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Abstract

Physics-informed neural networks approximate solutions of PDEs by minimizing
pointwise residuals. We derive rigorous bounds on the error, incurred by PINNs in
approximating the solutions of a large class of linear parabolic PDEs, namely Kol-
mogorov equations that include the heat equation and Black-Scholes equation of
option pricing, as examples. We construct neural networks, whose PINN residual
(generalization error) can be made as small as desired. We also prove that the total L>-
error can be bounded by the generalization error, which in turn is bounded in terms
of the training error, provided that a sufficient number of randomly chosen training
(collocation) points is used. Moreover, we prove that the size of the PINNs and the
number of training samples only grow polynomially with the underlying dimension,
enabling PINNSs to overcome the curse of dimensionality in this context. These results
enable us to provide a comprehensive error analysis for PINNs in approximating
Kolmogorov PDEs.

Keywords Physics-informed neural networks - Deep learning -
Kolmogorov equations
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1 Introduction

Background and context Partial differential equations (PDEs) are ubiquitous as
mathematical models in the sciences and engineering. Explicit solution formulas
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for PDEs are not available except in very rare cases. Hence, numerical methods,
such as finite difference, finite element and finite volume methods, are key tools in
approximating solutions of PDEs. In spite of their well-documented successes, it is
clear that these methods are inadequate for a variety of problems involving PDEs.
In particular, these methods are not suitable for efficiently approximating PDEs with
high-dimensional state or parameter spaces. Such problems arise in different con-
texts ranging from PDEs such as the Boltzmann, Radiative transfer, Schrodinger and
Black-Scholes type equations with very high number of spatial dimensions, to many-
query problems, as in uncertainty quantification (UQ), optimal design and inverse
problems, which are modelled by PDEs with very high parametric dimensions.

Given this pressing need for efficient algorithms to approximate the afore-
mentioned problems, machine learning methods are being increasingly deployed in
the context of scientific computing. In particular, deep neural networks (DNNG), i.e.
multiple compositions of affine functions and scalar nonlinearities, are being widely
used. Given the universality of DNNs in being able to approximate any continuous
(measurable) function to desired accuracy, they can serve as ansatz spaces for solu-
tions of PDEs, as for high-dimensional semi-linear parabolic PDEs [7], linear elliptic
PDEs [16, 36] and nonlinear hyperbolic PDEs [24, 25] and references therein. More
recently, DNN-inspired architectures such as DeepOnets [4, 19, 22] and Fourier Neu-
ral operators [21] have been shown to even learn infinite-dimensional operators,
associated with underlying PDEgs, efficiently.

A large part of the literature on the use of deep learning for approximating PDEs
relies on the supervised learning paradigm, where the DNN has to be trained on
possibly large amounts of labelled data. However, in practice, such data is acquired
from either measurements or computer simulations. Such simulations might be very
computationally expensive [24] or even infeasible in many contexts, impeding the
efficiency of the supervised learning algorithms. Hence, it would be very desirable to
find a class of machine learning algorithms that can approximate PDEs, either with-
out any explicit need for data or with very small amounts of data. Physics-informed
neural networks (PINNs) provide exactly such a framework.

Physics-informed neural networks (PINNs) PINNs were first proposed in the 1990s
[6, 17, 18] as a machine learning framework for approximating solutions of differen-
tial equations. However, they were resurrected recently in [33, 34] as a practical and
computationally efficient paradigm for solving both forward and inverse problems
for PDEs. Since then, there has been an explosive growth in designing and apply-
ing PINNSs for a variety of applications involving PDEs. A very incomplete list of
references includes [1, 13, 14, 23, 26-29, 32, 35, 40] and references therein.

We briefly illustrate the idea behind PINNs by considering the following general
form of a PDE:

Dlul(x,t) =0, Bu(y,t) =y (y,t), u(x,0)=¢x), forxeD,yedD,tel0,T], (1.1)
Here, D C R¢ is compact and D, B are the differential and boundary operators,

u: D x [0, T] — R™ is the solution of the PDE, ¢ : dD x [0, T] — R™ specifies
the (spatial) boundary condition and ¢ : D — R™ is the initial condition.
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We seek deep neural networks ug : D x [0, T] — R (see (2.6) for a definition),
parameterized by 6 € ©, constituting the weights and biases, that approximate the
solution u of (1.1). To this end, the key idea behind PINNS is to consider pointwise
residuals, defined for any sufficiently smooth function f : D x [0, T] — R™ as,

Rilf1x, ) =DIf1x, 1), Rslfly, ) =Bf. 1) =v (. 1), Rflx) = f(x,0) — o)
(1.2)

forx € D,y € aD, t € [0, T]. Using these residuals, one measures how well a
function f satisfies resp. the PDE, the boundary condition and the initial condition
of (1.1). Note that for the exact solution R;[u] = Rs[u] = R;[u] = 0.

Hence, within the PINNs algorithm, one seeks to find a neural network ug, for
which all residuals are simultaneously minimized, e.g. by minimizing the quantity,

E6(0)? = f |Rilug)(x, 1)dxdt + / IRslugl(x, D)2 ds(x)dt
Dx[0,T] 0D x[0,T]

+ /D IR [ug](x)|dx. (1.3)

However, the quantity £ (6), often referred to as the population risk or generaliza-
tion error [29] of the neural network up involves integrals and can therefore not be
directly minimized in practice. Instead, the integrals in (1.3) are approximated by
numerical quadrature, resulting in,

N; Ny
Er©.85)% = Y w}Riluglxf tHP, E50. 897 =Y wlRelugl(x}, 1),

n=1 n=1

Ny
E40.5)* = > w! |[Rilugl x| (1.4)

n=1

Here, one samples quadrature points in space-time to construct data sets S; =

{(xr, tl.”)}r]:]i, Sy = {(xn, ts")},l,v" and S; = {x,"},ﬁv’, and w] are suitable quadrature

weights for ¢ = i, ¢, 5. Thus, the generalization error £g(0) is approximated by the
so-called training loss or training error [29],

Er(0,8)% = E-(0,S)* + 50, 80 + €46, S))%, (1.5)

where S = (S;, S, Sr), and a stochastic gradient descent algorithm is to used to
approximate the non-convex optimization problem,

6* = argmin &7 (6, S)?, (1.6)
0e®
and u™ = ug~ is the trained PINN that approximates the solution u of the PDE (1.1).
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Theory for PINNs Given this succinct description of the PINNs algorithm, the
following fundamental theoretical questions arise immediately,

Q1. Given a tolerance ¢ > 0, does there exist a neural network # = Uug,

parametrized by a 6 € © such that the corresponding generalization error
(population rlsk) Sg(é’) (1.3) is small, i.e. 8(;(9) < &?

Q2. Given a PINN z with small generalization error, is the corresponding total
error ||lu — ul|| small, i.e. is ||u — i] < &(¢), for some §(¢) ~ O(g), for some
suitable norm ||.||, and with u being the solution of the PDE (1.1)?

The above questions are of fundamental importance as affirmative answers to them
certify that, in principle, there exists a (physics-informed) neural network, corre-
sponding to the parameter 6, such that the resulting PDE residual (1.2) is small, and
consequently also the overall error in approximating the solution of the PDE (1.1).

Moreover, the smallness of the generalization error Eg (6) can imply that the train-
ing error &7 (é) (1.5), which is an approximation of the generalization error, is also
small. Hence, in principle, the (global) minimization of the optimization problem
(1.6) should result in a proportionately small training error.

However, the optimization problem (1.6) involves the minimization of a non-
convex, very high-dimensional objective function. Hence, it is unclear if a global
minimum is attained by a gradient-descent algorithm. In practice, one can evaluate
the training error £7(6*) for the (local) minimizer 6* of (1.6). Thus, it is natural to
ask if,

Q3. Given a small training error £7(0*) and a sufficiently large training set S, is
the corresponding generalization error £ (0*) also proportionately small?

An affirmative answer to question Q3, together with question Q2, will imply that the
trained PINN ug+ is an accurate approximation of the solution u of the underlying
PDE (1.1). Thus, answering the above three questions affirmatively will constitute
a comprehensive theoretical investigation of PINNs and provide a rationale for their
very successful empirical performance.

Given the very large number of papers exploring PINNs empirically, the rigor-
ous theoretical study of PINNS is in a relative state of infancy. In [37], the authors
prove a consistency result for PINNSs, for linear elliptic and parabolic PDEs, where
they show that if £7(6,) — 0 for a sequence of neural networks {ug, }meN’
then |lug, —ullLo — O, under the assumption that one adds a specific cke.
regularization term to the loss function, thus partially addressing question Q3 for
these PDEs. However, this result does not provide quantitative estimates on the
underlying errors. A similar result, with more quantitative estimates for advection
equations is provided in [38].

In [27, 29], the authors provide a strategy for answering questions Q2 and Q3
above. They leverage the stability of solutions of the underlying PDE (1.1) to bound
the total error in terms of the generalization error (question Q2). Similarly, they use
accuracy of quadrature rules to bound the generalization error in terms of the training
error (question Q3). This approach is implemented for forward problems correspond-
ing to a variety of PDEs such as the semi-linear and quasi-linear parabolic equations
and the incompressible Euler and the Navier-Stokes equations [29], radiative transfer
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equations [28], nonlinear dispersive PDEs such as the KdV equations [1] and for
the unique continuation (data assimilation) inverse problem for many linear elliptic,
parabolic and hyperbolic PDEs [27]. However, these works suffer from two essen-
tial limitations: first, question Q1 on the smallness of generalization error is not
addressed and second, the assumptions on the quadrature rules in [27, 29] are rather
stringent and in particular, the analysis does not include the common choice of using
random sampling points in S, unless an additional validation set is chosen. Thus, the
theoretical analysis presented in [27, 29] is incomplete and this sets the stage for the
current paper.

Aims and scope of this paper Given the above discussion, our main aims in this paper
are to address the fundamental questions Q1, Q2 and Q3 and to establish a solid
foundation and rigorous rationale for PINNSs in approximating PDEs.

To this end, we choose to focus on a specific class of PDEs, the so-called Kol-
mogorov equations [31] in this paper. These equations are a class of linear, parabolic
PDEs which describe the space-time evolution of the density for a large set of
stochastic processes. Prototypical examples include the heat (diffusion) equation and
Black-Scholes type PDE:s that arise in option pricing. A key feature of Kolmogorov
PDE:s is the fact that the equations are set in very high dimensions. For instance,
the spatial dimension in a Black-Scholes PDE is given by the number of underly-
ing assets (stocks), upon which the basket option is contingent, and can range up to
hundreds of dimensions.

Our motivation for illustrating our analysis on Kolmogorov PDEs is twofold.
First, they offer a large class of PDEs with many applications, while still being lin-
ear. Second, it has already been shown empirically in [29, 30, 39] that PINNs can
approximate very high-dimensional Kolmogorov PDEs efficiently.

Thus, in this paper,

—  We show that there exist neural networks, approximating a class of Kolmogorov
PDE:s, such that the resulting PINN generalization error (1.3), and the total error,
can be made as small as possible. Moreover, under suitable hypothesis on the
initial data and the underlying exact solutions, we will show that the size of these
networks does not grow exponentially with respect to the spatial dimension of
the underlying PDE. This is done by explicitly constructing networks using a
representation formula, the so-called Dynkin’s formula, that relates the solutions
of the Kolmogorov PDE to the generator and sample paths for the underlying
stochastic process.

—  We leverage the stability of Kolmogorov PDEs to bound the error, incurred by
PINNs in L?-norm in approximating solutions of Kolmogorov PDEs, by the
underlying generalization error.

—  We provide rigorous bounds for the generalization error of the PINN approximat-
ing Kolmogorov PDEs in terms of the underlying training error (1.5), provided
that the number of randomly chosen training points is sufficiently large. Further-
more, the number of random training points does not grow exponentially with
the dimension of the underlying PDE. We use a novel error decomposition and

@ Springer



79 Page 6 of 40 T. De Ryck, S. Mishra

standard Hoeffding’s inequality type covering number estimates to derive these
bounds.

Thus, we provide affirmative answers to questions Q1, Q2 and Q3 for this large class
of PDEs. Moreover, we also show that PINNs can overcome the curse of dimension-
ality in approximating these PDEs. Hence, our results will place PINNs for these
PDEs on solid theoretical foundations.

The rest of the paper is organized as follows: In Section 2, we present prelimi-
nary material on linear Kolmogorov equations and describe the PINNs algorithm to
approximate them. The generalization error and total error (questions Q1 and Q2) are
considered in Section 3 and the generalization error is bounded in terms of training
error (question Q3) in Section 4.

2 PINNs for linear Kolmogorov equations
2.1 Linear Kolmogorov PDEs

In this paper, we will consider the following general form of linear time-dependent
partial differential equations,

uy(x, 1) = YTrace(o (0)o () H[ul(x, 1)) + n()T - Vi[ul(x, 1) forall (x,r) € D x [0, T,

u(0, x) = ¢(x) forallx € D,

u(y,t) =9y, 1) forall (y,) € D x [0, T].
2.1)

where o : R? — R*4 and w: RY — R are affine functions, V, denotes the gradi-
ent and H, the Hessian (both with respect to the space coordinates). For definiteness,
we set D = (0, l)d . PDEs of the form (2.1) are referred to as Kolmogorov equa-
tions and arise in a large number of models in science and engineering. Prototypical
examples of Kolmogorov PDEs include,

1. Heat Equation: Let © = 0 and 0 = /kI;, where k > 0 is the thermal diffu-
sivity of the medium and I, is the d-dimensional identity matrix. This results in
the following PDE for the temperature u,

d
W, )=k g (x.0),  ux,0)=ex). (2.2)
j=I

Here, ¢ describes the initial heat distribution. Suitable boundary data complete
the problem.

2. Black-Scholes equation: If both i« and ¢ in (2.1) are linear functions, we obtain
the Black-Scholes equation, which models the evolution in time ¢ of the price
of an option u that is based on d underlying stocks x;. Up to a straightforward
change of variables, the corresponding PDE is given by (see, e.g. [31]),
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d d
ur(x,t) = Z BiBjpijxixjuxx;(x, t)+Zuxjux,- (x,1), u(x,0) = p(x).
ij=1 j=1
2.3)
Here, the B; are stock volatilities, the coefficients p;; model the correlation
between the different stock prices, @ is an interest rate and the initial con-
dition ¢ is interpreted as a payoff function. Prototypical examples of such
payoff functions are ¢(x) = max{}_; a;x; — K, 0} (basket call option), ¢(x) =
max{max; a;x; — K, 0} (call on max) and analogously for put options.

Our goal in this paper is to approximate the classical solution u of Kolmogorov
equations with PINNs. We start with a brief recapitulation of neural networks below.

2.2 Neural networks

We denote by o : R — R be an (at least) twice continuously differentiable activation
function, like tanh or sigmoid. For any n € N, we write for z € R” that o(z) :=
(0(z1), ...,0(zn)). We formally define a neural network below,

Definition 1 Let R € (0,00], L, W e Nandlp,...,l; e N.Letoc : R — Rbea
twice differentiable function and define

1
o=0Lwr= |J U X (R R [-RRTY).
L'eN,L'<L Iy,...IL€{1,...W} k=1
2.4)
For 0 € O, w, g, we define (W, by) := 6 and A : Rl — Rl : z 1> Wiz + by
for 1 <k < L and we define fke : Rk-1 — Rl by

Al (2) k=L
0 L )
= 2.5
fe®@ {(aoAz)(z) 1<k<L. @)
We denote by ug : R — R the function that satisfies for all z € R that

ug(2) = (ff o fi_10---0 f7) @), (2.6)

where in the setting of approximating Kolmogorov PDEs (2.1) we setlp = d 4+ 1 and
z=(x,1t).

We refer to uy as the realization of the neural network associated to the parameter
6 with L layers with widths (lp, [1, ..., 1), of which the middle L — 1 layers are
called hidden layers. For 1 < k < L, we say that layer k has width [, i.e. we say
that it consists of /; neurons, and we refer to Wy and by as the weights and biases
corresponding to layer k. If L > 3, we say that ug is a deep neural network (DNN).
The total number of neurons in the network is given by the sum of the layer widths,
Zﬁ:o Ix. Note that the weights and biases of neural network ug with6 € @ w g are
bounded by R.
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2.3 PINNs

As already mentioned in the introduction, the key idea behind PINNSs is to mini-
mize pointwise residuals associated with the Kolmogorov PDE (2.1). To this end, we
define the differential operator associated with (2.1),

d d
L0l = Y m@EnE 0 +5 Y ouwoge (Bp) 0, @)

i=1 i,j,k=1
forany v € C 2(R9). Next, we define the following residuals associated with (2.1),
Rilvl(x, 1) = dv(x, 1) — Lvl(x, 1), (x,7) € D x[0,T],
RA[U](}’J)=U(y7f)_1/f(y’f), (y’t)eaDX [09 T]? (28)
Rilvl(x) = v(x,0) — ¢(x), Vx e D.
The generalization error for a neural network of the form (2.6), approximating the
Kolmogorov PDE is then given by the formula (1.3), but with the residuals defined
in (2.8).
Given the possibly very high-dimensional domain D of (2.1), it is natural to use

random sampling points to define the loss function for PINNs 6 — &r(9, S)? as
follows,

N.
. 1 !
E0.5) = - 2 [Rilua)xf )
: n=1
- ) 1 )
&0, 8" = 3= D [Rsluol (e, D7, €70, 807 = = 3 [Ralugl D[,
S =1 ! n=l1
Er(0,8)* = E5(0,8)* + £5(6, S5)* + E5(6, S,
(2.9)

where the training data sets, S; = {(x]', ti")},llv", Sy = {(x7, tf)},iv“ and §; = {x}' ,},V’,
are chosen randomly, independently with respect to the corresponding Lebesgue
measures and the residuals R; s ; are defined in (2.8).

A trained PINN u* = ug+ is then defined as a (local) minimum of the optimization
problem (1.6), with loss function (2.9) (possibly with additional data and weight reg-
ularization terms), found by a (stochastic) gradient descent algorithm such as ADAM

or L-BFGS.

3 Bounds on the approximation error for PINNs

In this section, we will first answer the question Q1 for the PINNs approximating
linear Kolmogorov equation (2.1), i.e. our aim will be to construct a deep neural
network (2.6) for approximating (2.1), such that the corresponding generalization
error £g (1.3) is as small as desired.

Recalling that the Kolmogorov PDE is a linear parabolic equation with smooth
coefficients, one can use standard parabolic theory to conclude that there exists
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a unique classical solution u# of (2.1) and it is sufficiently regular, for instance
u € W(Dx (0, T)) for some s > 2 for sufficiently regular domains D and assum-
ing suitable boundary conditions. As u is a classical solution, the residuals (2.8),
evaluated at u, vanish, i.e.

Ri[u](x’t) =Ov RS[”](yvt) :07 Rt[u](-xvo) :Os (31)

forallx € D,y € 0D.

Moreover, one can use recent results in approximation theory, such as those pre-
sented in [5, 9, 10] and references therein, to infer that one can find a deep neural
network (2.6) that approximates the solution u in the W>>-norm (see Appendix A.1
for an introduction to Sobolev spaces), and therefore yields an approximation for
which the PINN residual is small. For instance, one appeals to the following theorem
(more details, including exact constants and bounds on the network weights, can be
derived from the results in [5]).

Theorem 1 Let T > 0, y,d,s € Nwiths > 2+ y and let u € W*°((0, l)d X
[0, T]) be the solution of a linear Kolmogorov PDE (2.1). Then, for every ¢ > 0
there exists a tanh neural network u® = ug. with two hidden layers of width at most
O(e~US=2-1)) such that £ (6%) < e.

Proof It follows from [5, Theorem 5.1] that there exists a tanh neural network %®
with two hidden layers of width at most O(¢~4/=2=¥)) such that

H“ _ﬁg” W2.%0((0,1)4 x[0,T1) =& (3.2)

By virtue of the nature of linear Kolmogorov PDEs (2.1) it follows immediately
that || R; [u]|| L2014 x[0.T]) = &- Using a standard trace inequality, one finds similar
bounds for the R;[u] and R;[u]. From this, it follows directly that g (@73 )y<e. O

Hence, u® is a neural network for which the generalization error (1.3) can be made
arbitrarily small, providing an affirmative answer to Q1. However, from Theorem
1, we observe that the size (width) of the resulting deep neural network %, grows
exponentially with spatial dimension d for (2.1). Thus, this neural network construc-
tion clearly suffers from the curse of dimensionality. Hence, this construction cannot
explain the robust empirical performance of PINNs in approximating Kolmogorov
equations (2.1) in very high spatial dimensions [29, 30, 39]. Therefore, we need a
different approach for obtaining bounds on the generalization error that overcome
this curse of dimensionality. To this end, we rely on the specific structure of the Kol-
mogorov equations (2.1). In particular, we will use Dynkin’s formula, which relates
Kolmogorov PDE:s to 1td diffusion SDEs.

In order to state Dynkin’s formula, we first need to introduce some notation. Let
(82, F, P, (F/)ie0,77) be a stochastic basis, D C R? a compact set and, for every
xeD,letX*: 2 x[0,T] — RY be the solution, in the Itd sense, of the following
stochastic differential equation,

dX} = w(X)dt +o(X\)dB;, Xi=x, xeD,t€[0,T], (33)
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where B; is a standard d-dimensional Brownian motion on (§2, F, P, (F:):¢[0,17)-
The existence of X* is guaranteed by Lemma 7. Dynkin’s formula relates the
generator J of X7, givenin, e.g. [31],

d d
1
(Fo) (X7) = E Mi(Xf)@ifp)(Xf)vLE E Gik(Xf)Ukj(Xf)(3,-2j</>)(Xf), 3.4
i=1 i, j k=1

with the initial condition ¢ € C 2(D) and differential operator £ (2.7) of the cor-
responding Kolmogorov PDE (2.1). Equipped with this notation, we state Dynkin’s
formula below,

Lemma 1 (Dynkin’s formula) For every x € D, let X* be the solution to a lin-
ear Kolmogorov SDE (3.3) with affine i : R? — R? and o : R? — R4 [f
¢ € CXRY) with bounded first partial derivatives, then it holds that (;u)(x,t) =
Lul(x, t) where u is defined as

t
ulx,t) =px)+E |:/ (Fo) (X’,‘) dti|, forx e D,t €[0,T]. 3.5
0

Proof See Corollary 6.5 and Section 6.10 in [15]. O

Our construction of a neural network with small residual (2.8) relies on emulating
the right hand side of Dynkin’s formula (3.5) with neural networks. In particular,
the initial data ¢ and the generator F¢ will be approximated by suitable tanh neural
networks. On the other hand, the expectation in (3.5) will be replaced by an accurate
Monte Carlo sampling. Our construction is summarized in the following theorem,

Theorem 2 Leta, B, w,¢, T > 0andlet p > 2. Foreveryd € N, let Dy = [0, l]d,
04 € c3 (Rd) with bounded first partial derivatives, let (Dg x [0, T], F, u) be a
probability space and let ug € C*'(Dy x [0, T1) be a function that satisfies

Orug)(x, 1) = LIugl(x, 1), uq(x,0) =g@q(x) forall (x,t) € Dg x[0,T].
3.6)
Moreover, assumgﬁzat for every &, 68, ¢ > 0, there exist tanh neural networks g’ﬁg,d :
R?Y - R and (F@)s.a : R? — R with respectively O(d*E~P) and O(d*5~F)
neurons and weights that grow as O(d® £=%) and O(d® §~°%) ford — ocoand &, 5 —
0 such that

||(pd - /(P\s,d”(;z(Dd) = g and HJ—_.(P - (ﬁ)s,dnc2([_c’6]d) = 3. (37)

Then, there exist constants C,) > 0 such that for every ¢ > 0 and d € N,
there exist a constant p; > 0 (independent of ) and a tanh neural network ¥ 4
with at most C(dpg)*e™ "5r+3.240+B} yoyrons and weights that grow at most as
C(dpg)*e~mxE8+6} for & — 0 such that

Hat‘p&d - L[‘I'ewd]” L2gx0,1n T H’I’ad - ud“Hl(Ddx[O,T]) + ” Wed — Ud “Lz(a(ndx[o,r])) =e
(3.8)
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Moreover, pg is defined as

1% = X3\ o0 -

P4 ‘= max sup 00, 3.9)

xe€Da g 1€[0,T], s — ,|%
s<t
where X~ is the solution, in the Ito sense, of the SDE (3.3), g > 2 is independent of
d and ||'||Lq(p,”.HRd) is as in Definition 2 in Appendix A.2.

Proof Based on Dynkin’s formula of Lemma 1, we will construct a tanh neural net-
work, denoted by aMN for some M, N € N, and we will prove that the PINN
residual (2.8) of #M-V is small. To do so, we need to define intermediate approx-
imations #"V and #™-V. In this proof, C > 0 will denote a constant that will be
updated throughout and can only depend on d, D, u, T, ¢ and L, i.e. not on M nor
N. In particular, the dependence of C on the input dimension d will be of interest.
We will argue that the final value of C will depend polynomially on d and py (3.9).
Because of the third point of Lemma 7, the quantity within the maximum in the def-
inition of pg (3.9) is finite for every individual x € D and hence the maximum of
this quantity over x € {0, ey, ..., eq} will be finite as well, where e; denotes the i-
th d-dimensional unit vector for every 1 < i < d. As a result of the fourth point of
Lemma 7 it then follows that p; < co. Moreover, if pg depends polynomially on d,
then so will C, as C itself depends polynomially on py. For notational simplicity, we
will not explicitly keep track of the dependence of C on d and p,;. Moreover, we will
write u := ug and D := Dg, we will denote by ||-||2 the norm [|-|[.2(p o, 77y and by
[I-]l the Euclidean norm in d dimensions. All auxiliary lemmas needed for the proof
can be found in Appendix A.2. Finally, we observe that

. 1 1XF = xllzacp g
max sup [ X lzap,|,e) < max sup | |x[lge +-17 T
xeD te[0,T] xeD te[0,T] 7

1
< max [[x|lge + (1 + TE) 0ds (3.10)
xeD
hence the left-hand side also grows at most polynomially in d and py.
Step 1: from u to " In the first step, we approximate the temporal integral in (3.5)

by a Riemann sum, that can be readily approximated by neural networks. To this end,
let h : R — R be defined by /#(x) = max{0, min{x, 1}}. Then, we define for N € N,

T & Nt
IZN(x,t)zw(x)+NZE[h (T—n>-(]:(p) (X)'CZT)} (3.11)
n=1 N
We first define ng(¢) = [Nt/ T ] and calculate for ¢t € (%, W),

O (gN — u) =E [(F(p) (XXO(,)T> — (Fo) (X;‘)]. (3.12)
N

Next, we make the observation that there exist constants a;, b;, ¢;; (that only depend
on the coefficients of x and o) and functions A;, ¥; and @;; (that linearly depend on
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¢ and its derivatives) such that

d d d
(Fo) (Z%) = D aiAi(Z) + Y biZEW(Z) + ) ciiZiZi®ii(Z")  (3.13)
i=1 i=1 i,j=1

for any d-dimensional stochastic process Z*. If we define x to be random variable
that is uniformly distributed on D, we can use the Lipschitz continuity of A; and the
definition of pg (3.9) to see that
2
dx < %
N7

2
sup / IE|: i|dx < C sup / 1E|:HX’,V,O(,)T - X7
tel0,T] /D te[0,T] YD N
(3.14)
In the above, the constant C depends polynomially on the coefficients of u and
o (through the Lipschitz constant of A;) and also polynomially on p; (because of
1 _ 1
) 1/2
sup </ E |:| <X);0(r)T) ¥ <X);0(r)r> — (XD (X)) :|dx)
tel0,T] D N i N
p 1/p C
< sup C(/]E[ ]dx) = =7
1€[0.T] D NU/p

(3.9)).
q > Osuchthat%—i—— =
P 1/p q /q
< (o), - o) (el ) o
tel0,7T] D N /i D N
where the polynomial dependence on pg is guaranteed by (3.10). Using also the fact

Aj (X:O(:)T> - Ai(Xf)

N

Similarly, we find using Lemma 7 and the generalized Holder inequality with
qg 2
3.15
1/q p I/p ( )
+ sup (/ E[}(Xf),»}q]dx) (/ IE[ ]dx)
ref0,71 \JD D

Y (X);Om'r) - (X;C)

N

X X
XnOU)T - Xz
N

that
1/q 1/2q 1/2q
sup </ E[ Zfz}{ q]dx) < sup (/ IE|:|Zf|24]dx) sup </ IE[ Z]‘ zq]dx) )
re(0,71 \JD ref0.71 \JD re[0,71 \JD
(3.16)
we can find that
) 12
X X X X X X C
o (f . [ (i), (X—) 2 (X ) = X008, ,08) }’) < N
(3.17)
As a result, we find that
C
_N _
3 <u u) ‘2 = <17 (3.18)
In a similar fashion, one can also find that
C
—_— _N [
o], 35
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To obtain this result, one can use that for all x € R? and 7 € [0, T] it holds that

d
xr=Y" (xff — X?) xi + X0, (3.20)

i=1
see Lemma 7. Using this, and writing X; : D — R : x — X/, one can
calculate that £[(F¢) (X;)](x) is a linear combination of terms of the form
X% - X F(X)G(x) for yi, ...,y € {0,e1,...eq}, 1 <ki,....k < d
(with r independent of d) and where F is a linear combination of ¢ and its partial
derivatives and G is a product of i and o and their derivatives. Using these obser-
vations and the fact that p; < 0o, one can obtain (3.19). Moreover, very similar yet
tedious computations yield,

C
_ N < — 3.21
‘u “ ”Hl(Dx[o,T]) — NlUp (3:21)

Step 2: from N to UMM We continue the proof by constructing a Monte Carlo
approximation of &, For this purpose, we randomly draw w,, € §2 for all m € N
and define for every M, N € N the random variable

M,N T AR Nt X
uM (x,t)=<p(x)+M—NZZh<7—n)-(f(p) <X,1NT(a)m)>. (3.22)

n=1m=1

Using the same arguments as in the proofs of (3.18) and (3.19), we find for all (x, ) €
D x[0,T]and g € {t, x1, . ..x4} that,

E [(aqU"N(x, )—E [Bqu’N(x, t)]ﬂ <cC

(3.23)
and 9, (x, 1) = [aqu»N(x, t)] .
Invoking Lemma 4, we find that
el v~ =
Similarly, one can prove that
E [(ﬁ [0V ] o —E[c[v"Y] @, z)])z} <c 25

and ,c[a’\’](x,t)=E[£[U1~N](x,t)].

This can be proven using the same arguments as in the proof of (3.19). Using again
Lemmas 4 and 7, and in combination with our previous result, we find that there is
a constant Cy > 0 independent of M (and with the same properties of C in terms of
dependence on d) such that

X0

E [ max max
N

0<n<N ye{0,e;,...eq}

T S E TR A

(3.26)

R HY(Dx[0,T])
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and therefore by Lemma 5 that

X.V

nl
N

P(max max +x/MHUM'N—12N‘

0<n<N ye{0,e1,...eq}

W”L[UMW —aNNZ < co) > 0.

(3.27)
The fact that this event has a non-zero probability implies the existence of some fixed
wm € 2,1 <m < M, such that for the function

N0 =900 + 5 Z Z (— — n) - (Fp) (XN (wm)) (3.28)

R ‘Hl(Dx[(),T])

n=1m=1
it holds forall 1 < m < M that
C
it —u H(Dx[0,T]) ” [’ZM’N —u] ‘2 = 4/](\)4
X1,
(3.29)
and max max ‘Xﬁr (wm) < Cp.
0<n<N ye{0,eq,...eq} N R4

Step 3: from N to GMN For every € > 0and N = N(e) € N, let i, be a tanh
neural network such that

<2,

(3.30)
where x[o,1] denotes the indicator function on [0, 1]. The existence of thls neural
network is guaranteed by Lemma 8. Moreover, for C; = MaX, c(_c,. Cold (]-' ©)s (x),
we denote the multiplication operator x : [—2,2] x [-2C,2C;] - R : (x,y) —
xy and every n > 0, we define ;Zn :[—2,2] x [-2C}, 2C] — R to be a tanh neural
network such that

lhe — hllpoowy <€ |kl — x <e and |A,

[0,1] “LZ([—N,N]) ” L>®(R)

“ X = 3277||C2([—2,2]><[—2C1,2C1]) =1 (33D

If we now in (3.28) replace ¢ and F¢ by ¢ and (.7—';)5 as from (3.7), h by h¢ and x
by 32,7, then we end up with the tanh neural network

N (x, r)—¢g<x>+—22 ( (——n),@)a<Xier<wm>)>.

n=1m=1
(3.32)
A sketch of this network can be found in Fig. 1. In what follows, we will write 9; for
the partial derivative to the first component and we will write

N —
i = he (?t - nOQ)) . 2= (Fo)s <X)yi0(z)r(a)m)) s

Nt N
3= no(), and yis= X5 o7 (@n). (3.33)
N
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’u\]W,N(‘,E’ t)

Fig. 1 Flowchart to visualize the construction of the neural network w™N(x,r) = e(x) +

TV Lonet ot X (hg (Y —n), (Fo)s (Xi (wm>>)

It holds that

“M.N _ ~M.N - u ~ (Nt
8,(14 " )”2 = MZ Z 91y (y1, ¥2) he i

m=1 ||n#no(t) 2

1 &, /
o 2 [91%y 01 32) B (33) = (Fo) )| - 3.34)

m=1

Using (3.30), we find that

M

I ~ N ~

D D MEN RS (% —n) < CN|%y] e € < CNe. (3.35)
m=1 ||n#no(t) 2

For the other term, we calculate using (3.7), (3.30) and (3.31) that

015, (i, y2) B (33) — (Fo) )|, < L (3) (1% (1. ¥2) = ¥2)
R (33) (F@)s (1) — (F@) (va))
+(Fp) (va) (h (33) — x10.1133) |
< Clncf o Ix = Xull ez + € e o | Fors

~Folle2 + 1 F@llos |1l — xp0.01] 2 < C+ 8+ ).
(3.36)
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Thus, we find that

3 (ﬁM’N —ﬁM»N)HZ <C(Ne+n+98) (3.37)
Finally, we obtain a bound on | £ [@™-N —%M-N]||,. We simplify notation again by
setting
Nt —
21 = he (— - n) , 2= (Fo)s <Xiir(wm)>
T N
Nt
3= ——n, and z4 = Xy (Wn). (3.38)
T N
We start off by calculating
r M N
SMN _ ~MNT _ . I ) :
clay — V] = £lo - g + ;;M&) c [(Fw) (x%(wm)ﬂ )
T M N .
— a2 2L [xn <m, (Fo)s (XW(M))] (x).

m=1n=I

(3.39)
Explicitly working out the above formula is straightforward, but tedious, and we omit
the calculations for the sake of brevity. From this, together with a repeated use of the
triangle inequality and (3.29), we find that

Hc [ﬁM'N —ﬁM’N]HZ < C(le=@elca+x —Xulce
+ | Fo — Fo)s| o + lhe — hll o)
<CE+n+6+e). (3.40)

Moreover, using similar tools as above we also find that

HaM*N—ﬁMWH <C(Ne+E+n+9). (3.41)

H1(Dx[0,T])
Step 4: total error bound From the triangle inequality and inequalities (3.18), (3.29),
(3.37), (3.40) and (3.19), we get that

o e[ = o =) ) o )

tlefe-a |+ fefa - aq,+ fe[a —ae]]

2

1 1 1 1
§C< =t (Netn+ )+ EFn+itO+ =+ )

NUP T M JM NP
1 1
< C<N1/P +7,M+N6+7]+5+§>

(3.42)
Similarly, the triangle inequality together with inequalities (3.21), (3.29) and (3.41)
gives us,

il\M,N _

1 1
<C(—r+——+N S+E). (343
“Hm(px[o,n)— (Nl/p+ =+ Ne+n+ +$) (3.43)

@ Springer



Error analysis for physics informed neural networks... Page 17 of 40 79

Combining this result with a multiplicative trace inequality (e.g. [11, Theorem
3.10.1]) provides us with the result

H;;M,N _

1
<C|l——+—=+N 8 . (344
DT <N1/P+ _M+ €+n+ +$> (3.44)

Step 5: network size Recall that we need a tanh neural network with O(d*8~#) neu-
rons to approximate JF¢ to an accuracy of § > 0. Similarly for approximating ¢, we
need a tanh neural network with O(d*& ~#) neurons.

We first determine the complexity of the network sizes in terms of . We set n ~
8§ ~&, N ~¢e P M~ £ 2 and € ~ &PT!, The network will consist of mu/l_tiple
sub-networks, as illustrated in Fig. 1. The first part constructs M - N copies of (F¢)s,
leading to a subnetwork with O (M N§~#) = O (¢=>77~F) neurons. Next, we need
N copies of h.. From Lemma 8 it follows that for each copy, one needs a subnetwork

1 -3
with two hidden layers of width O (N 20-y) EW) for any ¥ > 0. One can calculate

1 -3
that N copies of this lead to a width of O <N1+2<1*7>eﬁ) =0 (8’51”3). The

subnetwork approximating ¢ consists of @(&~#) = O(¢~#) neurons. We assume
that the subnetworks to approximate the identity function have a size that is negligible
compared to the network sizes of the other parts [5]. Combining these observations
with the fact that C depends polynomially on d and p;, we find that there exists
a constant A > 0 such that the number of neurons of the network is bounded by
O((d,od)}‘e_ max{5p+3,2+p+l3}).

By assumption, the weights of (]/-'5)5 and @ scale as O(¢~%). From [5, Corollary
3.7], it follows that the weights of §<\,7 scale as O(e’l/ 2). Finally, from Lemma 8, the

- 1 =6
weights of /. scale as O (N“—V)e 1-V) = O (¢7%77). Hence, the weights of the

total network M-V grow as O ((dpg)*e™m>{¢-8PF6}) where we possibly adapted
the size of A. O

Remark 1 Some of the parts of the proof of Theorem 2 can be of independent interest.
For example, the construction of "V (3.11) and a™-" (3.28) is not specific to neural
networks and can be applied to different settings. In particular, (3.26) provides an
error estimate for a Monte Carlo approximation UV (3.22) of u based on Dynkin’s
formula.

Remark 2 For the Black-Scholes equation (2.3), the initial condition is to be inter-
preted as a payoff function. Note that any mollified version of the payoff functions
mentioned in Section 2.1 satisfies the regularity requirements of Theorem 2. More-
over, because of their compositional structure, these payoff functions and their
derivatives can be approximated without the curse of dimensionality. Hence, the
assumption (3.7) is satisfied as well.

Theorem 2 reveals that the size of the constructed tanh neural network, approxi-

mating the underlying solution u of the linear Kolmogorov equation (2.1), and whose
PINN residual is as small as desired (3.8), grows with increasing accuracy, but at
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a rate that is independent of the underlying dimension d. Thus, it appears that this
neural network overcomes the curse of dimensionality in this sense.

However, Theorem 2 reveals that the overall network size grows polynomially in
pq- It could be that this constant grows exponentially with dimension. Consequently,
the overall network size will be subject to the curse of dimensionality. Given this
issue, we will prove that at least for a subclass of Kolmogorov PDEs (2.1), pg only
grows polynomially on d. This is for example the case when the coefficients p and
o are both constant functions.

Theorem 3 Assume the setting of Theorem 2 and assume that u and o are both
constant. Then, there exists a constant A > 0 such that for every ¢ > Qandd € N,
there exists a tanh neural network W, g with O(d*s~ " XB5P+3.24p+BY peyrons and
weights that grow as O(d*e~™&8P+0V) for small & and large d such that

H 0r Ws,d L [lps,d] w&,d -

H L2(Dygx[0.7) T ” Ud ” HY(Dyx[0,T1)

(3.45)
+ [ Wed — wall 2 p,xp0.77) = E-

Proof We show that when p and o are both constant functions, the constant pg4,
as defined in (3.9), grows only polynomially in d. It is well-known that in this set-
ting the solution process to the SDE (3.3) is given by X; = x + ut 4+ o B;, where
(Bt)tefo,1] 1s a d-dimensional Brownian motion. The fact that oz only grows poly-
nomially in d then follows directly from the Lévy’s modulus of continuity (Lemma
6). The corollary then is a direct consequence of Theorem 2. O

Remark 3 We did not specify the boundary conditions explicitly in either Theorems
2 or 3. The reason lies in the fact that Dynkin’s formula (Lemma 1) holds with R? as
domain. Therefore, we implicitly use the trace of the true solution u, at the bound-
ary of Dy as the Dirichlet boundary condition. A similar approach has been used
in, e.g. [8, 12], where the Feynman-Kac formula is used to construct a neural net-
work approximation for the solution to Kolmogorov PDEs. This assumption is quite
reasonable as Black-Scholes type PDEs (2.3) are specified in the whole space. In
practice, one needs to put in some artificial boundary conditions, for instance by
truncating the domain. To this end, one can use some explicit formulas such as the
Feynman-Kac or Dynkin’s formula to (approximately) specify the boundary condi-
tion (see [39] for examples). Another possibility is to consider periodic boundary
conditions as Dynkin’s formula also holds in this case.

Thus, we have been able to answer question Q1 by showing that there exists a
neural network, for which the PINN residual (generalization error) (1.3) is as small
as desired. In this process, we have also answered Q2 for this particular tanh neural
network as the bound (3.43) clearly shows that the overall error (in the L?-norm and
even H 1-norm) of the tanh neural network ¥, 4 is arbitrarily small.

Although in this particular case, an affirmative answer to question Q2 was a by-
product of the proof of question Q1, it turns out that one can follow the recent paper
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[29] and leverage the stability of Kolmogorov PDEs to answer question Q2 in much
more generality, by showing that as long as the generalization error is small, the
overall error is proportionately small. We have the following precise statement about
this fact. It holds for any twice continuously differentiable function and is therefore
directly applicable to tanh neural networks and PINN .

Theorem 4 Let u be a (classical) solution to a linear Kolmogorov equation (2.1)
with u € CY(D; RY) and o € C2(D; R¥*?), let v € C2(D x [0, T1; R) and let the
residuals be defined by (2.8). Then,

le = vl32pyo7py = € [||R,~[v1||iz(Dx[O,TD +IR 172,
+ C2 IRs [0l 23107+ C3 IRV 2y 0 1y - (346)
— Ty.. _ Co+lldivi]l o+ DT
where Co = z] 1||311(U“ )l]HLOO(Dx[O,T])’ Cp = TelCotldviletT,

C2 = Zi:l H (UUTVX [u - U])i ||L2(3D><[O,T]) and C3 = ||I’L||OO +

Z?,j,kzl || 9 (Uikajk)”Loo(an[o,T])'

Proof Let i = v — u. Integrating R;[](¢, x) over D and rearranging terms gives

T A\ A SN AA
2dt/ |t | /DTrace (ao Hx[u])u+fDqu[u]u+/DRl[u]u (3.47)

where all integrals are to be interpreted as integrals with respect to the Lebesgue
measure on D, resp. d D, and where J, denotes the Jacobian matrix, i.e. the transpose
of the gradient with respect to the space coordinates. For the first term of (3.47), we
observe that Trace(co ! H,[i]) = Z;{Lk:l 0,10 jk0;jit and also that

/ai(ﬂikajk)ftajﬁ=[ ai(UikO'jk)ﬁz(éj-ﬁ)—/ 3i(0ik0jk)ﬁ8jﬁ—/ 3 (oiko )i
D aD D D

(3.48)
forany 1 < i, j, k < d, where n denotes the unit normal on 3 D. Next, we define

d

c = ZZ H (aoTJx[ﬁ]T>_
i=1 !
d

2= Z ”31' (Uikajk)”LOO(an[O,T])’
i,j,k=1

o=y

L2ODx[0,T])

(3.49)

i1l Leo(Dx[0,T]) .
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From this and by using integration by parts, we find that

/DTrace (UJTI‘IX[IZ]) i

d
=y U (r;kojkﬁajﬁ(é[-ﬁ)—/ aikajkaiﬁa,ﬁ—/ a,-(mkajk)ﬁajﬁ}
ijk=11"9D b b
d

an A A JUND | DA A 1 o
= |:/ 0ixOjxUd;i(e; - 1) — / Oik0 )il — = / ai(aika_fk)uz(ej -n) 4 = / 3i_i(<7ik(7jk)142i|
aD D 2 Jop 2Jp

i,j k=1

-

<

[ |(eo"ra@n), i@ o] - [ starociie +2 [ e+ S [ i,
oD i D 2 aD 2 D

>0

i=1

(3.50)
For the second term of (3.47), we find that
1 1 1
/ wllili = -f wl[i?] = ——/ ﬁzdivu—}-—/ aul A
D 2Jp 2Jp 2 Jop
1. . 1
<z IIdIVMIIoo/ 0+ - IIMIIOO_/ IRs[v]]? (3.51)
2 D 2 aD
Finally, we find for the third term of the right-hand side of (3.47) that
a1 . ~2
Rilulu < - | Rilal*+ = | u”. (3.52)
D 2Jp 2Jp

Integrating (3.47) over the interval [0, ] C [0, T'], using all the previous inequalities
together with Holder’s inequality, we find that

12
/|ﬁ(x,r>|2dx < / Rylv]P + e (/ |Rs[v1|2> +/ IR
D D oD x[0,T] Dx[0,T]

e+ ello) / Ry [v] 2
dDx[0,T]

+(C3+||divm|oo+1)f /|12(x,s)|2dxds. (3.53)
[0,71J/D

Using Gronwall’s inequality and integrating over [0, T'] then gives

' 1/2
/ ja” < Te<03+”d”“'oo“”[ / Rilwll* +c1 ( / |Rs[v1|2)
Dx[0,T] D aDx[0,T]

112
+/ |Rilidl]” + (e2 + IIMIIOO)/ IRs[v]IZ}- (3.54)
Dx[0,T] aDx[0,T]
Renaming the constants yields the statement of the theorem. O

We can now apply this theorem to PINNS by setting v <— ug+, cf. (1.6). It is easy
to observe that C1 3 ~ O(1), as these constants only depend on the coefficients of the
Kolmogorov PDE. On the other hand, the constant C, depends on the PINN approxi-
mation ug+ and needs to be evaluated for each individual approximation. For instance,

@ Springer



Error analysis for physics informed neural networks... Page 21 0f40 79

for the PINN ¥, 4, constructed in Theorem 2, it is straightforward to observe from
the arguments presented in the proof of Theorem 2 that C, ~ O(e¢). This is however
not guaranteed in general. In practice, one could therefore add C to the loss function
of the PINN to ensure that, e.g. C, ~ O(1).

The bound (3.46) clearly shows that controlling the generalization error (1.3) as
well as C; suffices to control the L’-error for the PINN approximating the Kol-
mogorov equations (2.1). In particular, combining Theorems 4 with 2 then proves that
it is possible to approximate solutions to linear Kolmogorov equations in LZ-norm at
a rate that is independent of the spatial dimension d, hence providing an answer to
question Q2.

4 Generalization error of PINNs

Having answered the questions Q1 and Q2 on the smallness of the PINN resid-
ual (generalization error (1.3)) and the total error for PINNs approximating the
Kolmogorov PDEs (2.1), we turn our attention to question Q3, i.e. given small train-
ing error (2.9) and for sufficiently many training samples S; s/, can one show that
the generalization error (1.3) (and consequently the total error by Theorem 4) is
proportionately small?

To this end, we start with the observation that the PINN residual as well training
error (2.9) has three parts, two data terms corresponding to the mismatches with the
initial and boundary data and a residual term that measures the amplitude of the PDE
residual. Thus, we can embed these two types of terms in the following very general
set-up: let D C R be compact and let f : D — R, fg : D — R be functions
for all & € ®@. We can think of f as the ground truth for the initial or boundary data
for the PDE (2.1) and fy be the corresponding restriction of approximating PINNs
to the spatial or temporal boundaries. Similarly, we can think of f = 0 as the PDE
residual, corresponding to the exact solution of (2.1) and fy is the interior PINN
residual (first term in (2.8)), for a neural network with weights 6. Let M € N be the
training set size and let S = {z1, ..., zm} € DM be the training set, where each z; is
independently drawn according to some probability measure © on D. We define the
(squared) training error, generalization error and empirical risk minimizer as

1 M
Er0.8)? = - Ifo@) = f@P, £6(0) =fDIf9(z) — @I du(),
i=1
0*(S) € arggnigé’r(e,é‘)z, 4.1

where we restrict ourselves to the (squared) L2-norm only for definiteness, while
claiming that all the subsequent results readily extend to general L”-norms for 1 <
p < oo. It is easy to see that the above set-up encompasses all the terms in the
definitions of the generalization error (1.3) and training error (2.9) for PINNSs.

Our first aim is to decompose this very general form of generalization error in
(4.1) as,
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Lemma 2 Letk € Nand © C R¥ compact. Then, it holds that

EG(0*(S)* = sup  [Ec()? — E(0)?] + sup |E6(0)* — Er (6, S)?|
0,9€0: e®
0= <8

+ sup |Er(0,8) — Er(®, S)?| + Er(6*(S), 5. (4.2)
0,0€0:
l6—<s

Proof Since © is compact, there exist for every § > 0 a natural number N = N(§) €
N and parameters 01, . ..0y € @ such that for all 6 € ® there exists 1 <i < N such
that || — 6; ||, < 8. Forevery 1 <i < N, it holds that

E(0"S)? = [E6(0* () ~ £ 0| + [£6(6)? — (6, S)
+ |Er©:. ) Er@*, 7| + Er67(5). 5 (43)

This error decomposition holds in particular for i* = i*(6*) € argmin; ||60* — ;|| oo-
Using that ||6* — ;|| o, < 8 and then majorizing gives the bound from the statement.
O

Note that we have leveraged the compactness of the parameter space ® in (4.2)
to decompose the generalization error in terms of the training error £7(6*(S), S),
the so-called generalization gap, i.e. supycg |Ec 0)? —Er (9)2| and error terms that
measure the modulus of continuity of the generalization and training errors. From
this decomposition, we can intuitively see that these error terms can be made suit-
ably small by requiring that the generalization and training errors are, for instance,
Lipschitz continuous. Then, we can use standard concentration inequalities to obtain
the following very general bound on the generalization error in terms of the training
error,

Theorem 5 Leta,c, &> 0,k,d, M e N, D Cc R¢ compact, (2, A, P) a probability
space, © = [—a,al* and let f : D — Rand fg : D — R be functions for all
0 €@ Let X; : 2 — D, 1 <i < M beiid random variables, S = {X1, ... Xy}
and let 0*(S) be a minimizer of 0 — Er (0, S)%. Let £1(0, S)?, E6(0)? € [0, c] for
all® € @ and S € DM and let 6 +— Eg(0)* and 6 — Er (0, S)?* be Lipschitz
continuous with Lipschitz constant £. For every €, 1 > 0, it holds that

c

, 2 2a8 1
P(EgO7(S) =e+&r(07(S).)) z1=n if M=z <k1n (7) +1n (;)) 4.4)

€
Proof For arbitrary € > 0, set § = % and let {Qi}lN: | be a §-covering of ® with
respect to the supremum norm. Then, it holds that N can be bounded by (2a.£/e%)k
and moreover

sip e 60+ s |er0, 8% — &, 97 <.
0,0€0:10—9| <5 0,0€0:]|0—v| <8
(4.5)
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Then, it holds for every 1 <i < N that
E(0"(S)? = €607 () — E6@)?| + [€(6)* — Er 61, S)?
+ [er @ 97 - £r©* (), S|+ Er @ (S). 8% (46

Next, we define a projection P : ® — O that maps 6 to a unique 6;+ with i* €
argmin; [|0 — 6;]| o, and we define the following events for 1 <i < N,

A={E607)? = &+ &107(5). 5.
B ={€60)* < & + €6, 97} . = [PO* ) =01},

D= {Eli e{l,....N}: (5g(9i)2 <4 &0 5)2) and (P(0*(S)) = ei)}
“@.7
Note that (4.5) and (4.6) imply that D C A and thus P(D) < P(A). Next, by the
definition of P it holds that P induces a partition on ® and thus Zi PC;) = 1. As
Er@.{X;)? : 2 — [0,c] and E[Er (60, {Xi}?] = E(6)?* for all i, Hoeffding’s
inequality (Lemma 14) proves that P (B;) > 1 — exp(—2¢*M/c?). Combining this
with the observation that D = |_|lN: 1 (B; N C;) then proves that

N N
P(A) > P(D) = Y "P(B;NC) = Y (P(B) +P(Ci) — P(B; UC:))

i=1 i=1

N 4 k 4
—2e"M 2a8 —2e"M
21+E(P(Bi)—l)zl—Nexp< =2 >21—<€—2) exp( 2 )

i=1
(4.8)

As a consequence, it holds that

2
M= <k In <¥> +1n (1>) = P(E0"S)? <+ Er0%(S).9?) = 1-1
2e € n
= P(E6(0%(S) <€ +£r(07(5),S) =1-n. (49)

O
The bound on the generalization error in terms of the training error (4.4) is a

probabilistic statement. It can readily be recast in terms of averages by defining the
so-called cumulative generalization and training errors of the form,

Eo= [ @ ©PaMS). E = [ &6, @10
DM DM

Here, uM = ® ... ®  is the induced product measure on the training set S. We
have the following ensemble version of Theorem 5;

Corollary 1 Assume the setting of Theorem 5. It holds that

= - 2¢? 4 2
Eo<et+&r if Mzi4<k1n<if>+1n(—§)>. @.11)
€ € €
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Proof Let X = £G(0*(S))? — E7(6*(S), S)2. Using (the last step of the proof of)

Theorem 5 with-n = ;—it en gives that 2 2
EX]=E|X1, o —HE[X]lX 2]§?+CP<X>?>§EZ, (4.12)

<5 >5
provided that M > 2 (k1n (44£) + n(%)). O

As a first example for illustrating the bounds of Theorem 5 (and Corollary 1), we
apply it to the estimation of the generalization errors, corresponding to the spatial
and temporal boundaries, in terms of the corresponding training errors (2.9). These
bounds readily follow from the following general bound.

Corollary 2 Letd, L,W € N, R > 1, L,W > 2, let u be a probability measure
on D = (0,119 let f : D — [-R(W + 1), ROW + 1)] be a function and let
fo : D — R, 0 € O, be tanh neural networks with at most L — 1 hidden layers,
width at most W and weights and biases bounded by R. For every 0 < € < 1, it holds
for the generalization and training error (4.1) that,

64d(L + 3)2WOR* | <4f/d T4RW
n .

P(EGO(S) < e +Er(0%(S),S) =1—n if M= = p

(4.13)

Proof Using the inverse triangle inequality and the fact that a®> — b* = (a +b)(a —b)
fora, b € R, we find for 6, ¥ € ® that

/D | fo(x) — F)I> = 1 fo(x) — fFO)IP du(x)

= 4R(W + 1)/D I[fo(x) = fOOI = 1 fo(x) = f)Ildplx)

< 4R(W + 1) /D o () = o) ), (4.14)

where we used that for every x € D and 6 € @y w g it holds that | fo(x)| < R(W +
1). Combining this with Lemmas 11 and 15 proves that the Lipschitz constant of the
map @ > fp is at most 8(d + 4)RE WL, We can then use Corollary 1 with a < R,
£ <« 8(d +4)REWL and ¢ < 8W2R? (from (4.1)). Moreover, one can calculate
that every fy has at most (d + (L — 2)W + 1) W weights and (L — 1)W + 1 biases,
such that k < 2dLW?2. Next, we make the estimate

) 4 pa 9 L43pyL+2
4af 2 32W*R 2°(d +4)R w
e (FEY s (%)) < 22V R pwem (294ED
2¢4 €? €? €4 €4

64d (L + 3)2WO R | <4f/d T 4RW)
n
€

4

. (4.15)

O

Next, we will apply the above general results to PINNs for the Kolmogorov equa-
tion (2.1). The following corollary provides an estimate on the (cumulative) PINN
generalization error and can be seen as the counterpart of Corollary 2. It is based
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on the fact that neural networks and their derivatives are Lipschitz continuous in the
parameter vector, the proof of which can be found in Appendix B. Consequently, the
PINN generalization error is Lipschitz as well (cf. Lemma 16).

Corollary 3 Let LLW € N R > 1, LW > 2, a,b € Rwitha < b and let
up 1 [0, 11 > R, 0 € O, be tanh neural networks, at most L— 1 hidden layers, width
at most W and weights and biases bounded by R. For g = i,t, s let the PINN gen-
eralization Eg and training 5? errors for linear Kolmogorov PDEs (cf. Section 2.1)
and let c; > 0 be such that 5?(9, S)?, 5%(9)2 € [0,¢cql forallf € @ and S C DM,
Assume that max{||@|ls , 1V ls} < Maxeeco l|lupllo and define the constants

d d
C=max [ 1+ @il + ) @00y ] (4.16)
i=1 i,j=1

Then, for any € > 0, it holds that

_ _ 24dL*W?3c2 Cd+7
EL<et+ & ifm, > qun 4chwf/% . 4.17)

Proof Setting C = max,¢p (1 + Z?:[ ()il + Z?{j:l |(a(x)a(x)*),-j )
use Corollary 1 witha < R, ¢ < ¢4, £ < 2L C2(d 4 7)2 L ROL—TWOL=6 (cf.
Lemma 16) and k < 2dLW?2 (cf. proof of Corollary 2). We then calculate

4 2 d+7
kin <if) +1In <L24) < 6kLIn <4chWf/C(—;’)>
€ € €

[Cd+7
=12dL*W?1In <4chW y (—Jr)> :
€

Remark 4 Corollary 3 requires bounds ¢, on the training errors 8? and the gen-
eralization errors é'g of the PINN. Lemma 16 provides such bounds, given by
ci = 4aC(d + T)L?R3EW3L=32L and ¢; = ¢, = 2W R. Although the values for ¢
and ¢, are of reasonable size, the value for ¢; is likely to be a large overestimate. It
might makes sense to consider the approximation

ci ~ max 5 (O, {xm}) (4.19)

, We can

(4.18)

O

for some randomly sampled 6,, € ® and x,,, € D.

Combining Corollary 3 with Theorem 4 allows us to bound the L>-error of the
PINN in terms of the (cumulative) training error and the training set size. The follow-
ing corollary proves that a well-trained PINN on average has a low L>-error provided
that the training set is large enough. It is also possible to prove a similar probabilistic
statement instead of a statement that holds on average.
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Corollary 4 Let u be a (classical) solution to a linear Kolmogorov equatiOn. 2.1
withp € CH(D; RY) and o € CY(D; R?*9), y* = ug+(s) a trained PINN, letElT, EST
and & IT denote the interior, spatial and temporal cumulative training error, cf. (1.3)

and let C1, Cy and C3 be the constants as defined in Theorem 4. If the training set
sizes are chosen as in (4.17) of Corollary 3 for any € > 0, then

/ / |u(x, 1) — ugr(s)(x, z)\zdxdrdu,M(S)
(Dx[0,TDM JDx[0,T]

< CL[EP + P + O + VO + CED? + (€3 +2)e . (4.20)

Proof This is a direct consequence of Corollary 3 and the proof of Theorem 4 (in
particular, one needs to take the expectation of all training sets S before applying
Holder’s inequality in the proof of Theorem 4). O

Remark 5 If we assume that the optimization algorithm used to minimize the training
loss finds a global minimum, then one can prove that the cumulative training errors
in (4.20) are small if the training set is large enough. To see this, first observe that
for the network ¥, 4 that was constructed in Theorem 2 it holds that 6’6 Og), E;Ow)
and Eé; (By) are all of order O(g). Since ¥, 4 is not correlated with the training data
S, one can use a Monte Carlo argument to find for any € > 0 that

EFOw) < €+ ELOy)  if My ~ che? 4.21)

and as a consequence that 5; (By) = O(e). If the optimization algorithm reaches a
global minimum, the training loss of ug«.s) will be upper bounded by that of ¥, 4.

Therefore, it also holds that E‘; = O(e).

Remark 6 Note that the constant C; in (4.20), as defined in Theorem 4, can in general
depend on the PINN. In practice, one could therefore add C; to the loss function of
the PINN to ensure that, e.g. C2 ~ O(1).

Thus, in Corollaries 3 and 4, we have answered the question Q3 by proving that a
small training error and a sufficiently large number of samples, as chosen in (4.17),
suffice to ensure a small generalization error (and total error). Moreover, the number
of samples only depends polynomially on the dimension. Therefore, it overcomes the
curse of dimensionality.

5 Discussion

Physics-informed neural networks (PINNs) are widely used in approximating both
forward as well as inverse problems for PDEs. However, there is a paucity of rigorous
theoretical results on PINNs that can explain their excellent empirical performance.
In particular, one wishes to answer the questions Q1 (on the smallness of PINN resid-
uals), Q2 (smallness of the total error) and Q3 (smallness of the generalization error
if the training error is small) in order to provides rigorous guarantees for PINNs.
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In this article, we aimed to address these theoretical questions rigorously. We do
so within the context of the Kolmogorov equations, which are linear parabolic PDEs
of the general form (2.1). The heat equation as well as the Black-Scholes equation
of option pricing are prototypical examples of these PDEs. Moreover, these PDEs
can be set in very high-dimensional spatial domains. Thus, in addition to providing
rigorous bounds on the PINN generalization error and total error, we also aimed to
investigate whether PINNs can overcome the curse of dimensionality in this context.

To this end, we answered question Q1 in Theorem 2, where we constructed a neu-
ral network (see Fig. 1) for which the PINN residual (generalization error) can be
made as small as possible. Our constuction relied on emulating Dynkin’s formula
(3.5). Under suitable assumptions on the initial data as well as on the underlying
stochastic process (cf. (3.9) and Theorem 3), we are also able to prove that the
size of the constructed only grew polynomially, in input spatial dimension. Thus,
we were able to show that this neural network was able to overcome the curse of
dimensionality in attaining as small a PINN residual as desired.

Next, we answered question Q2 in Theorem 4 by leveraging the stability of Kol-
mogorov PDEs to bound the total error (in L?) for PINNs in terms of the underlying
generalization error.

Finally, question Q3 that required one to bound the generalization error in terms
of the training error was answered by using an error decomposition, Lipschitz con-
tinuity of the underlying generalization and training error maps and concentration
inequalities in Corollary 3, where we derived a bound on the generalization error in
terms of the training error and for sufficiently many randomly chosen training sam-
ples (4.17). Moreover, the number of training samples only grew polynomially in the
dimension, alleviating the curse of dimensionaly in this regard.

Although we do not present numerical experiments in this paper, we point the
readers to [39] and the forthcoming paper [30], where a large number of numerical
experiments for PINNs in approximating both forward and inverse problems for
Kolmogorov type and related equations are presented. In particular, these experi-
ments reveal that PINNs overcome the curse of dimensionality in this context. These
findings are consistent with our theoretical results.

At this stage, it is instructive to contrast our results with related works. As men-
tioned in the introduction, there are very few papers where PINNs are rigorously
analyzed. When comparing to [37], we highlight that the fact that the authors of
[37] used a special bespoke Holder-type regularization term that penalized the gra-
dients in their loss function. In practice, one trains PINNs in the L? (or L) setting
and it is unclear how relevant the assumptions of [37] are in this context. On the
other hand, we use the natural training paradigm for PINNs and prove rigorously that
overall errors can be made small. Comparing with [29], we observe that the authors
of [29] only address questions Q2 and (partially) Q3, but in a very general setting.
It is not proved in [29] that the total error can be made small. We do so here. More-
over, we also provide the first bounds for PINNs, where the curse of dimensionality
is alleviated.

It is an appropriate juncture to compare our results with a large number of
articles demonstrating the alleviation of the curse of dimensionality for neural net-
works approximating Kolmogorov type PDEs (see [3, 8] and references therein).
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We would like to point out that these articles consider the supervised learning
paradigm, where (possibly large amounts of) data needs to be provided to train the
neural network for approximating solutions of PDEs. This data has to be gener-
ated by either expensive numerical simulations or the use of representation formulas
such as the Feynman-Kac formulas, which requires solutions of underlying SDE:s.
In contrast, we recall that PINNs do not require any data in the interior of the
domain and thus are very diferent in design and conception to supervised learning
frameworks.

We would also like to highlight some limitations of our analysis. We showed
in Theorem 2 that network size in approximating solutions of general Kolmogorov
equation (2.1) depended on the rate of growth the quantity py, defined in (3.9).
We were also able to prove in Theorem 3 that p; only grew polynomially (in
dimension) for a subclass of Kolmogorov PDEs. Extending these results to general
Kolmogorov PDEs is an open question. Moreover, it is worth repeating (see Remark
4) that the constants in our estimates are clearly not optimal and might be significant
overestimates (see [29] for a discussion on this issue).

Finally, we point out that although we focussed our results on the large and impor-
tant class of Kolmogorov PDE:s in this paper, the methods that we developed will be
very useful in the analysis of PINNs for approximating PDE:s. In particular, the use of
smoothness of the underlying PDEs solutions and their approximation by Tanh neu-
ral networks (as in [5]), to build PINNs with small PDE residuals can be applied to
a variety of linear and non-linear PDEs. Similarly, the error decomposition (4.2) and
Theorem 5 (Corollary 1) are very general and can be used in many different contexts,
to bound PINN generalization error by training error, for sufficiently many random
training points. We plan to apply these techniques for the comprehensive error anal-
ysis of PINNs for approximating forward as well as inverse problems for PDEs in
forthcoming papers.

Appendix A: Additional material for Section 3

A.1 Sobolev spaces

Letd e Nk eNp, 1 < p <ooandlet 2 C R4 be open. For a function f : 2 — R
and a (multi-)index o € N‘g we denote by

alel £

DUf = I
Y ax‘f” e 8x§‘1

(A.1)

the classical or distributional (i.e. weak) derivative of f. We denote by L”(£2) the
usual Lebesgue space and for we define the Sobolev space WX (£2) as

wkr(2) = {f € LP(2): D*f € LP(£2) forall & € N¢ with |a| < k} . (A2)
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For p < 0o, we define the following seminorms on WX-7(£2),

1/p
| flwnrey = Y IDF 70 form=0,....k, (A3)
loe|=m
and for p = co we define
— o —
| f lwmoe (@) = |£lr\li)’§1 |D f”Lm(Q) form=0,...,k. (A.4)

Based on these seminorms, we can define the following norm for p < oo,

k 1/p
I Nlwer ) = (Z |f|€w,p(m> : (A5)
m=0

and for p = oo we define the norm

ooy = Max m,oo(£2)- A.6
||f||WL (2) 05m5k|f|W (£2) ( )

The space Wk (£2) equipped with the norm |||y () is @ Banach space.

We denote by C¥(£2) the space of functions that are k times continuously
differentiable and equip this space with the norm || f'llcx (o) = I1f lwkoo()-

A.2 Auxiliary results
We introduce some results related to the analysis of stochastic differential equations
and random variables in general. We start by introducing notation cf. [2, Definition

2.1.3].

Definition 2 Let (£2, F, 1) be a measure space and let ¢ > 0. For every F/ B(RY)-
measurable function f : 2 — RY, we define

1/q
Iz e l-lga) = |:/Q ||f(w)||?RdM(dw):| : (A7)

Lemma 3 Let p € [2,00), d,m € N, let (2, F, P) be a probability space, and let
Xi: 2 — RYie {1,...,m}, be i.i.d. random variables with E[|| X||]] < oc. Then,

it holds that
p\ U/p —
(E[ D < 2,/”7 E[IEX] - X117])"7. (A8)

Proof This result is [8, Corollary 2.5]. U

1 m
E[Xi]=— ) X;

i=1
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Lemma 4 Let p € [2,00), q,m € N, let (2, F,P) and (D, A, n) be probability
spaces, and let for every q € D the maps X? 2 - R,i €{l,...,m}, beiid.
random variables with E [|X ;’ |] < 00. Then, it holds that

1 m P 1/p
E E[x9] - — ) x? d
<f73 [X7] m; I q))

<22 ([ eflere) - w7 wan)

Proof The proof involves Holder’s inequality, Fubini’s theorem and Lemma 3. The
calculation is as in [8, Eq. (226)]. O]

(A.9)

Lemma 5 Lete > 0, let (2, F, P) be a probability space, and let X : 2 — R be a
random variable that satisfies E [| X|] < €. Then, it holds that P(|X| < €) > 0.

Proof This result is [8, Proposition 3.3]. O]

Lemma 6 (Lévy’s modulus of continuity) For (B;);c0,1] a Brownian motion, it
holds almost surely that

Bisy— B
limsup sup oot Bil (A.10)

hl0  0<r<l—h v/2hlog(1/h) B

Proof This result is due to [20] and can be found in most probability theory
textbooks. [

Lemma?7 LetT > 0,p >2,d,m €N, let (82, F, P, (Fs):ef0,11) be a stochastic
basis and let W : [0, T] x 2 — R™ be a standard m-dimensional Brownian motion
on (2, F, P, F)ieo,17)- Let A € LP(PIR,, ||-Ige) and let v : RY — RY and
o : RY — R¥*™ be affine functions. Then, there exists an up to indistinguishability
unique (F;)c(0,71-adapted stochastic process X' [0, TIx2 — R4, which satisfies

1. thatforallt € [0, T] it holds P-a.s. that
t t
X} :x+/ M(xﬁ)der/ o (X})aw; (A.11)
0 0

A
2. that Supte[O’T] ”Xt ”EP(Ps”'”Rd) < 00,
3. thatforall a € (0, §) that

X3 —x}|
s LP(P,]-
sup — Sl T (A.12)
5,1€[0,T], ls —¢]*
s<t
4. forallx e R% t €0, T] and w € 2 it holds that
d
X @ =Y (X @ = X0@) 6 + X)), (A13)

i=1
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Proof Properties (1)-(3) are proven in [2, Theorem 4.5.1]. Property (4) follows from
Proposition 2.20 in [8] and Lemma 3.4 in [3]. O

Lemma 8 Leth : R - R : x — min{l, max{0, x}}. Forevery N > 2 and e,y >
~ 1 -3
0 there exists a tanh neural network h with two hidden layers, O (N 2<1*V>6W)

1 =6
neurons and weights growing as O (N I-ne 1*V> such that

/ 7

<e and ’h/

il = _
L2([-N,NJ)

LY®) —

<2. (A.14
L®[R) — ( )

Proof We first approximate & with a function 4 that is twice continuously differen-
tiable,

0 X S _%7
l(’T—gz—l—x—ezcos(i)) _xe <z
2\ 2 <2 2 ="
h(x) =1 x e ox<1-12, (A.15)
%(1—”762+x+ezcos<1€;2x)) 1 ”TEZ <x§1+”762,
1 1+ Tez <X
It is easy to prove that ‘ h—h HLOQ(R) = 0(62). Next, we calculate the derivative of ft,
0 S
%(1+sin(€x—2>) - <x < I
Rx) =11 1l ox <122 (A.16)
%(l—i—sin(le_—zx)) 1—”762<x§l+”752,
0 1+ 2 < x.
A straightforward calculation leads to the bound ‘ h—h 2@ = O(e). Finally,
one can easily check that 4" is continuous and that ||/ ‘ N O(e~2). An appli-

cation of [5, Theorem 5.1] on h gives us for every y > 0 and N large enough
the existence of a tanh neural network 27V with two hidden layers and O(N') neu-

rons for which it holds that Hfz — ﬁNHW oeta O(N~*7€72). Because of

the nature of the construction of 2V, the ‘monotonous behaviour of the hyperbolic
tangent towards infinity and the fact that % is constant outside [—1, 2], the stronger
result that Hfz — N H = O (N~177€72) holds automatically as well. As a

result we find that h— N H

[ -]

W1 (R)
S 2’

)
L>(R)
1 =3

LANND =0 (WN‘HVE_Z). If we choose N/ ~ NZT- ¢ T-v then

=0 (./\/_Hye_z) and
L>(R)
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we find that
W= ()

Moreover, [5, Theorem 5.1] tells us that the weights of N grow as (9(./\/2) =
1 -6

o (N <'—V>6W). The statement then follows from applying the triangle inequal-

ity. O

<e. (A.17)

L2([-N,N])

Hfz—szH <e and ‘
L>*[R)

Appendix B: Lipschitz continuity in the parameter vector of a neural
network and its derivatives

In this section, we will prove that for any x € D, a neural network and its correspond-
ing Jacobian and Hessian matrix are Lipschitz continuous in the parameter vector.
This property is of crucial importance to find bounds on the generalization error of
physics-informed neural networks, cf. Section 4. We first introduce some notation
and then state or results. The main results of this section are Lemmas 11 and 13.

We denote by 0 : R — R be an (at least) twice continuously differentiable
activation function, like tanh or sigmoid. For any n € N, we write for x € R”
that o (x) := (o(x1),...,0(x,)). We use the definition of a neural network as in
Definition 1.

Recall that for a differentiable function f : R” — R the Jacobian matrix J[f]
is defined by

JIflij = B_f, (B.1)
ox j
For our purpose, we make the following the following convention. For any 1 < k <
L, we define

B =T [F1((fE 00 f]) (1) € Rl (B.2)
Similarly, for a twice differentiable function g : R” — R the Hessian matrix is
defined by
3’g

Hlehi = 5oy,
i0Aj

(B.3)

Slightly abusing notation, we generalize this to vector-valued functions g : R" —
R™. We write

3 gx
3)61' 3)(./' ’
where we identify R!*" with R"*" to make the definitions consistent. Similarly,
ifv e R thenwv - H|[g] should be interpreted as

H(glkij = (B.4)

v Hlgl(x) := Y v H[gil(x) € R™". (B.5)
k=1

Forany 1 <k < L, we write

HY ) = H[FE (8 00 f]) () € Rihmrxlio, (B.6)
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Finally, we will use the notation J? := J[¥?] and HY := H[¥?]. The following
lemma presents a generalized version of the chain rule.

Lemma9 Let f : R" — R" and g : R™ — R. Then, it holds that
Hlgo f1(x) := JLf1x)" - H[GI(f (x)) - JLf1(x) + J[g](f (x)) - H[f1(x). (B.7)

We now apply this formula to find an expression for H? in terms of J k‘g and er .

Lemma 10 It holds that
L—1
JWwo =117« and H[¥’]

k=0 (B.8)

~

T T
= (Jlg) "'(Jkgq) ’(Jl?""]lil'er)"]lgfl"'JIQ'
k=1

Proof The first statement is just the chain rule for calculating the derivative of a
composite function. We prove the second statement using induction. For the base
step, let L = 1. Then, gt = ng and we have H[¥?] = Hg. For the induction step,
take K € N, K > 2 and assume that the statement holds for L = K — 1. Now, let
®! = f,? 0--+0 f29 and ¥¥ = @ o f19 . Applying the generalized chain rule to
calculate H[®? o fle ] and using the induction hypothesis on H[®?] gives the wanted
result. U

Next, we formally introduce the element-wise supremum norm |-|,,. Let N € N,
ng,...ny € Nand A € R"1>*"*"N Then, we define

|[Aloo := max --- max |A;..iyl (B.9)
1<ii<n; I<iy<ny

Let R > 0 and suppose that A; € R"~1*" _Then, it holds that

N
(1
i=1

Moreover, for v € R and A € R**P*¢ jt holds that [v - Als < @|V]oo] Also-

The following lemma states that the output of each layer of a neural network is
Lipschitz continuous in the parameter vector for any input x € [a, b]¢. The lemma is
stated for neural networks with a differentiable activation function, but can be easily

adapted for, e.g. ReLU neural networks.

N—1
<Al [ | nilAile- (B.10)

o0 i=1

Lemma 11 Let d,L,W € Nwith LW > 2, a,b € Rwitha < band R > 1.
Moreover, let 0,9 € O w.gr, @ = max{l, |al|, |b|, |o|lc} and B = max{1, 0/”00}-
Then, it holds for 1 < K < L that

&0 o ff = fio o f ] mqan <ad+HWETRETBE 0 — 9.
(B.11)
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Proof Let ly, ..., [ denote the widths of the neural network, where /[y = d. Let
x € la, b]d be arbitrary. First of all, it holds that

NI

o (Wix +) = (W) + b)),
lo" oo (W7 = W) x + (0] = 57)]
B(do + 1|6 — ¥ (B.12)

=
=

Now, let2 < k < L and definey = (f{ oo f)(x)and 5 = (f ;00
f)(x). We find that
[0 = Dl = max {1, o | WK = W)y + b = b + W 0 = D)
BUk—100 4+ DI — Flog + lk—1R]y — Yloo)- (B.13)
A recursive application of this inequality then gives us for 1 < K < L that

I fofiyooff —floflyoofl]s

IATA

IA

K
D kil + DHREFBEF g — )
k=1

K
< WX da + DRETBKI0 — 9|og + B(Wa + 1|0 — 0] Y WKFREF KK
k=2
K-1 K—1pK g _ B(Wa + HWK-IRK-IgK=1
< WX lda + HRE18K10 — 0| + WERE—1 16 — 9o
<a(d+HWETIRE-1gK 19 — » |,
(B.14)
where we used that B(Wa 4+ 1)/(WRB — 1) < BQa + 1)/(2RB — 1) < 3« when
W=>2R>1,aa>1. ]

Lemma 12 Let d, L, W € N with LLW > 2 a,b € R witha < b and
R > 1. Moreover let 6,9 € Opw.r o = max{l,lal,|b], ||lo|lec} and B =
””OO } /”” }. Then, it holds forall 1 < k < L and x € [a, b]*

that

|y = JE il = BU +ad+HWHIRFBT 4 R@W +1))|0 — 9o and (B.15)
|HY ()i — H] (x)i| , < 2BR(+ad+HW 'R+ R@W + 1))|0 — 9o (B.16)

Proof Let wiT be the ith row of W, let u?lT be the ith row of WPk and set b := b¥*

andb:=b"  Let F = f¢ jo---offand F = f? jo- -0 f.Forl <i <, we
have that

J{ (%)

HY (x);

o’ (wiT~F(x)+b,-)~wiT € RIXlk-1 (B.17)

o (w] - F@) +bi) - wi - w] e Rio1xh (B.18)
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and analogously for J,f (x); and H,f (x);. The triangle inequality and the Lipschitz
continuity of ¢’ gives us that

|78 )i = B @il < o o Twi — Wileo + i 0o

o’ (wlT . F(x)+b,~) -0’ (II)IT . F(x)—&-l%)

< BIO =Vl + 0" R

wl  (FG) = F) + g — i) - FOo) + by — b
< 10 = Ploe + [0 | R (ot RF ) = FOO|_+ Uit lolloo + DIO = 1ac)
(B.19)
Using that ‘F(x) — I:"(x)‘ < a(d + HWE2RK-2k~11g _ 9|  (Lemma 11) for
o
k>2andl_1 < W, we get
|78 )i — I )i, < BU4a(d+H W R BFI L R@W+1))[0 — 91 (B.20)
for k > 2. One can check that the inequality also holds for k = 1.
For the Hessian matrix, the triangle inequality and the Lipschitz continuity of ¢”

gives us that

ol i - w! =i

IA

1 1

|H ()i — HY (0],

oo

+ o7 (wl.T.F(x)—f—bi)—U” (d)f.ﬁ(x)+5,») ;]|

< 2BRIO — Voo + [0 o, RZ@W + D6 — 9o

n ||a'/’||wR3W‘F(x)—ﬁ(x)‘ (B21)
o0

Using Lemma 11 again, we get

|HY ()i — HY (0)i], < 28R+ a(d + HWREB 4 R@W + 1)10 — 9o
(B.22)
for k > 2. One can check that the inequality also holds for k = 1. O

The following lemma states that the Jacobian and Hessian matrix of a neural
network are Lipschitz continuous in the parameter vector for any input x € [a, b]%.

Lemma 13 Let d, L, W € N with LLW > 2 a,b € R witha < b and
R > 1. Moreover, let 6,9 € Op wr, o« = max{l,|al,|b],|lo|lec} and B =
max{1, }o/”oo, J”HOO, }U”’”OO}. Then, it holds that for all x € [a, b]¢ that

[JW01(x) = JWP ()|, < 2a(d + LR W25 10 — 9|, (B.23)

|HWO1(x) — HIW 1(x)| < 4da(d+ L RPETIWHEL0 — 9| . (B.24)

Proof We will prove the formulas by repeatedly using the triangle inequality and
using the representations proven in Lemma 10. To do so, we need to introduce some
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notation. Define for 0 < [ < L + k — 1 the object ¢ € {6, ¥}*L such that

o\
o j<l ot .
ol=1" J=" ana Ak =l ksjsL-d
1 0 j>LI J o )
H, j=1L
1
I Lyls<j<Ltk-L

(B.25)
In particular, ¢§,0 =6 and ¢§’L+k_l = ¢ for all j. To simplify notation, we write

= ()
k — 1

The triangle inequality and Lemma 10 then give that

I N\T I / LAk—1
(s ) - (sl ) afigr o ST A 20
j=

L L+k—-1

—H"|, Z Z ‘hl '—hl‘ . (B.27)

Observe that Akl I ]J‘.’l = 0 for j # I. Therefore,

b

-1 l k.l k.l k-1 k.l k.l
)hk _hk‘oo:‘Al "'Azfl'(Al _Az>'A

k.l
I+1

L+k—1 00

<)) Doy RL+k_2‘A;(’l_l - Af’l‘

o0

IA

WL+"_2RL+"_2‘A;“I_1 — Al ‘ : (B.28)

o]

From Lemma 12, it follows that

‘Af”’l _ A;c,l

< 2BR(1+a(d+H W' REBFT L R@W +1))|0 — 9] (B.29)

Writing y (=14 R(aW + 1) we get

L
|H? - H”| < Z(L +k— DWEHK2REFE=2 28R + a(d + HWFIREBF 4 R(@W + 1))16 — 9]
k=1

~

ZZLWZL ZRM™72 . 28Ra(d + TYWETTREBL TG — 9| o
k=1

<da(d+TL*R¥ETWE3BL e — 9| .

(B.30)
In an entirely similar fashion we obtain
L
I = S WERE I - )
k=1
< 2a(d + T)LR*Tw2L=2gL=11g _p| . (B.31)
O
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Appendix C: Additional material for Section 4

Lemma 14 (Hoeffding’s inequality) Lete,c > 0, N € N, let (2, A, P) be a prob-
ability space and let X,, : 2 — [0, c] be independent random variables. Then, it

holds that
1 (& 22N
P (ﬁ (Z(X,- —E[X,-D) > e) < exp( 5 ) (C.1)

i=1

Lemma 15 Let x € R and o(x) = tanhx = =% It holds that o' (x) = 1 —

(0(x)? and 0" (x) = —20(x)/(1 — (o (x))?). In addition, it holds that |0’ s = 1
and HU””OO =4/3/3 < 1and ||0”’HOo =2.

The following lemma provides estimate on the various PINN residuals. It is based
on the fact that neural networks and their derivatives are Lipschitz continuous in the
parameter vector, the proof of which can be found in Appendix B.

Lemma 16 Letd, L,W € N, R > 1 and let ug : [0, l]d — R, 0 € ©, be tanh
neural networks, at most L — 1 hidden layers, width at most W and weights and
biases bounded by R. Let the PINN generalization 8?; and training 5? errors be
defined as in Section 2.3 for linear Kolmogorov PDEs (cf. Section 2.1). Assume that
max{||¢lleo > 1¥lle} < maxpeo lluplloo- Let SqQ denote the Lipschitz constant oquQ,
forq =i,t,s and Q = G, T. Then, it holds that

2
d d
£p = 27" max (1 )@l + Y |<a<x>o(x)*),-,-|) @ +7PLARETT WO (C.2)

i=1 i,j=1

Proof Without loss of generality, we only focus on 53;, forg = i,s,t. We see for
qg=1i,t,s

£4®) — L), < 2max [Ryluol] , [Ryluol - Ryl (€3)

Forg =t,s and (x,7) € D x [0, T], it follows from Lemma 11 that
|Rqlupl(x, 1) = Rg[@71(t, x)| < (d +HWET'RETNO — 9, (C4)
and similarly using Lemma 13 that

[Rilugl(t, x) = Ril®@”1(t, )| < (1 + [u@)[D]|I? = J7|
+ oo @*|, |H — HY |,
<da(l+ |n@)l

+ oo @) )d + DLAR?ETT W2k — 9,
(C.5)
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where we let |-|, denote the vector p-norm of the vectorized version of a general
tensor (cf. (B.9)). Next, we calculate using again Lemma 13 (by setting ¢+ = 0) and
max{[|¢llo , 1¥lloo} < maxgpeo lluglloo for g =z, s that

max IRi[uo]lloo < 4aC(d + 7)2FL2R3EW3L3,
max | Ry lupl], < 2WR, (C.6)

where C = max,cp(1+|u(x)|1+|o(x)o (x)*|1). Combining all the previous results
prove the stated bound. O
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