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DEEP RELU NEURAL NETWORK APPROXIMATION
FOR STOCHASTIC DIFFERENTIAL EQUATIONS WITH JUMPS

LUKAS GONON AND CHRISTOPH SCHWAB

ABSTRACT. Deep neural networks (DNNs) with ReLU activation function are proved to be able to
express viscosity solutions of linear partial integrodifferental equations (PIDEs) on state spaces of
possibly high dimension d. Admissible PIDEs comprise Kolmogorov equations for high-dimensional
diffusion, advection, and for pure jump Lévy processes. We prove for such PIDEs arising from a
class of jump-diffusions on R?, that for any compact K C R, there exist constants C,p,q > 0 such
that for every € € (0,1] and for every d € N the nomalized (over K) DNN L?-expression error of
viscosity solutions of the PIDE is of size ¢ with DNN size bounded by CdPe™9.

In particular, the constant C' > 0 is independent of d € N and of £ € (0,1] and depends only
on the coefficients in the PIDE and the measure used to quantify the error. This establishes that
ReLU DNNs can break the curse of dimensionality (CoD for short) for viscosity solutions of linear,
possibly degenerate PIDEs corresponding to Markovian jump-diffusion processes.

As a consequence of the employed techniques we also obtain that expectations of a large class
of path-dependent functionals of the underlying jump-diffusion processes can be expressed without
the CoD.
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2 LUKAS GONON AND CHRISTOPH SCHWAB

1. INTRODUCTION

1.1. Problem Formulation. Numerous models in science and engineering are based on stochastic
differential equations (SDEs for short) with integrators being either diffusions, jump-processes or
a combination of both. We mention only financial modelling of markets with exogenous shocks or
noisy systems in life-sciences or economics. In the present paper, we consider a very general class
of SDEs which comprises many of the models arising in the mentioned applications.

Specifically, for each z € R for a system with state space of finite, but possibly high, dimension
d € N we consider an R%valued stochastic process (Xy ’d)tzo satisfying the stochastic differential
equation (SDE for short)

(1.1)

dxpt = v (XN dt + ot (X7)dBY + /

FUXPT 2)Ndt, dz) + / gUXP )N (dt, dz),
lIz]|<1

l=l1>1

for t > 0 and with X 4= 2. In (L), B%is a d-dimensional standard Brownian motion and N is an
independent Poisson random measure on R x (R%\{0}) with intensity v and compensated measure
Né(dt,dz) = N%(dt,dz) — dtv*(dz), both defined on a filtered probability space (€2, F,P, (F;)r>0)
satisfying the usual conditions and independent of Fy. The coefficient functions b%: R¢ — RY,
od: R — RIxd_ fd gd: R x (RN {0}) — R are assumed to be measurable and to satisfy some
regularity and growth conditions specified later on. Here and throughout, unless explicitly stated
otherwise, || o || shall denote the Euclidean norm of a vector = € R, i.e. ||z]® = Zle |z;]2.

The goal of this paper is to derive deep neural network expression rates for functionals of general
diffusions with jumps as in (II) (sometimes also called jump-diffusions or Ité6 processes) on R,
with expression rate bounds which are explicit in the state space dimension d. We emphasize
already at this point that we do not assume that o in (1)) has full rank. In fact, matrix functions
o : R? — R for some 0 < r < d are admissible, with » = 0 corresponding to ¢ = 0, by
padding 0@ with zero entries to a d x d array. Likewise, our analysis will cover the pure diffusion
case, where N4 = 0 and N% = 0 in (.I)). Furthermore, our results will also cover (deterministic)
linear advection flows in R? where all terms in (LI]) except bd(Xf;d) vanish. Thus, they include
recent results of [LP21] and generalize [GS20]. In particular, the class of processes described by
stochastic differential equations (II)) contains a large class of Markovian semimartingales on R,
see for instance [JS03]. Specifically, Lévy and affine jump-diffusion processes in R?, and various
local and stochastic volatility models with jumps are covered. These processes are widely used
in quantitative finance modeling prices of assets which potentially exhibit jumps and to evaluate
hedging strategies of derivatives written on these assets.

1.2. Previous Results. Classically, in financial applications modelled by stochastic differential
equations (ILT]), a parametric model is chosen within this class and subsequently, parameters are
calibrated to observed market prices of options. The calibrated model is then used to compute prices
and hedging strategies of derivatives, or these model quantities at least serve as a basis for actual
trading decisions. For sophisticated models this procedure may require extensive computational
resources, which has classically limited their usage in practice. However, a series of recent works
exploit computational advances and efficient implementations of deep neural networks (DNNs for
short) in order to learn the steps involved in the procedure sketched above (calibration, pricing
or hedging) using deep neural networks, see for example [BGTW19], [CKT20], [HMT19], [BS1§],
[BCI19|, [Herl7] and the surveys [RW20],[GPW21],[BHJK20]. These methods have been shown
to work very well and are being widely adopted in industry, in particular in applications involving
large baskets of assets which corresponds to high dimension d. However, many questions regarding
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theoretical foundations of their performance, in particular for large d, are still open. Important
progress has been made recently by mathematical results on deep neural network approximations
for partial differential equations (PDEs) and option prices in certain stochastic models. We refer
to, for example, [EGJSIS|, |[GGJT19], [GHIvWIR]|, [HIKN20], [HJK*20], [RZ19], [GS20] and the
references there. The results in these references show in particular that DNNs are capable of
approximating functions u of type x — w(0,z) = E[¢p(X7})] without the curse of dimensionality
(CoD). In these references, (Xi);c(o,1] is a diffusion process starting at X§ = x and in [GS20] it is a
Lévy process. In particular, DNN approximations for models with jumps have only been considered
in [GS20]. In some of the mentioned works, the DNN expression rate results are also formulated
for u being a viscosity solution of the Kolmogorov PDE associated with the process (Xf)te[o,T}-
Accordingly, we also address this aspect.

In a financial modelling context, the function x — (0, z) is the price at time 0 of a derivative with
payoff ¢ at maturity 7" and underlying X* with initial price = (at least if P is a risk-neutral measure
for X*). From a perspective of applications in financial modelling, however, it is often relevant not
only to learn the prices as a function of the initial value x, but rather as a function of the parameters
specifying the derivative. For instance, one is interested in learning (for fixed z) the strike-to-call
price map K — E[(X% — K)*] by a neural network. With the exception of [GS20] where DNN
expression rates for geometric Lévy models were proved with arguments based on stationarity and
time-homogeneity of Lévy processes this question does not seem to have been considered in the
literature. Omne of the contributions of this paper is to provide alternative proofs, which do not
rely on stationarity, for deep neural network approximation rates overcoming the CoD. The present
arguments extend also to parametric payoffs. In addition, we introduce several practically relevant
features not treated in the literature previously: we consider path-dependent options and assume
that the stochastic model is driven by a general SDE with jumps as in (L.T]). This comprises the case
of Lévy processes considered in [GS20], but also (non stationary) diffusion-driven models considered
in the mentioned references.

1.3. Contributions. A principal contribution of this paper is a proof that deep ReLU NNs of
feedforward type are able to approximate expectations of parametric, path-dependent functions
(respectively option prices) in the general class of stochastic differential equations with jumps (1)
with approximation rates that are free from the CoD, thereby partially unifying and extending
previous results of this type for deterministic advection in [LP21] or also in [EGJSIS|, |[GGJT19),
[GHIvWIS], [HJKN20], [HIK™*20|, [RZ19], [GS20], [RDQ19] and the references there. The present
results contribute in particular to an improved theoretical understanding of the success of deep
learning methods currently employed in high-dimensional option pricing in finance.

One consequence of the results proved here are dimension-explicit expression rate bounds for DNNs
for viscosity solutions of PIDEs which are related to the stochastic differential equation (LI via
a suitable Feynman-Kac formula. This connection is well-known (e.g. [Glal6], [BBP97, Theorem
3.4], [App09, Chap. 6.7.2], [KP15]).

When one specializes the results in the present paper to initial (respectively terminal) data g4
(which is, e.g., a payoff function in option pricing applications) that only depends on X7 (i.e.
the path-dependent option is in fact a European option) with no parametric dependence, one
consequence of our results is that DNNs are able to approximate viscosity solutions z — uy(t, x) of
Kolmogorov partial-integrodifferential equations (PIDEs) without the CoD. These equations are of
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(%ud)(t,x) =—3 Trace(ad(:n)[ad(:n)]*(Hessm ug)(t,z)) — <bd(x), (Vaua)(t,z))
(12) = [ uatti 5w 2) = walt.) = (o2, (Faua) () ey o2

Ud(T, :E) = de(:p)

for t € [0,7), 2 € R? and with v%(y, z) related to f?¢ ¢? in () according to ~%(y,z) =
iy, 2)Lq|21<1y + %y, 2)1{)z|>1}, see for instance [App09, Section 6.7].

1.4. Layout. The main results are contained in Section[Bl In Section2lwe introduce the setting and
notation used throughout the article. Section [3] introduces notation and definitions on the DNNs
which are used in the approximation results. In Section [ we prove some approximation results
that are needed for the proof of the main results. In particular, we derive (strong) approximation
results for the Euler scheme for the SDE (I.I]) and combine it with further approximation steps to
truncate the small jumps of the Lévy measure to a set As = {z € R%: ||z|| > 6} for some § > 0
(as e.g. in [ARO1] for univariate Lévy processes), to approximate the coefficients of the SDE and
to provide a Monte Carlo approximation of an integral involving v%. In some situations, these
approximations are in principle well-known, but they are required here in more general situations
and with dimension-explicit bounds for the proof of our main result. Using these approximation
results we can approximate the solution of the underlying SDE by a process whose sample paths
can be emulated by a DNN. In the case of a Lévy-driven SDE the multiplicative structure allows
for a simpler DNN emulation approach. Hence, in this case (corresponding to Assumption Bli)
below) the approximation step, in which the small jumps of the Lévy measure are truncated, is
not required and we work with § = 0 instead. In other words, the two different hypotheses under
which we work (Assumption B(i) and Assumption Blii)) require different approximation methods
for the proof of the main result, Theorem below. Let us relate also these auxiliary results to
the literature. The Euler scheme for stochastic differential equations of type (LI]) has been well-
studied. We refer to [HK05] and [PBL10] for an extensive treatment of the case when the random
measure has finite intensity. In [PT97], [KS19] the case of Lévy-driven SDEs (which corresponds
to a multiplicative structure of f¢, g¢) is studied. For general Feller processes a convergence result
for the Euler scheme (albeit without convergence rates) is proved in [BS11]. However, on the one
hand, from these works it is not straightforward to extract the constants (we need here bounds
which make explicit the dependence on the dimension) and, on the other hand, none of the articles
provides convergence rates in the generality as treated here (we allow both multiplicative and more
general structure for the jump measure). Hence, we develop the required error bounds with strong
rates, and explicit dependence of constants on the dimension d in a self-contained fashion.
Finally, let us point out in passing that the results proved here contribute to the theoretical un-
derstanding of approximation capabilities of deep neural networks. In recent years, DNN based
approximation schemes have been shown to be able to overcome the CoD for approximating certain
classes of functions. So far, these do not include generic smoothness classes [Mha96], [Yar17], but in
addition to the solutions of PDEs (see the references above) these include for instance the function
classes introduced in the seminal work [Bar93] and certain compositional functions [PMR17|. The
present results identify certain families of non-local PDEs as alternative classes of functions which
can be approximated DNNs without the CoD.
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2. SETTING AND NOTATION

This section contains various preparatory ingredients about Ito processes and PIDEs. We also
introduce various assumptions that will be required later on for proving DNN expression rate
bounds for these processes. Finally, we address existence and uniqueness of solutions of (ILI]) and

(2.

2.1. Itd processes. We recall that B¢ is a d-dimensional standard Brownian motion and N¢ is an
independent Poisson random measure on R x (R?\{0}) with intensity v and compensated measure
N4(dt,dz) = N4(dt,dz) — dt v¥(dz), both defined on a filtered probability space (2, F,P, (Fi)i>0)
satisfying the usual conditions and independent of Fy. For each d € N and x € R?, we consider the
SDE

(2.1) X7 = Xt + o T NdBE 4 [ X Nt o),
Rd

for some measurable coefficient functions 8¢ : RY — R%, ¢ : R4 — R4 A4 R x (RY\{0}) — R
We also recall that v is a o-finite measure on (R?\{0}, B(R%\{0})) with respect to which the
function z — 1 A ||z]|? is integrable. To simplify notation we will consider v% as a measure on R?
with v4({0}) = 0.

Under the integrability conditions that we are going to impose on 4¢ in Assumption [II(ii), the SDE
([LI) can always be rewritten as (2.1]) and vice versa. To simplify notation in what follows we will
thus work with the SDE (2.I]) and formulate our assumptions in terms of the coefficient functions

B4, 0%~ The coefficients of the SDEs (IL1)), (2.I) are related via

d(y) = b? d 2 v(dz
22) B%y) (y)+/”z”>19 (y,2)v*(dz)
Yy, 2) = fUy. 2) Lap<ay + 9, 2) L1y

and conversely
b(y) = B (y) — / vy, 2)v'(dz)
llzl>1
U, 2) = ) ga<ays 975 2) =7, 2) L1y
In addition, inserting (22]) into the PIDE (I2)) it can be rewritten as
(%ud)(t,a:) =—1 Trace(ad(m)[ad(x)]*(Hessx uq)(t,z)) — <Bd(x), (Vaug)(t, x))
(2.4) — / [ud(t,:n + yd(x, z)) —uq(t,z) — <7d(:17, z), (Vmud)(t,x)ﬂ Vd(dz)
R
ud(T7x) = QDd(l‘)

2.2. Regularity and Growth Conditions. We describe regularity and growth conditions on the
coefficient functions which we shall assume for most of the results in the article; we will always
state explicitly which Assumptions are required.

(2.3)

Assumption 1. [Lipschitz and Growth Conditions] There exists a constant L > 0 so that for each
d € N the coefficient functions satisfy

(i) [Global Lipschitz condition] for all x,y € R?

18%(@) = BY @I + llo? (@) — o ()l + /Rd V(2. 2) =4y, 2)|IPv(dz) < Ll|z -y,
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(ii) [Linear growth condition] for all x € R?, i,5 € {1,...,d},
187 (2)? + |of ()| +/ 7 (2, 2) Pri(dz) < L+ [|=]?).
Rd

Recall that a (strong) solution to () is a cadlag adapted process X%¢ taking values in R? such
that P-a.s. (the integrated version of) (I.I)) holds for all ¢ € [0,7]. Assumption [I] guarantees that
there exists a P-a.s. (pathwise) unique solution to (III), see, e.g., [App09, Theorem 6.2.9], [Pro04,
Chapter 5].

Remark 2.1. The assumptions of [App09, Theorem 6.2.9] are formulated slightly differently than
in Assumption [Tl above. However, Assumption [Il ensures (C1) and (C2) in [App09, Theorem 6.2.9]
are satisfied for any fixed d € N. To see this, define the seminorm ||a||; := Z?Zl |a; ;| for a € RI*d
and the matrices a(x,y) = o%(z)(c(y))) T, z,y € R, then

d d
la(z,2) = 2a(z,y) + aly,y)lh = Y 1D ofp(@)of(@) — 208 ()0 (v) + o)l W)
i=1 k=1
d

M .
/-\
<
~—
S—
[\
|
Q.
—
SN—
|
Q
U
—
<
=
o

=1 k:l

Therefore, the Lipschitz-condition in Assumption [Iii) coincides with the Lipschitz condition (C1)
in [App09, Theorem 6.2.9]. In addition, Assumption [lii) implies for all y € R?

d

d
1B W) I1? + llaly, v)ll + /Rd v (y, 2)Pv(dz) < 2L+ yl?) + DD ot @)? < (2d + d*) LA + |lyl*).

i=1 k=1
Thus the growth condition (C2) in [App09, Theorem 6.2.9] is satisfied.

Remark 2.2. [Pure Jump Process| Neither Assumption [[l nor the ensuing Assumptions impose any
non-degeneracy condition on the coefficient o%. The case of degenerate o is admissible so that in
particular the pure-jump case 0% = 0 is included in our setting. In particular, we have assumed
without loss of generality that the Brownian motion B? is d-dimensional and o(z) € R%*? for
r € RY,

Let us now argue that this also covers the case when B in ([2.) is replaced by an r-dimensional
Brownian motion B for some 1 < r < d and ¢? is replaced by & with 6: R — R¥™". Indeed,
to include this case we simply set ad j(@) = d4(x) fori=1,....,d, j =1,...,r and ad (@) =0

otherwise. Then fg od( X1 “NdBY = fo 5(X 24 )dB, and so SDE (IQ:I:I) coincides with the modlﬁed
SDE.

Remark 2.3. [Pure Drift Process, Linear Advection] Assumption [I] and the ensuing Assumptions
2 Bl M admit in (LI} and in all expression rate estimates in Section [§ ahead also the case of
deterministic, initial-value ODEs, where in (1) ¢? = 0, f¢ = g = 0. In this case, the PIDE
(LC2) reduces to a (deterministic) linear transport equation. Theorem and Corollary ahead
therefore apply also to this setting. Our expression rate results therefore comprise the CoD-free
DNN expression rate bounds obtained recently in [LP21] (albeit in pure drift case with less explicit
bounds on the exponents p and q in Theorem [5.2] ahead than in [LP21]).

When studying the PIDE (.2 an additional hypothesis will be used to ensure well-posedness of
the PIDE.
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Assumption 2. [Pointwise Lipschitz and integrability condition] For each d € N there exists a
constant Cy(d) > 0 such that for all z,y € R, z € RN\{0} holds

Iy ()l < Cr@ A z])
Iy (2, 2) =7y, 2)| < Cullz =yl (L A 2])) -

Remark 2.4. The constant C(d) in Assumption 2l may depend on the dimension d in an unspecific
way. For each fixed d, however, Assumption [ is stronger than the conditions imposed on 7% in
Assumption [ as one easily verifies using the fact that [54(1 A [|z])?v%(dz) < co. Assumption 2 is
identical to the pointwise assumption [BBP97, Section 1]. It is shown in [BBP97, Theorem 3.5] to
ensure uniqueness of viscosity solutions of polynomial growth for the PIDE (2. Overcoming the
CoD in DNN approximation rate bounds requires conditions (i) and (ii) in Assumption [I] on the
precise d-(in)dependence.

In order to derive neural network expression rates of solutions, we will express the jump part in the
Euler scheme as a neural network. This is straightforward in the case of a Lévy-driven SDE, which
corresponds to Assumption B(i) below. Alternatively, under a certain non-degeneracy condition
(see Assumption [B((ii) below), we will be able to carry out a compound Poisson approximation of
the small jumps also for general diffusions with jumps.

Assumption 3. At least one of the following two conditions holds:

(i) (Lévy-driven SDE) For all d € N there exist functions F?: R? — R4 Gd: R4 — R such
that for all y,z € R?

Yy, z) = F4(y)G(=).

(ii) (Dimension-explicit control of small jumps) There exist L,p,q > 0 such that for all d €
N,z € R 5 € (0,1)

(2.5) / I, 2)|P(dz) < LoPdT(1 + |Jz|2),
lz||<6

(2.6) /Rdu A 22 (dz) < Ed.

Condition (ZG) requires that the Lévy integral [;4(1 A [|z]|*)»%(dz) only grows polynomially in the
dimension d € N. To further illustrate condition (2.5]) we now provide a sufficient condition for
Assumption [3(ii). Condition (27)) requires a stable-like behaviour at the origin.

Example 2.5. Suppose there exists p € (0, 2), L > 0,7 > 0such that for all d € N, z € R? condition
([26) holds and

(2.7) / Myd(dz) < Ldi(1 + ||z||?).
lzll<1

B[S

Then Assumption Bl(ii) is satisfied. Indeed, for any d € N,z € R? § € (0,1) we estimate

(@, )| (dz) = Mzudz

[, et = [ I e

> @ 22 g
=" /Hz||<1 EE

< LoPd7(1 4+ ||z]?).
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2.3. Existence and Uniqueness. Assumptions [I] and 2] ensure existence and uniqueness of so-
lutions of both the SDEs (1)), (2.I) and the Kolmogorov equation (I.2]). We briefly recapitulate
the corresponding results, going back to [FK85, Theorems 2 and 3], from [BBP97]. In case of the
SDEs (1), (1)) Assumption []is sufficient to guarantee existence and uniqueness of solutions, by
[App09, Theorem 6.2.9], as pointed out in Section

Proposition 2.6. Under Assumption [, (1)) and (1)) each admit a unique global solution.

This result is, with Assumption[Il [App09, Theorem 6.2.9] (cf. the discussion in Remark 2.1]). With
Assumptions [l and 2] the result is [BBP97), Proposition 1.1]. We also note that the SDEs (I.1]),
1) are contained in the abstract backward SDE setting of [BBP97| with f; = 0 and 7; = 0 in
[BBP97, (A.2)]. This implies that all items in Assumptions [BBP97, (A.1), (A.2)] are trivially
satisfied and all conclusions of [BBP97] apply in the present setting under Assumptions [Il and 2

Proposition 2.7. Let ¢ : RY — R be continuous and at most polynomially growing. Under As-
sumptions [l and [3 there exists a unique viscosity solution (in the sense of [BBP97, Definition 3.1])
of the PIDEs (IL.2)), (24 with polynomial growth as |x| — oo.

This assertion is [BBP97, Proposition 2.5] (polynomial growth) and [BBP97, Theorem 3.4] (Exis-
tence) and [BBP97, Theorem 3.5] (Uniqueness), upon observing that (2.4]) coincides with [BBP97,
(3.1)] since f; = 0. In particular, Assumptions [[] and [2 imply the assumptions in [BBP97, Section
1].

3. DEEP NEURAL NETWORKS (DNNSs)

We present in Section B.I] notation and assumptions on the deep neural networks (DNNs) on
which the ensuing approximation rate estimates of path-dependent functionals of the SDE (2.1])
and viscosity solutions of the PIDE (I2)) will be based. Section then provides our precise
assumptions on the expression rates of the coefficients in the SDE (2]) respectively PIDE (L.2]).

3.1. Notation and Definitions of DNNs. Throughout the article we will consider deep neural
networks with the ReLLU activation function go: R — R given by o(x) = =4 := max(z,0). For any
d € N we can lift o to a mapping RY — R¢ by the specification z (o(xi))i=1,..a- We denote this
mapping also by the same symbol p.

Let d,L € N, Ny := d, N1,...,N;, € N and o' € RV, At ¢ RNexXNe1 for ¢ = 1,...,L. A
(feedforward) deep neural network (DNN) with activation function p, L layers, d-dimensional input,
weight matrices A',..., A" and biases b!,...,b" is the function ¢: R — RNz

(3.1) d(z) =Wpo(ooWy,)o---0(poWy), xe€RY,

where W;: RNe-1 — RNe denotes the affine map Wy(y) = Ay + b for y € RNe-1 and £ = 1,..., L.
Such a function is often simply called a deep neural network. The total number of non-zero entries
of the weights and biases is called the size of the DNN. Thus, for a DNN as above we let

(3.2) Size(¢) == [{(i,4,€): Af; # O} + [{(i,€): b # O}.

We also denote by Sizegyt(¢) == |{(4,7): AiLJ- # 0}] + |{i: bl # 0}| the number of non-zero entries
of the weights and biases of the last layer of the DNN. Finally, we denote by depth(¢) := L+ 1 the
number of layers of the DNN.

A DNN is often defined as collection of parameters ® = ((A',b'),..., (AF, bl)), distinct from the
function ¢ in ([B.J) built from ®. The latter is referred to as realization of the DNN ®. See, e.g.,

[PV18], [OPS20], [GS20]. Here we follow the notationally lighter approach of [OSZ19] and do not
distinguish between the neural network and its parameter set, as the parameter set is (always at
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least implicitly) part of the definition. Note that there may be several parameter choices that lead
to the same realization. In the expression rate bounds under consideration in the present article,

this is not an issue and pathological choices are excluded by the requirements that we impose on
DNN size.

3.2. DNN approximations of the coefficients. We introduce assumptions on the DNN ap-
proximation for the coefficients. In the case of a Lévy-driven SDE (1)) (i.e., when Assumption [3(i)
holds), these assumptions mean that F? can be approximated well by a neural network. In general,
v¢ is approximated by a neural network.

Assumption 4. [NN expression rates of coefficient functions f¢,0%,~?] Assumption [3 holds and
there exist constants C > 0, p,q > 0 and, for each d € N, and for each ¢ € (0, 1], there exist neural
networks fe q: R? — R?, Ocdj: R? - R?, j=1,...,d, and functions Ve,d: R? x RY — RY, so that
there holds for each d € N, € € (0, 1]

(i) for all x € RY

1960) = Bl + o) — oea(alp + [ 1170 2) = v, )PoAds) < 4701+ o),
1/2
IBa + loea@lr -+ ( [ Faate Pva)) - < Cl@et+ el

d
size(Be,a) + Y size(0cq,) < CdPe™,
j=1

(i) — If Assumption [3(i) holds, then ve 4(y,z) = F.q(y)G¥(2) for DNNs F.4;: R? — R%
Jj=1,...,d satisfying size(F; 4 ;) < CdPe™1.
— Otherwise Assumption [3(ii) holds and furthermore vz 4 is a DNN with size(7.q) <
CdPe™1.

In the case of a Lévy-driven SDE the conditions on the function 7. 4 which we imposed in (i) are
in fact conditions on F; 4.

4. DIMENSION-EXPLICIT BOUNDS FOR SDES WITH JUMPS

This section provides approximations for the Euler scheme for the SDE (L)) as well as further
approximation steps to truncate the small jumps of the Lévy measure to a set As = {z € R?: ||z]| >
0} for some & > 0, to approximate the coefficients of the SDE and to provide a Monte Carlo
approximation of an integral involving %

These approximations and bounds on errors incurred by them are needed for the proof of the main
results in Section in order to approximate the underlying SDE by a process whose sample paths
can be emulated by a DNN. In the case of a Lévy-driven SDE, the multiplicative structure allows
for a simpler DNN emulation approach and hence the small jumps of the Lévy process do not
need to be truncated, i.e., we may use 6 = 0. Thus, two different approaches are used for the two
alternative hypotheses Assumption [3(i) and Assumption [Bfii), corresponding to choosing § = 0 and
0 > 0 below.

4.1. Discrete-time approximation. The following auxiliary results are crucial ingredients for
our subsequent analysis of DNN expression rates.

We start with a lemma that provides bounds on the moments of X% and shows that under
Assumption [Il the second moments grow at most polynomially in d and ||z||.
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Lemma 4.1. Suppose Assumption[1l holds. Then there exist constants ci,ca > 0 such that for all
de N,z R tel0,T],

(4.1) E[| X7 < erllz]|? + c2d?.

Proof. Let d € N and x € R?. We start by establishing

T
(4.2) E U HXf’dedt] < 0.
0

This essentially follows from [App09, Corollary 6.2.4]. More specifically, by [App09, Corollary 6.2.4]
it follows that X, @ is indeed in L2(2, F,P) for all t € [0,7] and

(4.3) E[|X7%) < 2max(1,C(6)*)(1 + [l2[|?)
o Cg(t)”/zK;/z

where C(t) is given from the proof of [App09, Theorem 6.2.4] as C'(t) = > 7, U with

Co(t) = tmax(3t,12), K3 = L(1 + ||z||*). We cannot directly use this estimate, to deduce (I,
but we can employ it to estimate using Tonelli’s theorem and the Minkowski integral inequality

E [/OT||Xf’d||2dt} <201+ ||z|?) <1+/0T0(t)2dt>

- 2

1
o0 T Cs ()" KD 2
<214z (14 | </ 2(¥'3dzﬁ>
— 0 mn.
- 2
X /T3 + 120KY 2
<21+ [y [ 1+ DD </ , 3 dt>
— 0 n:
co (BT L T pon 1°?
< 2(1 + ||xH2) 1+ < 2n+1 : n+1 3 > ’
n:
n=1

and so (4.2) follows by the ratio test. Having established (£.2)), we can employ Assumption [I] and
#2) to verify for all 4,5 € {1,...,d}

T T
z,d z,d
EU ol (X )\th} < 2E U o (X )—U%(O)]Zdt} + 2T o ;(0)?
(4.4) 0 ’
<2LE U |]Xf’d|]2dt} + 270 (0)[* < o0
0

and similarly

(45)
T T
B[ [ et apviana] <22 | [ opetpa] o [ i spa) <.
0 JRd 0 R4
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Set G(t) = E[|]Xf’d|]2] for t € [0,T]. Using Minkowski’s inequality, (£.4]), (45]), It6’s isometry and
the Minkowski integral inequality we obtain

H / g (xe s
0

,2)N(ds, dz)

1/2
+E

2 271/2

t
G(t)? < |l2l| + E / o (x4
0

1/2

2

]Rd

t 1/2
< o + /0 E[)84(X24)|2]Y2ds + [ / E[Had(X?’d)H%]ds]

+ </Ot /RdE[H'vd(Xf’d,z)Hz]ud(dz)ds) 1/2,

We now consider these terms separately. For the first integral,

/0 B[4 4)|22ds < /0 E[J|84(X74) — 4(0)|2)42ds + 1] 80) |

t 1/2
< LT'/? ( / G(s)ds) + td" /22,
0

For the second one, we similarly estimate

[/Ot E[Had(X;c,d)H%]dS] 1/2

(4.6)

(4.7)

t 1/2
d(xwdy _ d 215 ol 2
< [2/0 E[floc(X57) (0)[I7)ds + 2¢| (0)||F:|

t 1/2
< [QL / G(s)ds+2td2L] .
0

For the last one, we obtain analogously

(/{)t /RdE[H’Yd(Xf’d,z)Hz]vd(dz)dt> v < (2/()tE [/Rd Iv(xee, 2) _,Yd(ojz)H2Vd(dz)] ds+2tdL>l/2
< [2L /0 tG(s)ds + 2td2L} 1/2.

Inserting (&7), (@8) and (@J) in ([@B) and using that for all a,b,c > 0 it holds (a + b + ¢)?
3(a® + b? + c?) we obtain

(4.8)

(4.10) G(t) < 3(||«||* + 12Td>L) + 30L /t G(s)ds
0

Gronwall’s inequality and (4.2]) hence prove that for all ¢t € [0,7] we have G(t) < aexp(bt) with
a = 3(||x||* + 12Td?L) and b = 30L. Setting ¢; = 3exp(bT) and cy = 36T L exp(bT'), this proves
the assertion. O

Remark 4.2. Note that the estimate (£3) can not be directly used to deduce ([&I]), because K3
depends on the Euclidean norm of the initial value z and the constant C(t) in (1)) is lower

bounded by C(t ) >y M = exp(Cg(t)1/2K§/2) — 1. Recall that Ca(t) = t max(3t,12),
K3 = L(1 + ||z/|?) and so for 1nstance for x = (1,...,1) we have C(t) > exp(cd) for some ¢ > 0
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not depending on d € N. Hence, the estimate (£3) could only lead to a constant that grows
exponentially in d.

In the next step we carry out a first approximation step based on the Euler-Maruyama scheme. To
do so, let h = T , N € N, denote a step size and, for ¢ € [0,T], let |t|, = max{s € hN : s < t}
denote the largest discretization time below or equal to ¢. The Euler discretization of X®¢ is then
defined by Xg’d’h =gandforn=1,..., N,

(4.11)

Xodh = godh gl godhyy, | od gedhypd By, / o /Rd (X2 )R (dt, dz).

To prove that X;f}ld = Xﬁ’d’h in a suitable sense we define the interpolation (or continuous-time

d,h

Euler) approximation as the solution to stochastic differential equation X" = z, and

(412)  dXPM = UK )dt + o (XT B + /Rdyd(X@’fﬁ,z)Nd(dt,dz), te (0,7]

with X“@fﬁ = limg ¢ s<t stjlh Then X%%" is an adapted cadlag process and by definition
X ﬁ;zd’h = X5 A for all n = 0,...,N and so X®%" can be viewed as pathwise temporal interpolation
of Xdh,

The next lemma proves that under Assumption [ the Euler scheme approximates X*¢ without the
CoD. We remark that the supremum that appears in (£.13)) is indeed measurable (we assumed that
our probability space is complete and both processes are adapted and cadlag).

Lemma 4.3. Suppose that Assumption[dl holds. Then there exist constants c3,cq > 0 such that for
alld € N,z € R% h > 0 the Euler discretization with step size h satisfies

(4.13) E| sup 1X7T = X | < h(esd! + cad®|a]|?).
tel0,T

Proof. Let d € N, z € R%, h > 0. Define G(t) = E[sup,c(o | X2~ XZ%R)12) for ¢ € [0,T). Inserting
(£12) and (2.I) we obtain by the triangle inequality and Doob’s martingale inequality (using that
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for any martingale M its norm || M]|| is a submartingale)

(4.14)
G(t) < 3E | sup / By — BUEE || |+ 3E | sup / sA(X) — (X frdj‘)dBd
s€[0,t] s€[0,t] 0
2
+ 3E | sup // dxzd ) — (Xff_l’?,z)]vd(dr,dz)
5€[0,¢] R h

t t
§3t/ E Hﬁd (xd) - pAXn ) H }dr+12E /ad(Xf’d)—ad( frthh)dBd
0 L 0
t 2
‘ / / VX 2) = XD )N (dr, dz) ]
0 JRd
t r t
—3t/ E Hﬂd (xz) - gUXE )| }dr+12/ E[Had(Xﬁ”’d) (X))

+12/ /Rd [ny (X4, 2) — XA M

< 3max(3t, 12)L/ E [Hde Xﬁj"H }dr.

+ 12E

]dr
F

This, the triangle inequality, the square integrability established in (4.2]) and the fact that fo ||X @R || ldr <

oo (which can be deduced by an inductive argument) allow us to conclude that G € L([0, T7]). In
addition, for all r € [0, 7]
|

To estimate the first term in the bound (A.I5)), we apply It6’s isometry to obtain for any r € [0, T
" d
/ o (XY dBY!
L

o ez ] <o { ] - . ]
|

+3E / / X 2 NYdt, dz)
r]p JRE
3 /L | Elle (e
rln

<3(r—|r]n)E /LTJ

3 / / B[4, 2) |2 (d=) dt
r]p JRE

< 3L[(r — |r]n)d + d* + d] /T 1+ E[|| X752 dt.

Tlh

ars) |- x| < om et ]+ m s, - e

BUXT ) dt
[7]n

(4.16)

Bl xEh H dt

Denote by ci,co the constants ¢1,c2 > 0 (independent of d and x) from Lemma [.T] which satisfy
for all ¢ € [0,7] the bound (4.1]). Inserting (4.I)) into (A6 we obtain that for any r € [0, 7] holds

2
(4.17) E [HX,?’d - Xt H } <OLA*(r — |7 )1 + crl|z]|? + cad?).
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Inserting (AI5]) and (£I7) into estimate (£I4]) gives for all ¢ € [0, 7]
t t 2
G(t) < 6max(3t,12)L < / G(r)dr + / E [de - X@;th ] dr)
0 0
t
< 6max(37T,12)L (/ G(r)dr + 9T Ld*h(1 + c1||z||* + ch2)> .
0

Gronwall’s inequality thus proves that for all ¢ € [0, 7]
G(t) < 6max(37T,12)9TL*d*h(1 + ¢1||z||* + c2d?) exp(6 max (3T, 12)Lt).

Setting a = 6 max(37,12)97 L? exp(6 max (37T, 12)LT) this proves [@I3) with c3 = a(l + ¢32), ¢4 =
acy. O

Corollary 4.4. Suppose Assumption [0l holds. Then there exist constants ¢3, ¢4 > 0 such that for
alld e N,z € R?

(4.18) E [ sup ||X12ilc’d||2 < G3d? 4 &4|x|%

t€[0,T

Proof. Let d € N, z € R% Consider G(t) = E [supte[O,T] ||Xf’d - :E||2] Using precisely the same
arguments employed to obtain (I4)) and then Assumption [l as in (£7)-(9), we get

G(t) < 3max(3t, 12) /OtIE [Hﬁd(x,ivvd)H2+ HUd(Xf’d)Hif/Rd ’yd(Xf’d,z)H2yd(dz)] dr

t
< 3max(3t,12) / 9LE [Hvad

~%(0, Z)H2 vi(dz)dr
0

[ =20l w2l +2

t
< 6L max (3T, 12) (2/ G(r)dr + 2T ||| + Td2> .
0

Gronwall’s inequality thus proves that for all ¢ € [0, T'] we have G(t) < be* with a = 12L max(3T,12),
b = 6L max(3T,12)T(2|z||?> + d?). This proves ([&I8) with ¢3 = 6L max(3T,12)TeT, &, = 2¢3. O

4.2. Small-jump truncation. In a next step we carry out an approximation procedure that allows
us to remove the small jumps of the process X®®"  In case of a Lévy-driven SDE (that is, when
Assumption [B((i) is satisfied) this procedure is not required in the proof of Theorem and so in
the current subsection we work exclusively under Assumption [B|(ii).

For 6 > 0 we introduce the set of jumps of size at least §, i.e. As = {z € R?: |z|| > 6}. We
consider the truncated continuous-time Euler approximation Yf’d’h’é, which is the unique cadlag

z,d,h,6
Yy

process satisfying =z,

(4.19) Ay = YA dt 4 o (V") d By + /A YA )N (dt, dz),  te (0,T).
9

Remark 4.5. Recall that (4I12)) means that for n = 0,...,N — 1, the interpolation satisfies for

t e [tn, tn+1]
(4.20)

t
XU K R ) o (K B B+ [ 0 2N, do),
tn
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where t, = hn, n =0,...,N. Similarly, (£19) means that

Y;x’d’h’é _ }/t:z,d,h,(g + 6d(}/ti7d7h’5)(t ¢ )+ d(Yifdh‘S)(Bd Bgl)
(4.21) V
b [ A ¥ ), e )
tn A6

Lemma 4.6. Let Assumptions [ and[3(ii) hold.
Then there exist constants cs,cg > 0 such that for alld € N,z € R%, h € (0,1), § >0

(4.22) E tsggquxi“¢hﬁ-—;¥f@*ﬂ2] < csh(d* + &|lz]|?) + codPd (||| + d?).
€10,
Proof. Setting G(t) = E[sup,ejo 4 [| Y™ U “1112] and employing precisely the same arguments
as in (£14) we obtain
(4.23)

G@S&/ UWim“% W(mMH}W+u/ U\ y o) _ gl (gt )
il 2l - of
§3max(3t,24)L/0E[HYLﬁJdM—XE,jMH}dr+24/ /Rd\Aé [H X, M

d(godh z)Hzl/d(dz)] dr.

¢ ¢
< 3max(3t, 24)L/ G(r)dr + 24/ E [/ 74( 7]
0 0 RA\ Ag h

To estimate the last term, we first use the Lipschitz-condition and Assumption [3] (ii) and then use
Lemma 1] and Lemma [£.3] to obtain
(4.24)

[=[f, Presigtaf )
§2ATE(4d

< 2/0 LE [HX”C“—X” H } + AL+ E[IXT |2)dr

2
‘F] dr

gt -t ol e [ o of oo o

< 2T Lh(csd* 4 c4d?||z||?) + 2T0PdIL(1 + ¢1 ||z]|? + c2d?),

where ¢y, ¢, c3, ¢4 denote the constants from Lemma 1] and Lemma 3] which do not depend on
deN,z e RY he(0,1).
Gronwall’s inequality therefore shows that

G(t) < be®

with @ = 3max(3T,24)L, b = 48T Lh(c3d* + c4d?||z||?) —|—48T5’7d‘jqu+cl||:n||2 + cod?) and so ([E22)
follows with ¢5 = 48T L exp(3 max (37, 24) LT) max(cs3, c4), c¢ = 48T L exp(3 max (37, 24) LT) max(cy, 2¢2).
O
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Remark 4.7. With some further work the bound in Lemma could be improved to ¢; = 0 in
(@22). This would require us to prove an analogue of Lemma E1] for the process Y& This
improvement is straigthforward, but not essential for the ensuing developments.

4.3. Approximation of coefficients. In the next approximation step we approximate the co-
efficients by deep neural networks. To this end, for e € (0,1), we consider the continuous-time

process Z%%"%e  Under the integrability condition on Ye,a in Assumption @ this is the unique
TR . . x,d,h,d,e

cadlag process satisfying Z, =z,

(4.25)

dz7 0% = B (Z5,00F)dt + 00 a(27,0]0)dBY + /A Ve Z5E0%, )N dt, dz), ¢ € (0,T),
9

where we now also allow § = 0 with the convention that Ag = R%\ {0}. See also ([#2T)) below for a
more explicit representation of Z = Z%&hde,
We first need a moment estimate similar to Lemma 11

Lemma 4.8. Suppose Assumption [4] holds. Then there exist constants c7,cg > 0 such that for all
deN,z e R, t€[0,T], he (0,1),5 >0, e (0,1),

(4.26) E[|| 25" %€|2] < eql|2|? + csdPed.

Proof. Fix d € N, z € R%, h € (0,1), 6 > 0, € € (0,1). To simplify notation write Z = Z= %0,
Let G(t) = sup,<; E[||Z,|?] for ¢ € [0,T]. Note that for ¢ € [t;,,tn+1] we have

t
(4.27)  Zy=Zy, + Bea(Z, )t — tn) + 0ca(Ze,) (B — Bl ) + / /A Ye.d(Zy,, 2)N(dt, dz)
tn )

and the stochastic integral is well-defined, see, e.g., [App09, Section 4.3.2]. Thus, if Z;, €
L?(Q, F,P), then the triangle inequality, [t6’s isometry and the growth hypotheses on Be,d> Oc.ds Ve d
in Assumption M prove that

B[ Ze*)"? < B[|Z0, P2 + B[ B2 a(Ze)IP]2(E = tn) + Ellloz,a(Ze,) (Bf — BE)IP1?
; ) 271/2
/ / ’Ye,d(Zth)Nd(dudz) ]
tn J As
(4.28) < E[|Z, |72 + CldPe™ + E[|| Zy, [7]72](¢ = tn) + Elllow a(Ze, )7 (t — )]/

+ </A§E [Il%,d(ztmz)uz] )t — tn)>1/2

< (14 30)E[||Zy, |[P]Y? + 3CdPe1.

+E

Using Z;, = = we inductively obtain from ([@28) that Z;, € L*(Q,F,P) for n = 0,1,..., N and
furthermore G € L([0,T7).
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Next, we insert the SDE representation (4.25)) and apply the same arguments used to obtain (£.28])

to estimate for any ¢ € [0, 7]

(4.29)

1/2
+E

2 271/2

t
E[IZ 22 < |1z + E H | o2y )5

‘ 2] 1/2
¢ 211/2 t 2 1/2
< izl + /0 EllB..a(Z,,_,)[21"/2ds + [ /0 E[uas,d(as_mupws}

+ (/Ot /AéE[H’Ye,d(ZLS_Jh,Z)Hg]yd(dz)ds> 1/2

t t
< o]l + TCP 4 C / E[|1Zs_y, |7]"/2ds + 2C [ / E[(d4 + ||ZL8_J,L||>2]ds}
0 0

t
H/o Bea(Z)s— 1, )ds

+E

t
// ’y&d(ZLS_Jh,z)Nd(ds,dz)
0 Jag

1/2

t 1/2 ¢ 1/2
< ||| + TCdPe= + CTY? ( / G(s)ds> +2C [2T(d”s_q)2 +2 / G(s)ds}
0 0

This shows that for any ¢t € [0, 7] it holds that
t
(4.30) G(t) < 6]|z||? + [6T? + 24T)(CdPe™9)? + [3C*T + 24C?] / G(s)ds
0

(with C' as in Assumption M) and hence, by Gronwall’s inequality, we conclude G(T") < aexp(bT)
with a = 6[|x||? + [612 + 24T](CdPe=%)2, b = 3C?T + 24C2. This proves ([@26]) with c; = 6 exp(bT)
and cg = [6T2 + 24T)C? exp(bT). O

The following result provides an estimate for the error arising from the neural network approxima-
tion of the coefficients. The result holds both for § = 0 (no truncation of jumps) and 6 > 0 (jumps
smaller than § are removed).

Proposition 4.9. Suppose Assumptions 1 and[]] hold.
Then there exists cg > 0 such that for alld € N, x € R%, h € (0,1), § >0, € € (0,1) holds

€|0,

Proof. Fix d € N, z € R%, h € (0,1), 6 > 0, € € (0,1). To simplify notation write Z = Z% %0
Y = YohO Let G(t) = Efsupsepy |ydhd _ godhoe 2] for ¢ € [0,T]. Then by the triangle
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inequality, Doob’s martingale inequality and It6’s isometry we obtain

(4.32)
s 2 s 2
G(t) < 3E | sup / BYY ) — Bea(Z),—),)dr|| | + 3E | sup / o' (Y,_y,) — 0ca(Z|,—),)dB?
sef0,4] 11Jo sef0,4] 11Jo
S 2
+ 3E | sup / / Vd(YLr—Jha Z) - 7&,d(ZLr—Jh7 Z)Nd(drv dZ) ]
s€[0,t] 0 JA;s

< 3t /OtE _Hﬁd(YLr—Jh) — Bea(Z)r-1,)

2

2 t
:| dr + 12E / Ud(YLr—Jh) — O-€7d(ZLT—Jh)dB7C“l
0

2

t
+ 12E ‘ /0 /A Vd(YLr—Jha Z) - ’YE,d(ZLr—Jha z)Nd(drv dZ)
9

=3t /OtE :H/Bd(YLT’—Jh) — Bed(Zjry,)

e[l

The triangle inequality, the Lipschitz-continuity of 3% and Assumption E{i) then yield for any
r € (0,7
(4.33)

d _ 2 d _ad 2 d _
Hﬁ (YV—Jh) ﬁavd(ZV—Jh)H <2 Hﬁ (YLT—Jh) B (ZLT—Jh) +2 Hﬁ (ZLT—Jh) ﬁa,d(ZLr—Jh)
<2L Yoy, = Zipy, |* + 281 CP (1 + (|2, )

2 t
:| dr + 12/0 E |:H0’d(Y|_T,_Jh) - U€7d(Z|_T’—Jh)

2
}dr
F

d 2 4
VYo 2) = el Zp )| V()| ar.

2

and similarly

“O’d(YLT_Jh) — 0ed(Z)r-y,)

2 d 2 4
F+/ v (YLr—Jh7z)_’Ys,d(ZLr—Jhrz)H v*(dz)
Rd

<2L || Yy, = Zppy, P+ 269 O (1 + 1|2, |P).

(4.34)

Inserting the two estimates (£.33]), (£34]) into (£32]) yields

(435  Gt) < 2(3t+12) / LG +2(3t + 12) / Lo (L4 E (|2, )
0 0

By using Gronwall’s inequality in the first step and (£.26) in the second step we therefore conclude
that

T
G(t) <2(3T + 12)/ AP (1 + E [||Z),— ), I*])dr exp(2(3T + 12)Lt)
0

< 23T 4 12)Te T CdP (1 + cr||2||* + cgdPe™9) exp(2(3T + 12)LT)

which proves (431]) with cg = max(acr,a(l + cg)), a = 2(3T + 12)CT exp(2(3T + 12)LT). O
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4.4. Monte Carlo approximation of the compensator integral. For 0 < § < 1 write Z :=
z%dh0e Then for t € [t,,tns1] the process Z in ([@25) can be written as

t
2= T + Beal Bt~ ta) + 0220 ) (B = B+ [ [ a2 W)
tn 5

= Zp, + Bed(Ze, ) (¢ = tn) + 0e,4(Z0,)(Bf = BL) + Y ealZe,, AP{)1a,(APY)

tn<s<t
—(t— tn)/A fye,d(Ztn,z)yd(dz)
5

where Ptd = an yNd(t,dy), see for instance [App09, Section 4.3.2], and APY = Ptd — Ptd_ is the
jump size of P% at t.

The final approximation step that we carry out now allows us to approximate the last integral above
by a finite sum over random samples. In case of a Lévy-driven SDE (that is, when Assumption Bl(i)
is satisfied) this procedure is not required in the proof of Theorem and so, in the current
subsection, we work exclusively under Assumption [BJ(ii).

To this end, notice that

4.36 aapy = [ LAEE y<a2 | Udz) < 52LdT
( : ) v ( 6) - A 1A ”ZH2 N HzH Z)
)

is finite. This shows that 7%(B) := % for B € B(R?) defines a probability measure on
(Rd, B(R%)). Let M € Nand let V;,,i=1,...,M,n=1,..., N beii.d samples with distribution
4 independent of B and N%. We now define the continuous-time process Z := Z&4mdeM which

is the unique cadlag process satisfying Z3*™"0eM —
(4.37)

dZmdh&eM—ﬁad( dehJEM)dt“‘O'E’d( xdhéeM)dBd / ’YEd(Zmdh6€M )Nd(dt,dz)
As

9

Lt=1n Lt=]n

M
Z xthEM ‘/i,Lt—Jh)dtv tG(O,T].

We first need a dimension-explicit bound on the second moments of Z;* hhbeM

Lemma 4.10. Suppose Assumption [§] and Assumption [3(ii) hold. Then there exist constants
¢7,Cs > 0 such that for all d € N,z € Rt € [0,T], h € (0,1), 6 € (0,1), € € (0,1) and M € N
with M > §~2Ld? it holds that

(4.38) E(|Z5 MM < & lle))® + e,

Proof. The proof proceeds similarly as the proof of Lemma @8 Fix d € N, z € R% h € (0,1),
5 € (0,1), e € (0,1), M € N and write Z = Z=4"0eM and G(t) = sup,<, E[|| Z,||?] for t € [0,T].
Then from (4.37]) we obtain for t € [ty, tp+1] -

(4.39)

t
2= 2, 4 el )t~ ta) + 0 Ze)(BE = B+ [ [ qeatZa, o) Nt
tn JAs

. t— tn)wi(As) A
+ =) [ eatta, 2 piae) - IS 2 Vi),
As i=1
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Suppose for now Ztn € L*(Q, F,P), the last difference can be estimated in L? as follows: by
definition of Vi, we obtain for any x € RY that v4(A5)E[y.a(z, Vi) = an Ye.a(w, 2)v(dz).
Hence, by independence, elementary properties of variance and with the growth hypothesis on 7. 4
(Assumption M) we obtain

27 1/2
7& d Ztn’ dZ
) 1/2
vi(A M
=E|E / Ye.a(x, 2)v(dz) — v(4s) Z’Ye,d(l’a Vit,)
As M i=1 -7
B J 1/2
(440) = ]jd(A(S)M_l/2E Z E |E ’75 d,] ':U ‘/1t1)] _/VE,d,j($7‘/17t1)|2Hm:ZAtn
]:1
_ 1/2
d
< I/d(A(;)M_l/2E ZE[|757d,j($v Vl,t1)|2]
J=1 x:Ztn
1/2

— AP VE [ [ a2l

As

< O (As)] P M VA (e + B Z, |IP]?).

Thus, if Ztn € L%(Q, F,P), then using first the triangle inequality and precisely the same arguments
used to obtain ([A.28]) and then inserting (.40) and employing that vl(As) < M (due to ([Z30) and
the assumption M > 5_2Ld‘j) we deduce

E[|1Z:*]"/? < (1 + 30)E[| 2, |))'/? + 3CdPe™

5 d l/d(A(;) M ~
[ ez e - SRS a2, Vi)
As i=1

< (14 @B+ T)O)E[|Z, I7]Y? + (3 + T)CdP=1.

27 1/2

(4.41) + (t—tn)E

Starting with Z;, = 2 we may now inductively obtain from @4I) that Z;, € L*(Q, F,P) for n =
0,1,..., N and furthermore G € L'([0,7]). Next, we insert (Z37) and apply the same arguments
used to obtain (£.29]) in the first inequality and the Minkowski integral inequality combined with
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({40) to estimate for any ¢ € [0,7]
(4.42)

t 1/2 t
E[||Z:)*)? < ||| + TCdPe~7 + CT/? </ G(s)ds) +2C [ZT(aﬂne_q)2 + 2/ G(s)ds]
0 0

27 1/2

1/2

. d v(As) M 5
’yE,d(ZLs_Jh, Z)V (dz) — T Z 'Va,d(ZLs—Jha Vi,Ls—Jh)ds
5 i=1

A

t 1/2 t 1/2
< |z|| + TCdPe= + CT/? < / G(s)ds> +2C [ZT(d”e_q)2 +2 / G(s)ds]
0 0

t
+ [ c@et L B2y, s
0
t 1/2 ¢ 1/2
< |lz|| + 2T CdPe™1 + 20T/? < / G(s)ds> +2C [2T(dpa_q)2 +2 / G(s)ds}
0 0

This bound is, up to factors of 2, identical with (£30]). The proof can now be completed using
Gronwall’s inequality as before. O

The next result provides an estimate for the error arising from the Monte Carlo approximation for
the compensator integral.

Proposition 4.11. Suppose Assumptions [, [3(ii) and[4] hold.
Then there exist constants ¢g,¢10 > 0 such that for all d € N, x € RY, h € (0,1), 6 € (0,1),
£ €(0,1) and for M € N with M > §=2Ld? it holds that

(443) E

te[0,T

Proof. The proof is analogous to the proof of Proposition B9l Fix d € N, z € R? h € (0,1),
5 € (0,1), e € (0,1) and M € N with M > §2Ld9. As before we simplify notation by writing
Z = Z“”“%M Y = Y=o Define G(t) := Elsupye(o g |[ymdho . gmdhoe M2 for ¢ [0, T).
Then by the triangle inequality we obtain

(4.44)

s 2
G(t) < 4R +4E / o(Y,_y,) — 0ca(Z|,—),)dB?
0

1

y viAs) S,
//%d Z_), 2w (dz) — v Y vedZipy Vigroy, )dr
As

i=1

/ /Bd(YLr—Jh) - Be,d(ZLr—Jh)dT

sup
sE[O t]

sup
s€[0,t]

/ /A (Yoo 2 2) = Aea(Zyoey, » 2) N (dr, dz)
8

+4E | sup
sGOt

+4E | sup
sEOt

Denote the sum of the first three terms by G(¢) and the last term by Ga(t). Then Gy(t) can
be handled by the precise same argument used in (£32])-([4.34]). For these terms we obtain the
analogous upper bound to (£35]) (up to a factor 4/3):

t t
(4.45) G1(t) < 2(4t + 16) / LG(r)dr + 2(4t + 16) / tlCcdP(1+E [HZLT_ In H?} )dr
0 0
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On the other hand, using Minkowski’s integral inequality and (4.40]) we obtain
(4.46)

s d
Ga(t) <4E | sup (/ vi(4s)
s€[0,t] 0

M
/ Ved(Z)y—),, 2V (dz) — — = Z’Ys,d(ZLr—JMVZ;Lr—Jh)
As M i=1

2
dr)

- ¢ 5 d Vd(Aé) 2 - i
<A4E /0 /A Yed(Z|r-]y,, 2)v7(d2) — — > ved(Zpyy Vi) dr
5 =1
1/2 2
t A o VDA 7"
<4 /E / Ved(Zlr—r 2)V(d2) = — D vea(Zl—yr Vilr—),) dr
0 As i=1

t 2
< AC? [ (As)M T (/ dPe™9 + E[||ZLT_JhH2]1/2dr>
0
~ — t A
< 8C252LdIM™! <T2d2ps—2‘1 +T / E[|Z},— JhH?]dr) .
0

Combining (£.44)-(2.46) and Gronwall’s inequality in the first step and applying (.38) in the
second step we hence conclude (with ¢ = max(2(4T + 16)C max(T,1),8C?Lmax(T?,T)), a =
max(l, T57, 1+ T&g))

T
G(t) < &t lar + 572d*P 972 M7 <1 + / E(|Z,—), H2]dr> exp(2(47 4 16)Lt)
0

< ettt @ + 572 T2 IMTY) (1 + Té||z||* + TésdPe™?) exp(2(4T + 16)Lt)
< ae[e® 1@ 4 6 24P e IM T (14 ||@)|?) exp(2(4T + 16)Lt),
which proves ([@43) with ¢g = a¢exp(2(4T + 16)LT). O

5. DNN APPROXIMATIONS FOR JUMP-DIFFUSION PROCESSES

This section contains our main results. We start by specifying in Section [£.1] the assumptions on
the path-dependent functional. Section contains the main result of the article and its proof.
In Section B3] we then specialize this result to functionals which do not exhibit path-dependence
and in Section [5.4] we apply these results to provide expression rate estimates for PIDEs. Finally,
Section provides an application to basket option pricing.

5.1. Admissible Payoff. For each d € N we consider a function ¢4: RY x R¥ — R. We aim at
approximating the map

(5.1) (2, K) = Elpa( X34, K)

by deep neural networks. In the context of mathematical finance @g4 is a parametric European payoff
and the right-hand-side of (B.I]) is the price at time 0 of a derivative written on an asset with price
X;’l’d and payoff p4(-, K) at maturity T (at least of P is a risk-neutral measure).
More generally, we will be interested in approximating expectations of certain path-dependent
functionals (or derivatives in a mathematical finance context) ®4: D([0,T],R?) x R¥¥ — R, i.e. the
map

($7 K) = Ud(x7 K) = E[(I)d((XLd)SE[O,T}v K)]

S
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is to be approximated by deep neural networks. Here ®([0, 7], R?) denotes the space of all cadlag
functions y: [0, 7] — R? (also referred to as “Skorokhod space”, see e.g. [JS03]).
For our results on expression rates, we make the following assumptions on the functional ®,. The

case of “European payoffs” ¢4 is a special case and the assumption simplifies in this case; see
Remark [5.T] below.

Assumption 5. Assume there exist C >0, p,q > 0 and that for each d € N, € € (0, 1] there exist
D.;eN,0< t‘li’8 < ... < t%‘z’s < T, neural networks ®. q: RP=d x Rk 5 R and probability
measures 1% on R? x R* so that for each d € N, ¢ € (0,1],

(i) for all K € R¥ 4 € ©([0,T],R%)

[@a(y, K) = ea(y(t1?), .., y(t75; ), K)| < eCaP(1+||K | + Sup Iy (1)
€|0,

size(®z q) + De g < CdPe™?,
Lip(®. 4) < CdPe™,
(i) Jrgra(1+ ol + | K [P (dr, dK) < Ca.
Here, for a function g: R? x R" — R, the quantity Lip(g) is defined as

Kqp)— K
Llp(g) _ sup ’g(xlu 1) g(x27 2)’

(w1, K1) (w2, Ko)eROxRr |71 — ol + | — Ko
T1#£w2, K1# K2

Assumption Bl includes many important derivatives such as discrete and continuously monitored
Asian options or discretely monitored barrier options.

Remark 5.1. In the special case when @ is in fact a European payoff, i.e., when @d((Xg’d)Se[07T} JK) =
god(X%’d, K) for some pg: R? x R* — R then we may set D, 4 =1 in Assumption 5l and Assump-

tion [BYi) reduces to the requirement that there exist neural networks ¢, 4: R? x R¥ — R such that
for each d € N, ¢ € (0, 1] it holds for all (z, K) € R? x R¥ that

lpa(z, K) = ¢ea(z, K)| < eCdP(1+ [lz]| + || K])
(5.2) size(de,a) < CdPe™,
Lip(¢. 4) < CdPe1.

5.2. Main result. We now turn to our main approximation result. Theorem shows the fol-
lowing expressivity result for the approximation of U by deep neural networks: an approximation
accuracy of € > 0 can be achieved by a neural network with size bounded at most polynomially in
d and in e~'. Hence, the neural network approximation does not suffer from the CoD. Note that
the probability measure u? may have atoms. Theorem can thus also be used to obtain DNN
expression rates for Uy(-, K4) for single values Ky € R

Theorem 5.2. Assume that

o the coefficients of the SDE (2.1)) satisfy the Lipschitz and growth conditions in Assumption(d,

o the jumps of the process satisfy Assumption[3, that is, either we are in the case of a Lévy-
driven SDE or the small jumps exhibit decay (2.5)), ([2.6]),

o the coefficient and payoff functions satisfy the approzimation hypothesis, Assumptions 4], [3



24 LUKAS GONON AND CHRISTOPH SCHWAB

Then there exist constants k,p,q > 0 and, for any d € N and target accuracy ¢ € (0,1] exist neural
networks Ue 4: R? x R¥ — R such that

(5.3) size(Ug q) < kdPe™1,
1/2
(5.4) </ Uy(2, K) — Us g(, K)|[>u%(d, dK)) <e.
Rd xRkd

Proof. Let € € (0,1] be given and consider € N, € € (0,1), h € (0,1), 6 € [0,1) and M € N to
be selected later. Essentially the proof consists in two steps: in a first step we carry out various
approximation procedures to construct i.i.d. stochastic processes Z®h0&EML - 72,d,h,0.EMI 51
find w € © such that

2 1/2

N
1 o
Ug(x, K) = =Y @z aeqe (2705 Miw)), K)| p(da, dK) <e

(5.5) /R L

where egz(y) = (y(tcll’g), . ,y(t%;)) for y € ([0, 7], RY).
In a second step we prove that

n
1 o
Usg(, K) i= = > 0z q(eqe(Z27HM05M (w)), K)
i=1

3

is indeed a neural network with weights satisfying (£.3]).

The proof is slightly different depending on whether Assumption[3l(i) or AssumptionBl(ii) is satisfied.
Hence, we prove the two steps separately for each case. In particular, in each of these two cases
a different choice is made for Z#®&no6EML - Zo,dh0 &M Ty the first case this will be 91 i.i.d.
copies of the process introduced in (4.25]), whereas in the second case instead 91 i.i.d. copies of
(@37) will be chosen.

The case of Assumption [3(i)

Consider first the case of Lévy-SDE, i.e. when Assumption Bl(i) is satisfied. Let 6 =0, M =1 and
let Z@dhdaML - Zodhd MR Ko 01 11.d. copies of the process Z%®¢ introduced in @25).
Step 1: Denote Z;(z, K) = ®zg(eqz(Z5308M0) ) Zi(x, K) = Zi(z, K) — ®z4(eq2(0), K). We
start by estimating the following L?-approximation error.

(5.6) 2
L
/RdXdeE Ua(w, K) — N ZZ:;ZZ($7 K) Md(dﬂi,dK)
n 2
= /Rd . Ug(z, K) — E[Z1 (2, K)]|* + E ||E[Z: (2, K)] — % S Ziw K)| | uf(de, dE)
’ i=1

_ / Uy(z, K) — E[Z1(z, K)]|? + %E (B2 (e, K] — 20, K)[] (e, ).
R4 xRkd
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We now estimate these two terms separately. For the first term, the triangle inequality and As-
sumption [Bl(i) yield for any (z, K) € R? x R

(5.7)

’Ud(‘rvK) - E[Zl(xvK)”

< E[®a((XI)seior, K) — ®zaleqs(Z254"0F), K]
< E[|0q(X2) seio ) K) — Pz a(eq (X4, K)|] + E[| @z a(eqz(X"?), K) — @z a(eq(Z274"0€), K)|]
<E|eCd’(1+ ||| + | K| + sup. IXPM) | + CdPE TR [||eq e (X™?) — eqe(Z54M09)]
te[0,T
< EOdP(1+ |z + | K| + E[ sup [ X)) + CdPe™DYIE] sup | X7 — 2],
t€[0,T] T telo,7)
Using Lemma [£.3] Lemma and Proposition we obtain

d d,h,0,&
E[ sup [ X7 —Z "]
te[0,T

d vz,d,h o Z,d,h d,h,6 d,h,6 d,h,6,&
<E[sup | X=X+ E[ sup [ X7 = VSR +Ef sup |25 — Z2500]
te[0,T] te[0,T] t€[0,T]

< [Wlead* + cad®||2|*)]V? + [esh(d* + dP||z))?) + coPd(|l2]|* + d*)]'/2 + [co2® 1P (1 + [|z]*)]/2.

Inserting this estimate and estimate (A.I8]) from Corollary 4] into (5.7)) we obtain
(5.8)
Ua(, K) = E[Z1(2, K)]|* < 622C%d* (|2 + || K||* + &3d® + &l|z]?)

+ 6C3d%P 3 h(cgd + cad?||z]|?) + esh(d* + d2||z||?) + c60Pd?(||]|? + d?) + co2> 1 d?P (1 + ||z]|?)]

with é3 = 2max(és, 1),é4 = 2¢4. To estimate the second term in (5.6]), we apply the Lipschitz
condition and the moment bound (A.26]) to obtain

E UE[Z(% K)] — Zi(x, K)ﬂ <E “fl>a7d(ed,a(zw’d’h’5’€_),K) — @z 4(eq,£(0), K)ﬂ
< 2R |:Hed7€_(Zw,d,h,5,e‘) _ ed,g(O)Hz]
ez

< C3dPe3 (cgdPE™ 1 + 7|z ?).

Dz a4
— 02d2p§—2q § :E Zmd,d,h,&é
yE
i=1 b

Inserting (5.8) and (5.9) into (5.6) and using the growth condition on the integral in Assump-
tion [BY(ii) we obtain

[,
(5.10) Rd x REd

< ed'[E2 4 3920 + BT 4 e

n 2

Ud($7K) - % ZZZ($7K)
=1

p(da, dK)

with ¢ = 6 max(C® max(1, &3, 1+ &), C* max(c3, c4, s, cg, ¢9), C* max(cg, 7)), r = max(5p, 6p +4 +
7). Now choose & = e(max(6¢,1)d")~" and h = €2(9ed"34)~1, M = [3e~2ed e *9]. With these
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choices, the bound in (5.I0) becomes

(5.11)
1 & ’ e? ¢ g2
E Ug(x, K) — =Y @ g(eqe(Z25m0MY ) pu¥(de, dK) | < = + = + = = €%
/RdXde d(x7 ) m; €,d(ed,€( )7 ) ILL ( f];, ) 3 + 3 + 3 €
Hence, there exists w € § such that (5.5]) holds.
Step 2: ' )
Let i € {1,...,M} and write Z%¢ := Z=:h0&Mi Denote by L = fg Jga GU(z)N%(dt, dz) the
jump part of the (i-th i.i.d. copy of the) Lévy process driving the SDE (2.I)). Let ¢° = depth(fz q)
07 = depth(oz,q,5), 65 = depth(F: 4 ;) and set lpa, = max (2,67, 07, ... ,Kg,ﬁf, .. ,65). For any
¢ € N denote by Z, ¢ a {-layer ReLU-DNN that emulates the identity on RY. By [PV18, Remark 2.4]
(see also [OPS20] Proposition 2.4]) it can be chosen so that size(Z;,) < 2d¢.
Then from (4.25]) we have for any ¢ such that t € [t,, t;41]
(5.12)

20 = 25+ Beal 25 = tn) + 02a(Z) (B = By') + Fra(Z7)) / [ GU)N(dt, d2)
tn JR

)

d
1 T, T d,i d,i
= L lmas (Ztn )+ ﬂe',d(zd,zmw—zﬁ (Ztn Nt —tn) + Z 0¢,d,j (Id,fmaz—ﬁ‘; (Ztn ))(Bt,j - Btn,j)
j=1

d
+ Z Fza; (Id,zmaz—ef(zf,f))@% - Li’f,j)-
j=1
Next we use a result on compositions of DNNs, [PV18, Remark 2.6] (see also [OPS20, Proposi-
tion 2.2]), which essentially states that the composition of a DNN ¢; with L; layers and a DNN
¢o with Lo layers can be realized as a DNN ¢ := ¢1 ® ¢2 with Ly + Lo layers and size(¢) <
2(size(¢1) + size(¢2)). This shows that the last line in (5.12)) can be realized as the (randomly
weighted) sum of DNNs of the same depth evaluated at an’ A weighted sum of DNNs of the same
depth £,,,4; can again be realized by a DNN of depth £,,,4, by [GS20, Lemma 3.2] and therefore we
obtain

(5.13) ZP M w) = B2 ()

for a neural network ®:: R? — R? with neural network weights depending on t,t,,&,d,i,h and w
(but not on z) and satisfying

d
size(®}) < size(Zyy,,..) + size(Bzq © Litan—t8) + Z size(0z,d; © L e,gn—t7)

5
j=1
d
+ ) size(Fzq; ©Z, _yF)
- SRS
d
< (6d + 8d*)limay + 2size(Bz.a) + 2 Z size(oz q5) + size(Fzq, ;)
j=1

< (14 6d + 8d*)2CdPe1,

where in the last step we used Assumption d] and that w.l.o.g. each layer has at least one non-zero
parameter.
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Tterating (5.12)), applying (5.13) in each time-step and using Z§"* = x, we obtain for t € (t,, t,11]

Z{'(w) = @y o @j, 0 @), 00 P, ()

5.15 .
(19 = Vi()

with ) =0 ®; 0@, ©-- 0P} .
From [OPS20, Proposition 2.2] in fact we have the refined bound size(¢1 © ¢2) < 2size(¢1) +
sizeout (2) + size(p2) and the property sizegy:(d1 @ ¢2) = sizeout(P1) (provided that ¢ has at least
one hidden layer). But each of the networks <I>fg has at least one hidden layer (as ¢,,4, > 2) and so
by iteratively applying these properties and using (5.14]) we obtain

size(V}) < 2size(®}) + sizeu (P}, O P} @ - @} ) +size(®] ©P]  ©-- P} )

1
= 2size(®}) + sizeou (P} ) + size(®; © @,  ©---© D))

< 2size(®}) + sizeut (P}, ) + 2size(®] ) + sizeout (P}, ) + size(®]

(5.16) = In1 ©--O®)

1

< 2size(®)) +3) _size(®], ) < (2+ 3n)(1 + 6d + 8d*)2CdPe .
k=1

Next, recall that tcll’e_ <...<tp,.. Denote by £; = depth(\lfid,g) for j=1,...,D with D := Dy ¢

J
and note that ¢; is non-decreasing in j. We now use (G.I5) to write

e g(eq (20O W), K) = @ a(Z35% (@), - 20 (@), K)

e ip
(5.17) = [®cqg0 (Zaep—e, © \yig,g(a:), e \Ift% (), Traep (K))]
= U'(z, K)

for the neural network ¥ = @4 O [(Zarp—v, © \IJid,e-,IMD_& ® \I/id,g, . \I/id,g),Ikd,gD)d] where
1 2

(¢1,...,¢r) denotes the parallelization of the m € N neural networks ¢y, ... ,(b,: and (¢1,...,0m)dq
is the parallelization with distinct inputs (see for instance [OPS20} Section 2.1]). The network size
is additive with respect to these operations in the sense that size((¢1,...,¢m)) = > .ivq size(¢m)
and size((¢1,...,Pm)a) = doiey size(dm). The size of U¢ can thus be estimated using (5.16) and
G.17) by

SiZG(\IIi) < 2size(<I>g7d) + QSize(((Ide_gl ® \IlidvadlD—Zz ® qlid7§7 RN \Pid’g)7Ikd7zD)d)
1 2 D

D—1
= 2size(®Pz q) + 2size(Lyae,,) + 2size(\I/i%5—) +2 Z size(Za,ep—0; © \I/%s)
j=1
(5.18) D-1
< 2CdPE~1 + 2kdlp + 4D(2 + 3N)(1 + 6d + 8d*)2CdPe1 + 4 Z 2d(¢p — ¢;)
j=1
< [1+ (4D + 2kd + 8Dd)(2 + 3N)(1 + 6d + 8d*)|2CdPz 1
< éh_1d2p+4§_2q,

with C' = 4200 max(C, 1)kTC.
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Inserting (5.17) into the definition of U, 4 we thus obtain
(5.19) U. a(z, K) qu (z,K) = ¥(z, K)
for a neural network U e.g. obtained from [GS20, Lemma 3.2] and satisfying

size(¥) < E size( \I" hl@?rtiz2am

(5.20) .
< Cle?(9edmz=34) =17 1d2rH4a20(3e = 26d a4 + 1)

< 18 max (3¢, 1)eC max(6¢, 1) 499 g2p+4+2r+9ar.

where we used (.I8)) in the second inequality and inserted the choices of 9, h in the third inequality
and the choice of & in the last inequality. Setting  := 18 max(3¢, 1)eC max(6¢,1)%, p = 2p + 4 +
2r 4+ 9qr, ¢ = 4 4+ 9¢q we have thus proved in (5.19]) the claimed neural network representation and
provided in (5.20) the polynomial bound (5.3]) on its size. This concludes the proof of Step 2 and
finishes the proof of the theorem in the case of Assumption [3](i).
The case of Assumption [3](ii)

Consider now the case when Assumption [B(ii) is satisfied. Let
i.i.d. copies of the process Z*4"%&M which was introduced in #3T). Recall that € € (0,1),
h € (0,1), 6 € (0,1) and M € N are for the time being arbitrary and will be selected later.

Step 1: Denoting Z;(x, K) = ®¢ 4(eq:(Z7M55M) K) and Z;(x, K) = Z;i(z, K) — ®z 4(eq(0), K)
we obtain the same error decomposition (5.6 as in the case above. Furthermore, for the first
term we proceed by the precisely the same arguments used to obtain (51) and obtain for any
(z,K) € R? x R¥

|Ud($7 K) - E[Zl(x7K)]|

G20 <20 + 2] + | K| +EL sup [|X2))) + CPe IDY2E] sup [ X7 — Z2ah8eM)),
te[0,T] t€[0,T]

Z:c,d,h,é,é,/\/t,l’ o ,Z:c,d,h,&,é,/\/(,m be

As above, we now estimate the last expectation above using Lemma [4.3], Lemma and Proposi-
tion @11l This yields for M > §~2Ld? that

7d 7 7d7h757_7M
E[ sup [|X{ — Z5 0]
te[0,T]

,d ox,d,h ,d,h ,d,h,8 ,d,h,8 5x,d,h,8,8,M
<E[sup [ X7 =X Y] +E[ sup [ X" = YOO+ E[ sup [[Y;700 - Z0005 ]
te[0,T te[0,T te[0,7

< [h(esd" + cad?[[2]*)] V2 + [esh(d* + d||x|®) + c6Pd?(||z|* + d*)]'/?
+ (o[ A 4 52T RIM T (1 4 ||z *)] 2
Inserting this estimate and (18] from Corollary 44 into (5.2I]) we obtain

(5.22)

Uiz, K) — E[21 (2, K)]|* < 65°C%d% (||z||* + || K||* + &3d° + é4l|z||*) + 6C3d*Pe 3 [h(csd* + cad?||z||%)]
+6C3d*Pe 2 [csh(d* + d||z||?) + ce6Pd(||z||? + d*) + Eo(E37TH AP + 6 2d*PTIEPIMTY) (14 ||2|?)]

with ¢3 = 2max(63, 1),54 = 2¢4.

For the second term in the error decomposition (5.6) one may use precisely the same arguments as
in (5.9) (but now with the moment bound (4.38)) instead of (£.26)), which yields
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(5.23) E [ua[zl(x, K)| - z‘l(x,K)ﬂ < O3P8 (EgdP e + G |]|2).
Estimates (5.22) and (5.23) can now be inserted into (5.6]), this yields

(5.24)

E
Ré xRkd

_ / \Uy(z, K) — B[2, (2, K)]|* + %E (IE(21 (e, K] — 21 (2, B[] (e, dE)
R xRkd

2
p(dz, dK)

N

Ud($7K) - % ZZZ(QL‘,K)
i=1

<ed / (14 ||z]|? + || K||?)[% + £739(2h + &P + &30+1 4 5723 M) 4 1 e49) 4% (da, dK)
Ra xRkd

< Ced™P[E2 4+ &731(2h + 6P 4 21T 4 5 2e M) e

with ¢ = 6 max(C? max(1 + &, 1,é3), C® max(cs, ¢4, c5, cg, €7, g, Cg)), 7 = 6p + 4 + G.

Now set ¢ = C¢, p = r + p and choose & = e(max(8v/3¢,1)dP)~, h = £?(max(48¢, 1)dPe—31)~1,
6= h'P, M = [e726— 2z 0aqmax(p.9) max(12¢, L)], M = [12e2édPe—14].

Denote by R := [pa, gra |Ua(z, K) — 5 S Zi(z, K)|*u?(dz, dK). Tnserting these choices in the
bound (5.24)) we obtain

2 82 2 82

5.25 ERl<« =4+ +5 =&
(5.25) Rl<5+5+5 =73
i.e. that the bound (5.I1)) also holds with the current choice of Z%4m%&Msi and % instead of &2.
Combining this with Markov’s inequality, the fact that N%(-, As) is a Poisson process with intensity

v?(As) and estimate ([E30) yields

E[R]  ENUT,As)] _ 1, v%(4s) _2
~ — S - + 7~_ .

g2 375-2Ld1 ~ 3 30-2Ld1 ~ 3
> 0. Thus, there exists w € 2 such that

IN

(5.26) P <{R > 2V U {NY(T, A5) > 3T5—2Ed‘?}) <

Consequently, P(R < &2, N4(T, As) < 3T6~2Ld7) >
(55) holds and, in addition,
(5.27) NYT, As)(w) < 376 2LdY.
Step 2: Let i € {1,...,M} and write Z% := Z&®h05Mii - Recall that Z%* is an independent copy
of the process Z»®m9&M introduced in (37). Denote by P = [ A, YN &i(t, dy) the compound
Poisson process of jumps larger than § associated to Z%¢. Then for t € [t,,tn41]
(5.28)

77 = 20" 4 BealZi)(t — tn) + 02a(Z0)(BE = BE) + Y qza(Z5", APM) 1L (APH)

tn<s<t

1
3

t—t d(Ay) .
( n) Z'Ye, tnv mtn)

where the first sum is only over finitely many non-zero summands, see for instance [App09], Sec-
tion 4.3.2] (the number of non-zero terms is N(t, As)(w) — N(s, As)(w), which is finite due to
[App09, Lemma 2.3.4]). Let £,q, = max(2,¢° 67, .. Kg,ﬁﬁm,ﬁv, ... 7€X/1) with £°, (€7)j=1,...d as
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before, E}/ = depth(%’d(-,Vﬁtn(w))) for j = 1,...,M and ¢ = maXe(s, /] ¢F where ¢F =
depth(’yad(-,APg W)l Aé(APsd "(w)). Then precisely the same reasoning that we employed to
obtain the neural network representation (B.I3]) from (B.12]) can be applied here. More specifically
for each t € [t,,t,11], there exists a neural network ®{: RY — R? with neural network weights
depending on t,t,,&,d,i,h,5, M and w (but not on x) such that for all z € R? the representation
7" (w) = ®}(Z"(w)) holds true and the number of non-zero weights can be estimated by

(5.29)

d
size(®f) < size(Za pa,) +5126(Be.a © Loy, ,—09) + O 5126(02,05 © Litpge—t2)

j=1
. . M .
+ Z Las (AP (w))size(vza(-, APM (w)) © Ly, o) + Z size(Ye,d (s Vit (@) © Zg g, 0n—ev)
tn<s<t m=1
d
< 2dlmar (3 + 2d 4+ 2NUT, As)(w) + 2M) + 2size(Bz q) + 2 Z size(0z,a;) + 2(NUT, As)(w) + M)size(yzq)
j=1

< 20dPe79(1 + NYT, As)(w) + M + 3d + 2d* + 2dN(T, As)(w) + 2dM)
< 12C max(1,2TL)dP T 2579(1 + 2672 + M),

where we used the bounds on the size from Assumption [ and employed (.27 for the last step.
For the remainder of the proof we can now repeat precisely the same arguments used to obtain first
the neural network representation (5.15]) with a bound on the weights (obtained as in (5.16)))

(5.30) size(W!) < (2 4 3n)12C max(1, 2T L)dPT 725791 + 2672 + M).

Letting Cp := 12C' max(1,2TL) we then obtain the neural network representation (5.I7) with
weights bounded (as in (5.I8])) by

(5.31)
Dgez—1
size(W') < 2size(Pz 4) + 2size(Trarp,) + 2size(\I'id75 )+ 2 Z size(Zgpp—0; © \I'idyg)
Dy = : J
, j=1
Dg:—1
< 20dPe % + 2kdlp + 4Dg (2 + 3N)Cod? T2 91+ 252 + M) +4 Y 2d(Lp — ;)
j=1

< 20dPE9 + (4Dg e + 2kd 4 8Dy zd)(2 + 3N)CodP 725791 + 2672 + M)
< 20dPE 9 + 14kC(2 + 3Th™ ) Cod® 1357241 4 2672 + M)
< Ch™1672d2P+at3z=24(1 + M)
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with C' = 60C max(1, 7kC) max(T, 1). Altogether, we obtain the representation (5.19) also in this

case for a neural network W satisfying (analogously to (5.20)) the bound
(5.32)

size(¥) < Ch1672d2PHaH3724(1 + MM
< O™ 5 (max (48, 1)dPe—39) 15 @2rHa+3z-20(1 4 c=25-64gmax(bd) max (126, L))(1 + 126~ 2adPz19)
4C max(48¢, 1)1+% max(1,12¢, E)e_G_%d2ﬁ+%+2p+q+3+max(ﬁ"j)§_15q_mTq

68 _15g_120 a5 45 5 ; 54 1245
6= 5—15q— 22 35+ P +q+2p+q+3+15q5+ 22

IN
=

9

where we have set x = 4C max(1,12¢, L) max(48¢, 1)1+%(max(8\/§é, 1))15q+% and we used (5.31))
in the first inequality and inserted the choices of 91, h, M,d in the second inequality and the
choice of € in the last inequality. This finishes the proof of the Theorem also in the case of
Assumption BI(ii). O

5.3. Case without path-dependence. As a first consequence of Theorem we obtain a DNN
approximation result for European options, i.e., functionals which only depend on the terminal
value. For each d € N let pq: R? x RF* — R be a parametric European payoff function. In this
section the function to be approximated is Uy: R x R — R given by

(2, K) = Ug(z, K) := Elpg( X5 K)].

This is a special case of the situation considered in Theorem [5.2] with ®4(y) = pa(yr). Thus, Theo-
rem can be directly applied. To facilitate reading we have written explicitly the simplifications
that appear in this case for the assumption on the payoff, Assumption [l cf. also Remark 51l In
particular, the assumptions imposed in Corollary (5.3] are precisely the same as in Theorem but
specialized to the case ®4(y) = wq(yr).

Corollary 5.3. Assume that

e the coefficients of the SDE (2Z1)) satisfy the Lipschitz and growth conditions in Assumption(d,

o the jumps of the process satisfy Assumption[3, that is, either we are in the case of a Lévy-
driven SDE or the small jumps exhibit decay (2.5]), (2.6]),

e the coefficient functions satisfy the approximation hypothesis Assumption [4] and Assump-
tion [A(ii) holds,

e there exist C > 0, p,q > 0 and for each d € N, ¢ € (0,1] there exist neural networks
Ge.d: R? x R¥ — R such that for each d €N, € € (0,1], the European payoff approximation
condition (5.2) holds.

Then there ewist constants k,p,q > 0 and neural networks U, q: REx Rk R deN, ee (0,1]
such that for any d € N and target accuracy ¢ € (0,1]

(5.33) size(Ug q) < kdPe™ 1

1/2
(5.34) (/ |Ug(x, K) — Ue,d(x,K)Wd(dx,dK)) <e.
R xRkd

5.4. Expression rate results for PIDEs. As a second consequence of Theorem we obtain
a DNN expression rate result for the solution of the PIDE (I.2]) (which is identical to (2.4])). For
each d € N let pg: R? — R be a continuous function with polynomial growth. With Assumptions ]
and 2] Proposition [2.7] ensures existence of a unique viscosity solution with polynomial growth of
the PIDE (I.2). We denote this solution by uy € C([0,7] x R4, R). The next result proves that
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ug(0, -) can be approximated by ReLLU DNNs without the CoD. We write u{(dx) for the z-marginal
probability measure of p4, i.e., puf(A) = [pra n*(A,dK) for A € B(R?).

Corollary 5.4. Assume that

e the coefficients of the PIDE (L2)) satisfy the Lipschitz and growth conditions in Assump-
tions [l and [3,

° 7‘1 satisfies Assumption [3,

e the coefficient functions satisfy the approximation hypothesis Assumption [4] and Assump-
tion [A(ii) holds,

e there exist C > 0, p,q > 0 and for each d € N, ¢ € (0,1] there exist neural networks
Ge,d: R? — R such that for each d € N, € € (0,1], = € R?

[pa(z) = @ea(z)| < eCd’(1+ |lz| + || K]]),
(5.35) size(¢e q) < CdPe™,
Lip(¢a7d) < CdPe™1.

Then there exist constants k,p,q > 0 and neural networks u. q: R - R, deN, e e (0,1] such that
for any d € N and target accuracy ¢ € (0,1]

(5.36) size(ue q) < kdPe™ 1

(5.37) (/Rd |ua(0, ) — ue,d(w)IZMd(dx)> 1/2 <e

Proof. Fix d € N. Under Assumptions [I 2 we obtain from [BBP97, Theorem 3.4] that u4(0,-)
has a representation in terms of stochastic integrals: for all z € R, uq(0,z) = V5, where Vj is

deterministic and there exist an R?*%-valued progressively-measurable stochastic process Z* and a
mapping U*: Q x [0,T] x (R?\ {0}) — R with

T T
(5.39) % = eaxy = [ zzawi= [ ] up)Nanaz)

E[fOT | 2#]|2.dt] < oo, U is P@B((R4\{0}))-measurable (with P denoting the predictable o-algebra)

and E[ fOT Jga [UF (2)|Pv%(dz)dt] < co. These conditions guarantee that the stochastic integrals in
(BE38) are martingales (see for instance [RY99, Theorem IV.2.2] and [App09, Theorem 4.2.3]).
Taking expectations in (0.38)) we thus obtain ug(0,z) = Vi = E[cpd(X;’d)]. Setting Uy(z, K) =
ug(0, ) we are thus precisely in the setting of Corollary 5.3l So, the claim follows from Corollary 5.3

O

5.5. Application to basket option pricing. Theorem can be applied in valuation of deriva-
tive constracts on baskets in mathematical finance. Corollary G.5lshows that if market option prices
are “generated” from an (unknown) underlying market model with jumps satisfying the Lipschitz,
growth and approximation conditions formulated in Assumptions [II, B, [4], then prices of derivative
contracts can be approximated by suitable DNNs without the CoD.

Corollary 5.5. Fiz starting values v3 € R? with ||zd|| < CdP. Let N € N, Kq,..., Ky € [0,00)
and w® € R with SUP ey Max; |wf| < oo be given. Assume that Assumptions[d, [ and[]) are satisfied
and

d,xg

(5.39) C(T,K;) = E[(w? - X7 — K;)y], i=1,...,N.
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Then there exist constants k,p,q > 0 and neural networks C.4: R =R, d € N, ¢ € (0,1] such that
for any d € N and target accuracy ¢ € (0,1]

(5.40) size(Ce q) < kdPe™1

N 1/2
(5.41) (% S I6T K - ca,d<Ki>|2> <=
=1

Proof. Let p(dx,dK) = 5{903} ® % Zf\il 0¢K,e;} Where e¢ = (1,0,...,0) € R¥, Then, for all d € N
it holds that [pa, gra(1+ 2] +[| K|?)pd(dz, dK) = + SN (U [Jzd)? + | Ki[?) < CdP and therefore
Assumption [B[(ii) is satisfied. Furthermore, pq(z, K) = (w? -z — K1) is a ReLU DNN with L = 2,
Ny =1, Ny =1, A2 =10 =0, Al = [(wh)T,-1], b' = 0. Setting ¢ 4(z,K) = pq(x, K) for
each ¢ € (0, 1], we obtain that the European payoff approximation condition (£.2]) holds. Thus, the
hypotheses of Corollary [5.3] are satisfied and therefore there exist constants x,p,q > 0 and neural
networks U, 4: RY x R¥ — R, d € N, € € (0,1] such that for any d € N, ¢ € (0, 1] condition (5.33)
and the error estimate (5.34]) hold. Rewriting

N
1 zd.d
/ Vale, K) = Ueale, K)P p(de, dK) = 5 > 1Bl@ea(X7"", e1Ku)] = Uealat, K)P
R xRkd =
d d A
using that E[¢€7d(X;°’d, 1K) = E[(wd-X;O’d—Ki)Jr] = C(T, K;) and setting C. 4(K) = U. 4(2d, 1K)
(which is a DNN satisfying (5.40])) then yields the claim. O

6. CONCLUSIONS

We have shown that a certain class of deep ReLU neural networks can express viscosity solutions
of linear partial integrodifferential equations without the CoD. In addition, we have shown that
deep ReLU NNs can approximate expectations of certain path-dependent functions of stochastic
differential equations with jumps without the CoD. Due to the rather weak assumptions (global
Lipschitz and polynomial growth of the characteric triplets of the (Feller-)Lévy process), the main
results on DNN expression rate bounds comprise a large number of special cases: pure diffusion,
linear advection and pure jump. The present analysis can also serve as building block in the analysis
of nonlinear cases, as considered e.g. in [BBP97]. There, Feynman-Kac type representations of
viscosity solutions of semilinear parabolic PDEs with integrodifferential terms have been established
via backward SDEs with jumps.
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