate analysis in Opschoor et al. [43]. Furthermore, the DNN size grows
polylogarithmically with respect to the dimension d, in terms of |loge|. Consider-
ing exponential expression rate bounds, this exponential dependence on d in terms
of |loge| seems in general not avoidable, as can be seen from [43, Theorem 3.5].
Nevertheless, in Remark 5.8, we already hinted at parabolic smoothing implying suf-
ficient regularity (under the d-dependent provision (5.29) on t) for constants in DNN
expression rate bounds which are polynomial with respect to d.

In the following paragraphs, we settle for algebraic DNN expression rates and
overcome exponential dependence on d in ReLLU DNN expression error bounds under
certain sparsity assumptions on polynomial chaos expansions, as shown in Schwab
and Zech [49], Cohen et al. [15] and the references there. We develop a variation of
the results in [49] in the present context.

We impose the following hypothesis, which takes the place of the lower bound in
(4.17). We still impose |y (£)| < C2|£|* + C3, i.e., the second condition in (4.17)
holds for each d € N (but C;, C3 and p in that condition are allowed to depend on d).

Assumption 5.9 There exist a constant C; > 0 and (po;) jen with % < pj <1 such
that for each d € N, the symbol ya of the LP X¢ satisfies that

d
Reyrya(§) > C1 Y &1,  V&EeR‘ (5.30)
j=1
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Furthermore,

1
=inf p; > —.
P jeNpJ 2

The payoff function ¢4 in (5.13) is such that v4(0, - ) =@z oexp € L2(RY).

In comparison to the lower bound in (4.17), the condition (5.30) is restricted to
the case p > % On the other hand, different exponents p; are allowed along each
component. Furthermore, note that Assumption 5.9 imposes that C| does not depend
on the dimension d.

Remark 5.10 Consider the pure diffusion case, i.e., when the characteristic triplet is
(A%,0,0) with a symmetric, positive definite diffusion matrix A4 and Lévy symbol
Yy : R? — R, & > & A% A sufficient condition for assumption (5.30) to hold is
that the eigenvalues (Af’)i=1 4 of A? should be lower bounded away from zero, i.e.,

.....

Ci= il_ndf)\g’ > 0. (5.31)

To see this, write QT A?Q = D for a diagonal matrix D containing the eigenvalues
of A4 and an orthogonal matrix Q. Then we obtain for arbitrary & € R? that

d
Yxa(§)=§TA% =T ODQTE=) 1 (QT8)]

i=1

> (min2;)|Q €% = (min;) €.

Therefore (5.30) is satisfied with C; asin (5.31) and p; =1 forall j € N.

This condition imposes in applications that different assets (modelled by different

components of the LP X?) should not become asymptotically (perfectly) dependent
as the dimension grows.
Remark 5.11 Consider characteristic triplets (Ad , yd , vd ) and the more general case
of non-degenerate diffusion, i.e., with Ad satisfying the condition (5.31) from Re-
mark 5.10. Then the real part of the Lévy symbol ¥ya of X 4 satisfies for all &£ € R?
that

1 1
Reyya(§) = 5& T A%E — /R S (cosETy) —1)v(dy) > ET A% > CleP?
with Cp as in (5.31). Hence Assumption 5.9 is satisfied also in this more general
situation. Further examples of LPs satisfying Assumption 5.9 are based on stable-

like processes and copula-based constructions as e.g. in Farkas et al. [24].

As we shall see below, Assumption 5.9 ensures good “separation” and “anisotropy”
properties of the symbol (5.17) of the corresponding Lévy process X<.
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For 7 > 0 satisfying (5.29), we now analyse the regularity of x — vy (7, x). From
Assumption 5.9, we find that for every T > 0, x — vg(7, x) is in Lz(Rd) and that its
Fourier transform has the explicit form

0a(,§) = Frogva(t, -) = exp (— t9xa(§))0a(0, ). (5.32)

For a multi-index v = (vy,...,vy) € Ng, denote by 97 the mixed partial derivative
of total order |v| = vy + --- 4+ vy with respect to x € R?. Formula (5.32) and As-
sumption 5.9 can be used to show that for every 7 > 0, x — vg(7, x) is analytic at
any x € R?. This is of course the well-known smoothing property of the generator
of certain non-degenerate Lévy processes. To address the curse of dimensionality, we
quantify the smoothing effect in a d-explicit fashion.

To this end, with Assumption 5.9, we calculate for any v € Ng at x =0 (by sta-
tionarity, the same bounds hold for the Taylor coefficients at any x € R?) that

Q)28 vy(z, 0) = ‘ / (is)”ﬁd(r,@ds‘
£cRd

d
= [, 104 O 161 expirecle e

j=1
We use (4.23) with m :=vj, k := C7, u = 2p; to bound the product as

d d

5 v vi/(2p})
Vi —1C|E:]7P) < — .
111" exp(—zCilg;| Lﬂ(zp,-rcle)

j=1

For the Taylor coefficient of order v € Ng of vy(¢, -) at x =0, we arrive at the bound

1
ty| = ;a;vd(fy X)|x=0

QL

1 1 vi/(2pj
0, — . 5.33
= Gy 1040 e Hv <2pﬂcle) (5.33)

Stirling’s inequality
n!'>n"e "\ 2nn>n"e", Vn eN,

implies in (5.33) the bound

1 A —10\0 d
lty| < Wnud(o, Mprwa(@H7'8")”,  VveNg. (5.34)
Here, o' =1 — % > 0 and the positive weight sequence b = (b;)j>1 is given by
bj = 2p;j tCl)’l/(zf’/”/), j=1,2,..., and multi-index notation is employed: we
write v = (v/"vy2 )71 BV = b"by? -+ and v! = vl vy! ..., with the convention
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0! =1 and 0° = 1. We raise (5.34) to a power ¢ > 0 with ¢ < 1/p’ and sum the
resulting inequality over all v € Ng to estimate (generously)

1840, I,

HEaR TR
3 Il < —Gmar Z(v,)

d
veNj

_ 180, s gy |v|| @'
(zn)dqﬂ )

To obtain the estimate (5.34), one could also use the LZ-bound with the explicit con-
stant derived in (5.27), (5.28).

Under hypothesis (5.30) and for t > 0 satisfying (5.29), g-summability of the
Taylor coefficients follows; indeed,

” d(o )”Ll(Rd) |v|
Z |fv|q — (Zn)d‘l/z Z ( )

veNg veNd
1940, % || ar’
oo JNLIRY) v k/(2pp")
s 3 (Mg o)
k= OveNd.|v| =k
1540, I gay & [\
RY) —qk/(2p) v
< S eprey ey (1)
k=0 veNg:\v|:k

Using that |v|! > v! and that 1 > gp’ > 0, the multinomial theorem yields
v\ v|!
> (5): x Bee
v! v!
veNd:v|=k veNd:|v|=k

Hence, provided that

J d*r/a 535
T > 79(d) 250, (5.35)
it follows that
1340, ) ga 1
§ : q (R7)

veNj

Therefore, we have proved g-summability of the Taylor coefficients of the map
x > vg4(t,x) at x =0 for any t > 79(d) as in (5.35). The g-norm ||(t,,)||éq(Ng) is

bounded independently of d provided that T > t9(d) and [|04(0, -)|| Ll(Rd)(Zn)’d/ 2
is bounded independently of d.
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The g-summability (5.36) of the Taylor coefficients of x — vy (7, x) at x = 0 with
g = 1 implies for 7 > 70(d) absolute, pointwise convergence in the cube [—1, 1]¢ of

v (T, x) = Z tyx”, xV=x" (5.37)

d
veNj

Furthermore, as was shown in Schwab and Zech [49, Lemma 2.8], the fact that the
sequence (f,) is g-summable for some 0 < g < 1 and the coefficient bound (5.34)
imply that for t > tp(d) with 79(d) as defined in (5.35), there exists a sequence
(Ap)n>1 € Ng of nested, downward closed (i.e., if e; € A,, then e; € A, for all
0 <i < j) multi-index sets A\, C Ng with #(A,) < n such that general polynomial
chaos (gpc) approximations given by the partial sums

A
v," (1, x) = Z tyx’

veA,

converge at the dimension-independent rate r = 1/q — 1 (see e.g. Cohen et al. [15,
Lemma 5.5)), i.e.,

An —(1/q—
sup vt x) —v" (@0l Y Il <n” VD) g g -
xel=1.11 veNd\A,,

The summability (5.36) of the coefficients in the Taylor gpc expansion (5.37) also
implies quantitative bounds on the expression rates of ReLU DNNs. With [49, Theo-
rem 2.7, (ii)], we find that there exists a constant C > 0 independent of d such that

sup [v|; < C(1+logn).

veA,

We now refer to [49, Theorem 3.9] (with ¢ in place of p in the statement of that
result) and, observing that in the proof of that theorem, only the p-summability of
the Taylor coefficient sequence (,) was used, we conclude that for T > 0 satisfying
(5.35), there exists a constant C > 0 that is independent of d and for every n € N,
there exists a ReLU DNN v/; with input dimension d such that

M(@})) < C(1+ nlognlog(logn)),
L(@)) < C(1 +1lognlog(logn)),
sup  |va(t, x) — R(@%)(x)| < Cn~a=D), (5.38)

xe[—1,14

6 Conclusion and generalisations

We have proved that prices of European-style derivative contracts on baskets of d > 1
assets in exponential Lévy models can be expressed by ReLU DNNs to accuracy
e > 0 with DNN size polynomially growing in ¢! and d, thereby overcoming the
curse of dimensionality. The technique of proof is based on probabilistic arguments
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and provides expression rate bounds that scale algebraically in terms of the DNN size.
We have then also provided an alternative, analytic argument that allows proving ex-
ponential expressivity of ReLU DNN s of the option price, i.e., of the map s — u(t, s)
at any fixed time 0 < ¢ < T, with the DNN size growing polynomially with respect to
log ¢ to achieve accuracy ¢ > 0. For sufficiently large ¢ > 0, based on analytic argu-
ments involving parabolic smoothing and sparsity of generalised polynomial chaos
expansions, we have established in (5.38) a second, algebraic expression rate bound
for ReLU DNNSs that is free from the curse of dimensionality. In forthcoming work
(Gonon and Schwab [28]), we address PIDEs (5.13) with non-constant coefficients.
In addition, the main result of the present paper, Theorem 5.1, could be extended in
the following directions.

First, the expression rates are almost certainly not optimal in general; for high-
dimensional diffusions, which are a particular case with AY = I and v¥ = 0, we
have established in Elbrichter et al. [22] for particular payoff functions a spectral
expression rate in terms of the DNN size, free from the curse of dimensionality.

Next, solving Hamilton—Jacobi partial integro-differential equations (HJPIDEs for
short) by DNNs: It is classical that the Kolmogorov equation for the exponential LP
X4 in Sect. 2.2 is in fact a special case of an HIPIDE (see e.g. Barles et al. [2], Barles
and Imbert [3]). In forthcoming work [28], we aim at proving that the expression rate
bounds obtained in Sect. 5 imply corresponding expression rate bounds for ReLU
DNNs which are free from the curse of dimensionality for viscosity solutions of
general HIPIDEs associated to the LP X and for its exponential counterparts.

Barriers: We have considered payoff functions corresponding to European-style
contracts. Here, the stationarity of the LP X“ and exponential Lévy modelling have
allowed to reduce our analysis to Cauchy problems of the Kolmogorov equations
of X4 in R¥. In the presence of barriers, option prices in Lévy models in general
exhibit singularities at the barriers. More involved versions of the Fourier-transform-
based representations are available (involving a so-called Wiener—Hopf factorisation
of the Fourier symbol; see e.g. Boyarchenko and Levendorskii [13]). For LPs X¢
with bounded exponential moments, the present regularity analysis may be localised
to compact subsets, well separated from the barriers, subject to an exponentially small
localisation error term; see Hilber et al. [32, Chap. 10.5]. Here, the semiheavy tails
of the LPs X¢ enter crucially in the analysis. We therefore expect the present DNN
expression rate bounds to remain valid also for barrier contracts, at least far from the
barriers, for the LPs X9 considered here.

Dividends: We have assumed throughout that contracts do not pay dividends.
However, including a dividend stream (with constant rate over (0, 7']) on the un-
derlying does not change the mathematical arguments; we refer to Lamberton and
Mikou [38, Sect. 3.1] for a complete statement of exponential Lévy models with con-
stant dividend payment rate § > 0, and for the corresponding pricing of European-
and American-style contracts for such models.

American-style contracts: Deep-learning-based algorithms for the numerical solu-
tion of optimal stopping problems for Markovian models have been recently proposed
in Becker et al. [8]. For the particular case of American-style contracts in exponential
Lévy models, [38] provide an analysis in the univariate case and establish qualitative
properties of the exercise boundary {(b(¢),1) : 0 <t < T}. Here, for geometric Lévy
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models, in certain situations (d = 1, i.e., single risky asset, monotonic, piecewise an-
alytic payoff function), the option price as a function of x e R at fixed 0 <t < T is
shown in [38] to be a piecewise analytic function which is globally Holder-continuous
with a possibly algebraic singularity at the exercise boundary b(¢). This holds like-
wise for the price expressed in the logarithmic coordinate x = logs. The ReLU DNN
expression rate of such functions has been analysed in Opschoor et al. [42, Sect. 5.4].
In higher dimensions d > 1, recently also higher Holder-regularity of the price in
symmetric, stable Lévy models has been obtained for smooth payoffs in Barrios et
al. [4].
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