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Abstract

For a parameter dimension d € N, we consider the approximation of many-parametric maps
u: [-1,1]¢ — R by deep ReLU neural networks. The input dimension d may possibly be large,
and we assume quantitative control of the domain of holomorphy of u: i.e., u admits a holomor-
phic extension to a Bernstein polyellipse £,, x ... x &,, C C? of semiaxis sums p; > 1 containing
[1,1]¢. We establish the exponential rate O(exp(—bN'/(4+1))) of expressive power in terms
of the total NN size N and of the input dimension d of the ReLU NN in W1>°([—1,1]¢). The
constant b > 0 depends on (pj);-lzl which characterizes the coordinate-wise sizes of the Bernstein-
ellipses for u. We also prove exponential convergence in stronger norms for the approximation
by DNNs with more regular, so-called “rectified power unit” (RePU) activations. Finally, we ex-
tend DNN expression rate bounds also to two classes of non-holomorphic functions, in particular
to d-variate, Gevrey-regular functions, and, by composition, to certain multivariate probability
distribution functions with Lipschitz marginals.
Key words: Deep ReLLU neural networks, approximation rates, exponential convergence
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1 Introduction

In recent years, so-called deep artificial neural networks (‘DNNs’ for short) have seen dramatic
development in applications from data science and machine learning.

Accordingly, after early results in the 90s on genericity and universality of DNNs (see [28] for
a survey and references), in recent years the refined mathematical analysis of their approximation
properties viz. “expressive power” has received increasing attention. A particular class of many-
parametric maps whose DNN approximation needs to be considered in many applications are
real-analytic and holomorphic maps. Accordingly, the question of DNN expression rate bounds
for such maps has received some attention in the approximation theory literature [21, 22, 10, 9].

It is well-known that multi-variate, holomorphic maps admit exponential expression rates
by multivariate polynomials. In particular, countably-parametric maps u : [—1,1]°° — R can
be represented under certain conditions by so-called generalized polynomial chaos expansions
with quantified sparsity in coefficient sequences. This, in turn, implies N-term truncations with
controlled approximation rate bounds in terms of N, with approximation rates which do not
depend on the dimension of the active parameters in the truncated approximation [6, 5]. The
polynomials which appear in such expansions can, in turn, be represented by DNNs, either
exactly for certain activation functions, or approximately for example for the so-called rectified
linear unit (“ReLU”) activation with exponentially small representation error [18, 37].

The purpose of the present paper is to establish corresponding DNN expression rate bounds
in Lipschitz-norm (i.e. W*-norm) for high-dimensional, analytic maps u : [-1,1]¢ — R. We
focus on ReLU DNNs, but comment in passing also on versions of our results for other DNN
activation functions. Next, we briefly discuss the relation of previous results to the present work
and also outline the structure of this paper.

1.1 Recent mathematical results on expressive power of DNNs

The survey [28] presented succinct proofs of genericity of shallow NNs in various function classes,
as shown originally e.g. in [16, 15, 20] and reviewed the state of mathematical theory of DNNs
up to that point. Moreover, exponential expression rate bounds for analytic functions by neural
networks had already been achieved in the ’90s. We mention in particular [22] where smooth,
nonpolynomial activation functions were considered.

More closely related to the present work are the references [10, 21]. In [21], approximation
rates for deep NN approximations of multivariate functions which are analytic have been inves-
tigated. Exponential rate bounds in terms of the total size of the NN have been obtained, for
sigmoidal activation functions. In [37], it was observed that the multiplication of two real num-
bers, and consequently polynomials, can efficiently be approximated by deep ReLU NNs. This
was used in [10] to prove bounds on the DNN approximation of certain functions u : [—1, l]d — R
which admit holomorphic extensions to some open subset of C* by deep ReLU NNs. In partic-
ular, it was assumed that v admits a Taylor expansion about the origin of C¢ which converges
absolutely and uniformly on [—1,1]¢. It is well-known that not every u which is real-analytic
in [~1,1]? admits such an expansion. In the present paper, we prove sharper expression rate
bounds for both, the ReLU activation o¢; and RePU activations o, for functions which merely
are assumed to be real-analytic in [~1,1]9, in L>([—1,1]%) and in stronger norms, thereby gen-
eralizing both [10] and [21]. For o;-NNs similar results were recently presented in [9], albeit
with slightly larger bounds on the network size.



1.2 Contributions of the present paper

We prove exponential expression rate bounds of DNNs for d-variate, real-valued functions which
depend analytically on their d inputs. Specifically, for holomorphic mappings u : [-1,1]¢ — R,
we prove expression error bounds in L>([—1,1]%) and in W*>°([~1,1]4), for k € N (the precise
range of k depending on properties of the NN activation o). We consider both, ReLU activation
o1 :R— Ry 2+ x4 and RePU activations o, : R — Ry :  — (x4)" for some integer r > 2.
Here, zy = max{x,0}. The expression error bounds in our main result, Theorem 3.6, with
ReLU activation oy are in W ([—1, 1]%) and of the general type O(exp(—bN/(4+1))) in terms
of the NN size N, with a constant b > 0 depending on the domain of analyticity, but independent
of N (however, with the constant implied in the Landau symbol O(-) depending exponentially
on d, in general). With activation o, for r > 2, Theorem 3.10 has corresponding expression
error bounds in W#>([—1,1]?) for arbitrary fixed k¥ € N and of the type O(exp(—bN'/4)) in
terms of the NN size N. For all r € N, the parameters of the o,-neural networks approximating
u (so-called “weights” and “biases”) are continuous functions of w in appropriate norms. All
of our proofs are constructive. I.e., they demonstrate how to build sparsely connected DNNs
achieving the claimed convergence rates. We comment in Rmk. 3.7 and Rmk. 3.11 how these
statements imply results for (the simpler architecture of) fully connected neural networks.

The main results, Theorems 3.6 and 3.10, are expression rate bounds for holomorphic func-
tions. Similar bounds for Gevrey-regular functions are given in Section 4.3.4. In Section 4.3.5,
we conclude the same bounds also for certain classes of nonholomorphic, merely Lipschitz-
continuous functions, by leveraging the compositional nature of DNN approximation and The-
orems 3.6 and 3.10.

1.3 Outline

The structure of the paper is as follows. In Section 2, we present the definition of the DNN
architectures and fix notation and terminology. We also review in Section 2.2 a “ReLU DNN
calculus”, from recent work [27, 11], which will facilitate the ensuing DNN expression rate anal-
ysis. A first set of key results are ReLU DNN expression rates in W1°°([—1, 1]¢) for multivariate
Legendre polynomials, which are proved in Section 2.3. These novel expression rate bounds are
explicit in the W>-accuracy and in the polynomial degree. They are of independent interest
and remarkable in that the ReLU DNNs which emulate the polynomials at exponential rates,
as we prove, realize continuous, piecewise affine functions. They are based on [18, 37]. The
proofs, being constructive, shed a rather precise light on the architecture, in particular depth
and width of the ReLU DNNs, that is sufficient for polynomial emulation. In Section 2.4, we
briefly comment on corresponding results for RePU activations; as a rule, the same exponential
rates are achieved for slightly smaller NNs and in norms which are stronger than W1,

Section 3 then contains the main results of this note: exponential ReLU DNN expression
rate bounds for d-variate, holomorphic maps. They are based on a) polynomial approximation
of these maps and on b) ReLU DNN reapproximation of the approximating polynomials. These
are presented in Sections 3.1 and 3.2. Again we comment in Section 3.3 on modifications in
the results for RePU activations. Section 4 contains a brief indication of further directions and
open problems.

Acknowledgement: This work was supported in part under an SNSF Early Postdoc.Mobility
Fellowship 184530 to JZ. Research performed in part during a visit to the CRM Montreal,
Canada, of CS and JZ in May 2019.

1.4 Notation

We adopt standard notation consistent with our previous works [40, 42]: N = {1,2,...} and
Np := NU{0}. We write Ry := {z € R: z > 0}. The symbol C will stand for a generic, positive



constant independent of any asymptotic quantities in an estimate, which may change its value
even within the same equation.

In statements about polynomial expansions we require multiindices v = (v;),=1,....4 € N¢ for
d € N. The total order of a multiindex v is denoted by |v|; := 2?21 vj. The notation supp v
stands for the support of the multiindex, i.e. suppr = {j € {1,...,d} : v; # 0}. The size of the
support of v € Nd is |supp v|; it will, subsequently, indicate the number of active coordinates
in the multivariate monomial term y* := H?Zl y;J .

A subset A C N§ is called downward closed", if v = (v;)9_; € A implies p = (p)%_, € A for
all p < v. Here, the ordering “<” on N¢ is defined as p; < v;, for all j = 1,...,d. We write |A|
to denote the finite cardinality of a set A.

We write BE := {z € C : |2| < &}. Elements of C? will be denoted by boldface characters
such as y = (y;)7—, € [-1,1]* € C% For v € N§, standard notations y* := H?Zl y; and
vl = H?Zl v;! will be employed (with the conventions 0! := 1 and 0° := 1). For n € Ny we let
P, :=span{y’ : 0 < j < n} be the space of polynomials of degree at most n, and for a finite
index set A C N¢ we denote P, := span{y” : v € A}.

2 Deep neural network approximations

2.1 DNN architecture

We consider deep neural networks (DNNs for short) of feed forward type. Such a NN f can
mathematically be described as a repeated composition of affine transformations with a nonlinear
activation function.

More precisely: For an activation function o : R — R, a fixed number of hidden layers
L € N, numbers N; € N of computation nodes in layer £ € {1,. L+1} f:RNo - RNz s
realized by a feedforward neural network, if for certain wezghts w ; € R, and biases be eRit

holds for all = (z;)~°,

No
zj=0 <Zw}sz —|—b}> , Jjed{l,....N1}, (2.1)

i=1
and
Zt =0 (Zw“l ‘+b"+1> , tef{l,...,L—1}, j€{l,...,Niy1}, (2.2)
and finally
Nri1
flx) = (ZJL+1 NL+1 _ <Z wL+1 Ly bL+1> ) (2.3)
j=1

In this case Ny is the dimension of the input, and Ny, is the dimension of the output. Fur-
thermore zé denotes the output of unit j in layer £. The weight w ; has the interpretation of
connecting the 7th unit in layer ¢ — 1 with the jth unit in layer £.

Except when explicitly stated, we will not distinguish between the network (which is defined
through o, the wy ; and b%) and the function f : RNo — RNt+1 it realizes. We note in passing that
this relation is typically not one-to-one, i.e. different NNs may realize the same function as their
output. Let us also emphasize that we allow the weights wfyj and biases bﬁ forte{1,...,L+1},
i€{l,...,Ny_1}and j € {1,..., Np} to take any value in R, i.e. we do not consider quantization
as e.g. in [1, 27].

Tndex sets with the ”downward closed” property are also referred to in the literature [24] as lower sets.



As is customary in the theory of NNs, the number of hidden layers L of a NN is referred to
as depth? and the total number of nonzero weights and biases as the size of the NN. Hence, for
a DNN f as in (2.1)-(2.3), we define

size(f) = [{(6,5,0) = wi; # O} +[{(j;€) : b; #0}[  and  depth(f) := L.

In addition, sizei,(f) := |{(¢,7) : wil’j £ 0} + {7 : bjl- # 0} and sizeout (f) = |{(4,7) : wﬁfl #+
O +1{s : bJL'H # 0}, which are the number of nonzero weights and biases in the input layer
of f and in the output layer, respectively.

The proofs of our main results Theorem 3.6 and Theorem 3.10 are constructive, in the sense
that we will explicitly construct NNs with the desired properties. We construct these NNs
by assembling smaller networks, using the operations of concatenation and parallelization, as
well as so-called “identity-networks” which realize the identity mapping. Below, we recall the
definitions. For these operations, we also provide bounds on the number of nonzero weights in
the input layer and the output layer of the corresponding network, which can be derived from
the definitions in [27].

2.2 DNN calculus
Throughout, as activation function o we consider either the ReLLU activation function

o1(x) := max{0,z} reR (2.4)
or, as suggested in [21, 19, 17], for r € N, r > 2, the RePU activation function

or(z) == max{0,z}" x €R. (2.5)

If a NN uses o, as activation function, we refer to it as ¢,.-NN. ReLU NNs are referred to as
01-NNs. We assume throughout that all activations in a DNN are of equal type.

Remark 2.1 (Historical note on rectified power units). “Rectified power unit” (RePU) activa-
tion functions are particular cases of so-called sigmoidal functions of order k € N for k£ > 2,
i.e. limg oo Uéf) =1, limy o Uéf) =0 and |o(x)] < K(1 + |z|)* for z € R. The use of
NNs with such activation functions for function approzximation dates back to the early 1990’s,
cf. e.g. [21, 19]. Proofs in [21, Section 3] proceed in three steps. First, a given function [ was
approzimated by a polynomial, then this polynomial was expressed as a linear combination of
powers of a RePU, and finally it was shown that for v > 2 and arbitrary A > 0 the RePU o, can
be approzimated on [— A, A] with arbitrarily small L= ([— A, A])-error e by a NN with a sigmoidal
activation function of order k=r, which has depth 1 and fized network size independent of A
and € ([21, Lemma 3.6]). As remarked directly below [21, Lemma 3.6], this result remains true
for the L (R)-norm (instead of L>=°([—A, A])) if, additionally, o is uniformly continuous on R.
As also remarked below [21, Lemma 3.6], a similar statement holds for the approxzimation of the
ReLU o1 by a NN with sigmoidal activation function of the order k = 1.

For any r € N, in the proof of [21, Lemma 3.6] it was observed that for continuous, sigmoidal
o of order k = r, the 0-NN that approzimates o, is uniformly continuous on [—A, A]. From
this, it follows that o.-NNs can be approzimated up to arbitrarily small L ([—A, A])-error by
0-NNs with NN size independent of A and €. Again, uniform continuity of o on R implies the
same result w.r.t. the L= (R)-norm.

The exact realization of polynomials by o.-networks for r > 2 was observed in the proof of
[21, Theorem 3.3], based on ideas in the proof of [4, Theorem 8.1]. The same result was recently
rediscovered in [17, Theorem 3.1], whose authors were apparently not aware of [4, 21].

%In other recent references (e.g. [25]), slightly different terminology for the number L of layers in the DNN differing
from the convention in the present paper by a constant factor, is used. This difference will be inconsequential for all
results that follow.



We now indicate several fundamental operations on NNs which will be used in the following.
These operations have been frequently used in recent works [27, 25, 11].

2.2.1 Parallelization

We now recall the parallelization of two networks f and g, which in parallel emulates f and g.
We first describe the parallelization of networks with the same inputs as in [27, Definition 2.7],
the parallelization of networks with different inputs is similar and introduced directly afterwards.

Let f and g be two NNs with the same depth L € Ny and the same input dimension n € N.
Denote by ms the output dimension of f and by mg, the output dimension of g. Then there
exists a neural network (f, g), called parallelization of f and g, which in parallel emulates f and

g, i.e.
(f,9) : R" = R™ xR™ : = (f(2), ().

It holds that depth((f, g)) = L and that size((f, g)) = size(f)+size(g), sizewm ((f, g)) = sizei (f)+
sizein (g) and sizeout ((f, 9)) = sizeous (f) + sizeout (9)-

We next recall the parallelization of networks with inputs of possibly different dimension as
in [11, Setting 5.2]. To this end, we let f and g be two NNs with the same depth L € Ny whose
input dimensions ny and ng, may be different, and whose output dimensions we will denote by
my and mg, respectively.

Then there exists a neural network (f, g),, called full parallelization of networks with distinct
inputs of f and g, which in parallel emulates f and g, i.e.

(f,9)q : R™ xR"™ — R™ x R™ : (x,&) — (f(x),g(x)).

It holds that depth((f,g)y) = L and that size((f,g),) = size(f) + size(g), sizein((f,9)q) =
sizein (f) + sizein(9) and sizeou ((f, 9)4) = sizeout (f) + sizeous(9)-

Parallelizations of networks with possibly different inputs can be used consecutively to em-
ulate multiple networks in parallel.

2.2.2 Identity networks

We now recall identity networks ([27, Lemma 2.3]), which emulate the identity map.
For all n € N and L € Ny there exists a o;-identity network Idg» of depth L which emulates
the identity map Idg» : R® — R™ : @ — @. It holds that

size(Idgn) < 2n(depth(Idg=) + 1), sizep, (Idgn ) < 2n, sizeout (Idgn ) < 2n. (2.6)

Analogously, for r > 2 there exist o,.-identity networks. To construct them, we use the
concatenation f e g of two NNs f and g as introduced in [27, Definition 2.2]. As we shall make
use of it subsequently in Propositions 2.3 and 2.4, we recall its definition here for convenience
of the reader.

Definition 2.2 ([27, Definition 2.2]). Let f, g be such that the output dimension of g equals the
input dimension of f, which we denote by k. Denote the weights and biases of f by {Uf’j}i7j,g

and {af}j,f and those of g by {Uf’j}i,j’g and {Cg}j’g. Then, we denote by f e g be the NN with
weights and biases

Vi ¢ < depth(g), o ¢ < depth(g),
wf] = 25:1 vﬁqué,j ¢ = depth(g) + 1, bﬁ = 25:1 cf;u;j + a} ¢ = depth(g) + 1,

ué—‘depth(g)

i g ¢ > depth(g) + 1, atdepth(e) ¢> depth(g) + 1,

J

for £ =1,... depth(f) + depth(g) + 1.



It is easy to check, that the network feg emulates the composition  — f(g(x)) and satisfies
depth(f e g) = depth(f) + depth(g).

The concatenation of Definition 2.2 will only be used in the proof of Propositions 2.3 and
2.4 below. Throughout the remainder of this work, we use sparse concatenations fog introduced
in Section 2.2.3, whose network size can be estimated by C(size(f) + size(g)) for an absolute
constant C. The reason for introducing o in addition to e, is that the size of f e g cannot be
bounded by C/(size(f) + size(g)) for an absolute constant C'. This can be seen by considering
the number of nonzero weights in layer ¢ = depth(g) + 1, e.g. for k = 1, Ny = 1 and arbitrary
layer sizes Ny_1, Nyy1 € N.

Proposition 2.3. Forallr > 2, n € N and L € Ny there exists a o,.-NN Idrn of depth L which
emulates the identity function Idg» : R™ — R" : © — x. It holds that

size(Idgn ) < nL(4r? 4 2r), sizey, (Idgn ) < 4nr, sizeous (Idgn ) < n(2r 4 1).

Proof. First we consider n = 1 and proceed in two steps: We discuss L = 0,1 in Step 1 and
L > 1 in Step 2.

Step 1. For L = 0, let Idg~ be the network with weights w} ; = d; j, b; =0, 4,5 =1,...,n.
We next consider L = 1. It was shown in [17, Theorem 2.5] that there exist (ay)}_, € R™"! and
(bk)%—; € R" such that for all z € R

T =ag+ Zak(m +br)" =ag+ Zaka,.(x + b)) + Z ax(—1)"o.(—x — by).

k=1 k=1 k=1

This shows the existence of a network Idr: : R — R of depth 1 realizing the identity on R.
The network employs 2r weights and 2r biases in the first layer, and 2r weights and one bias
(namely ag) in the output layer. Its size is thus 6r + 1.

Step 2. For L > 1, we consider the L-fold concatenation Idg: e--- e Idg: of the identity
network Idg: from Step 1. The resulting network has depth L, input dimension 1 and output
dimension 1. The number of weights and the number of biases in the first layer both equal 2r,
the number of weights in the output layer equals 2r, and the number of biases 1. In each of the
L — 1 other hidden layers, the number of weights is 472, and the number of biases 2r. In total,
the network has size at most 47 + (L — 1)(4r? + 2r) + 2r + 1 < L(47? + 2r), where we used that
r>2.

Identity networks with input size n € N are obtained as the full parallelization with distinct
inputs of n identity networks with input size 1. O

2.2.3 Sparse concatenation

The sparse concatenation of two 01-NNs f and g was introduced in [27, Definition 2.5].

Let f and g be 01-NNs, such that the number of nodes in the output layer of g equals the
number of nodes in the input layer of f. Denote by n the number of nodes in the input layer of
g, and by m the number of nodes in the output layer of f. Then, with “e” as in Definition 2.2,
the sparse concatenation of the NNs f and g is defined as the network

fog:=feldg:eg, (2.7)
where Idgx is the oi-identity network of depth 1. The network f o g realizes the function
fog:R" >R :x— (f(g(x)), (2.8)

i.e., by abuse of notation, the symbol “o” has two meanings here, depending on whether we
interpret f o g as a function or as a network. This will not be the cause of confusion however.
It holds depth(f o g) = depth(f) + 1 + depth(g),

size(f o g) = size(f) + sizein(f) + sizeout (g) + size(g) < 2size(f) + 2 size(g) (2.9)



and

o (romy — Jsizem(g)  depth(g) > 1, Ny oy Isizeauc(f) depth(f) > 1,
enl] g)_{2sizein(g) depth(g) =0, oulf g)_{QSizeout(f) depth(f) = 0.

For a proof, we refer to [27, Remark 2.6].
A similar result holds for o,.-NNs. In this case we define the sparse concatenation fog as in
(2.7), but with Idgr now denoting the o,-identity network of depth 1 from Proposition 2.3.

Proposition 2.4. Forr > 2 let f,g be two o,-NNs such that the output dimension of g, which
we denote by k € N, equals the input dimension of f, and suppose that sizein(f), sizeout(g) > k.
Denote by f o g the o.-network obtained by the o,.-sparse concatenation. Then depth(f o g) =
depth(f) 4 1 4 depth(g) and

size(f o g) < size(f) + (2r — 1) sizein (f) + (2r + 1)k + (2r — 1) sizeout(g9) + size(g)
< size(f) + 2rsizein (f) + (4r — 1) sizeout (¢9) + size(g) (2.10)
< (2r + 1) size(f) + 4rsize(g).
Furthermore,

o (fo sizein(g) depth(g) > 1,

sizein(f o g) < {27" sizein (9) + 2rk < 4rsizein(g) depth(g) =0,

. Sizeout(f) depth(f) Z 1a

sizeour(f 0 g) < {27" sizeout (f) + k& < (2r + 1) sizeous (f)  depth(f) = 0.

Proof. Tt follows directly from Definition 2.2 and Proposition 2.3 that depth(fog) = depth(f)+
1+depth(g). To bound the size of the network, note that the weights in layers £ = 1, ..., depth(g)
equal those in the first depth(g) layers of g. Those in layers £ = depth(g) +3, ..., depth(g) +2+
depth(f) equal those in the last depth(f) layers of f. Layer £ = depth(g) + 1 has 27 sizequt (g)
weights and 2rk biases, whereas layer ¢ = depth(g) + 2 has 2r sizei, (f) weights and k biases.
This shows Equation (2.10) and the bound on sizej,(f o g) and sizeou(f © g). O

Identity networks are often used in combination with parallelizations. In order to parallelize
two networks f and ¢g with depth(f) < depth(g), the network f can be concatenated with an
identity network, resulting in a network whose depth equals depth(g) and which emulates the
same function as f.

2.3 ReLU DNN approximation of polynomials
2.3.1 Basic results

In [18] it was shown that deep networks employing both ReL and BiS (“binary step”) units
are capable of approximating the product of two numbers with a network whose size and depth
increase merely logarithmically in the accuracy. In other words, certain neural networks achieve
uniform exponential convergence of the operation of multiplication (of two numbers in a bounded
interval) w.r.t. the network size. Independently, a similar result for ReLU networks was obtained
in [37]. Here, we shall use the latter result in the following slightly more general form shown in
[33]. Contrary to [37], it provides a bound of the error in the W1°°([—1,1]) norm (instead of
the L>=([—1,1]) norm).



Proposition 2.5. For any 6 € (0,1) and M > 1 there exists a 01-NN X5 : [-M, M]> - R
such that

0 -~
a— %X‘S’M(a’b)‘} <,

(2.11)
where %Q@M(a,b) and %Q&M(a,b) denote weak derivatives. There exists a constant C > 0
independent of 6 € (0,1) and M > 1 such that sizein (X5 1) < C, sizeout(Xs,0) < C,

depth(xsa) < C(1 4 logy(M/9)), size(xsn) < C(1 4 logy(M/9)).

Moreover, for every a € [—M,M)], there exists a finite set N, C [—M, M| such that b
xs,.m(a,b) is strongly differentiable at all b € (—M, M)\N,.

It is immediate, that Proposition 2.5 implies the existence of networks approximating the
multiplication of n different numbers. We now show such a result, generalizing [33, Proposition
3.3] in that we consider the error again in the W1*° norm (instead of the L> norm).

- 0 -
sup |ab— xsar(a,b)] <6, ess sup max{‘b —Xs.(a,b)],
Jal, [bl<M lal [l <M Oa

Proposition 2.6. For any 6 € (0,1), n € N and M > 1 there exists a 01-NN 1:[5’1\/[ :
[—M, M]™ — R such that

sup H:c] H5 u (x1,...,2n)| <9, (2.12a)

(171)” 16[ MM]n

n ~

ess sup 8— H Hé M( 1,y Zn)| <6, (2.12b)

(zi), €[~ M, M]" i= 1 .....

where a denotes a weak derivative.
There exists a constant C independent of 6 € (0,1), n € N and M > 1 such that

sme(H&M) < C(14+nlog(nM™/0)) and depth(Hé,M) < C(1+log(n)log(nM™/6)). (2.13)
Proof. We proceed analogously to the proof of [33, Proposition 3.3], and construct [] 51 as a
binary tree of X. .-networks from Proposition 2.5 with appropriately chosen parameters for the
accuracy and the maximum input size.

We define i := min{2* : k € N,2* > n}, and consider the product of 7 numbers 1, ..., z; €
[-M, M]. In case n < 7, we define ,,41,..., 25 := 1, which can be implemented by a bias in
the first layer. Because i < 2n, the bounds on network size and depth in terms of 7 also hold
in terms of n, possibly with a larger constant.

It suffices to show the result for M = 1, since for M > 1, the network defined through
[s (@1, an) = M [ s a1 (21 /M, ... 2n /M) for all (z;)i_, € [-M,M]" achieves the
desired bounds as is easily verified. Therefore, w.l.o.g. M = 1 throughout the rest of this proof.

Equation (2.12a) follows by the argument given in the proof of [33, Proposition 3.3], we
recall it here for completeness. By abuse of notation, for every even k € N let a (k-dependent)
mapping R = R! be defined via

R(y1, .. yk) = (Xs/a2,2(1,92), - -5 Xs/a2,2(Y—1,Yk)) € R*/2. (2.14)

For ¢ > 2 set R := Ro R*~'. That is, for each product network >~<5/,~L2_,2 as in Proposition 2.5
we choose maximum input size “M = 2” and accuracy “5/7%”. Hence R’ can be interpreted as
a mapping from R2" — R. We now define H5 1 [-1,1]" = R via

Hé 1(1'17 s axn) = RlogQ(ﬁ)(xlv s 7xﬁ)



and next show the error bounds in (2.12) (recall that by definition ;41 = -+- = 7 = 1 in case
> mn).
First, by induction we show that for £ € {1,...,log,(n)} and for all z1,..., 29 € [-1,1]

)

2! 225
[Tz — B, mae) | < 6% (2.15)
=1 "
For ¢ = 1 it holds that R(w1,x2) = Xgs/a22(%1,%2), hence (2.15) follows directly from the
choice for the accuracy of >~<5/ﬁz’2, which is 6/f%. For £ € {2,...,logy(R)}, we assume that
(e-1) _
Equation (2.15) holds for ¢ — 1. With |]_[?:11 zj] < 1 and 22:2 Vs < 1, it follows that
|Re*1(m1,...,x2(z71))| < 2, hence R*"!(x1,...,25¢-1)) may be used as input of Xs/n2z2. We
find
22 2@71 22
ij — Rz, ..., m90)| < H xj— RNy, me )| - H xj
Jj=1 Jj=1 j=2¢-141
2[
+ |RZ_1(301, . ,$2471)| . H zj— RN (@ge1yq, .o, moe)
j=2¢—1+1

+ ‘Rzil(ﬁﬁh . ,$22—1)R571($2f—1+1v ces Toe)

- ;(5/,32’2 (Re_l(.’L‘l, ces ,CL‘2271), Ré_1($2171+1, ces ,a?ze)) ‘
22(471) 22(Z71) 22(671) 1
e 5(1+ — 5)+~25
n n n n

22(471) +92. 22(€71) +1 92¢
= 2 05 T2

0,

where we used (1 + 022~ /p2) < 2. This shows (2.15) for £. Inserting ¢ = log,(71) into (2.15)
gives (2.12a).

We next show (2.12b). Without loss of generality, we only consider the derivative with
respect to x1, because each X /a2 2-network is symmetric under permutations of its arguments.

For £ € {1,...,log,(f)} we show by induction that for almost every (z;)2, € [~1,1]%

226

o 2 P
%er RYxy,...,x00)| <0 (2.16)
’szl

8.13i

777/2

Again, R(z1,x2) = >~<5/7~L272(a:1,z2) and for £ = 1 Equation (2.16) follows from Proposition 2.5
and the choice for the accuracy of xg /a2,2, Which is 6/ n2.
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For ¢ > 1, under the assumption that (2.16) holds for £ — 1, we find

ﬁ O pten a0
a 1yt

ot 5 ge—1 5
l—
S H 33] . 87‘,1:1 HI]CJ 7%R 1(1]51, . ,3321171)
J=2¢"141 j=1
ot
+ H RZ (IQZ 141y 5022 ‘Re 1(1’1, . ,IQZ—I)
j=20-141
0 -
+ Rlil(l‘gz—l_,_l, ces ,13214) - <aa X(g/ﬁ272) (Rlil(ZEl, ce ,56215—1), Rlil(xQI{—l_;’_l, ce ,1‘22))
0
’alez 1($1, ces ,1‘2171)
22(Z 1) 22([—1) 22(@—1) 1 22(2—1)
< Tt T 6(1+ = 5) +fz26<1+ = 5)
2(¢-1) 2(4-1) 20
< 2 +2 22 + 2(5 < 2~2 5.
n
where X552 » denotes the (weak) derivative of Xs/20 1 [-2,2] X [-2,2] = R w.r.t. its first

argument as in Proposition 2.5. This shows (2.16) for ¢ > 1, as desired. Filling in ¢ = log,(7)
gives (2.12b).

The number of binary tree layers (each denoted by R) is bounded by O(log,(n)). With the
bound on the network depth from Proposition 2.5, for M =1 the second part of (2.13) follows.

To estimate the network size, we cannot use the estimate size(f o g) < 2size(f) + 2size(g)
from Equation (2.9), because the number of concatenations log,(7) — 1 depends on n, hence the
factors 2 would give an extra n-dependent factor in the estimate on the network size. Instead,
from Equation (2.9) we use size(f o g) < size(f) + sizein(f) + sizeout (¢) +size(g) and the bounds
from Proposition 2.5. We find (2!°82(")=¢ heing the number of product networks in binary tree
layer )

~ log, (1)
size(HM) < Z ologz (7)—¢ (sizein (X5/m2,2) + size (Xs/p2,2) + sizeou (X5/a22))
=1
log, (7i) B
< ) 2°mH(C 4 C(1+1og (227/8) ) + C)
=1
< (7 —1)C(1+1log(n/6)) < C(1+ nlog(n/d)),

which finishes the proof of (2.13) for M = 1. O

The previous two propositions can be used to deduce bounds on the approximation of uni-
variate polynomials on compact intervals w.r.t. the norm W1 >, One such result was already
proven in [25, Proposition 4.2], which we present in Proposition 2.9 in a slightly modified form,
allowing for the simultaneous approximation of multiple polynomials reusing the same approx-
imate monomial basis. This yields a smaller network, and thus gives a slight improvement
over using the parallelization of networks obtained by applying [25, Proposition 4.2] to each
polynomial separately. To prove the result we first recall the following lemma:

11



Lemma 2.7 ([25, Lemma 4.5]). For all £ € N and § € (0,1) there exists a o1-NN W% with input
dimension one and output dimension 2°=1 4+ 1 such that

C— ()1 4o <4 2.17
L Y ORI ES 247
depth(W%) < C (¢ + £logy(1/9)), size(W%) < C(2° + 2¢1og,(1/6)), (2.18)

where C' is independent of £ and 9.

Corollary 2.8. Letn € N and 6 € (0,1). There exists a NN ¥} with input dimension one and
output dimension n+ 1 such that (¥F(z))1 =1 and (¥§(x))2 = for allz € R, and

{—1 n
ee{b’rﬁé}éﬂ} Hx o (‘1’5)5“W1'°°([*171]) <9, (2.19a)
and
size(¥5) < C(1 + nlog(n) + nlog(1/4)), depth(¥}) < C(1 + log(n)® + log(n) log(1/4)),
(2.19b)

where C is independent of n and §.

Proof. Define k := [logy(n)] and for £ € {1,...,k} let ¢y : R — R be an identity network with
depth(¢y) = max;eqq,.. k) depth(¥h) — depth(¥5) as in (2.6). Set

Ag:: (‘i’;oqﬁl,...,\illgogbk).

Then by Lemma 2.7, ‘ilg (z) is an approximation to

1,2 .2 4 4 ok—1 k-1 2k
(x,x, 2%, ..., 2%, 2%, ...,z , T e, X)),
—~ T —
Wiogy P2o¢s Phopy

where the braces indicate which part of the network approximates these outputs. Adding one
layer to eliminate the double entries and (in case 2¥ > n) the approximations z* with k >
n, and adding the first entry which always equals 1 = 20, we obtain a network ¥” : R —
R™ ! satisfying (2.19a). The depth bound is an immediate consequence of depth(¥%) < C +
max;e(1,... .k} depth(®%), (2.18) and k < C'log(n). To bound the size, first note that by (2.6)
and (2.18) holds size(¢¢) < C(k3 + klog(1/6)) for a constant C' > 0 independent of n and 4.
Thus

k
size(W}) < C(n+ 1) + size(¥}) < Cn + C Z(size(li'f;) + size(¢y))
=1

k
<Cn+Cy (mf +2%1og(1/6) + (K° + kzlog(l/&)))

=1
< C(n+nlog(n) + nlog(1/4)),
where we used k& < C'log(n) and n > 1. This shows (2.19b). O

Proposition 2.9. There exists a constant C' > 0 such that the following holds: For every é > 0,
n € Ng, N € N and N polynomials p; = Z?:o cjvyj eP,,i=1,...,N there exists a o1-NN
Ds: [—1,1] = RY such that

i:qlf?,(zv”pi = (Bs)illwros (11 <90

and, with Cy := max{max;—1,__ N Z;-L:Q |c;|, 5},

size(ps) < C(1+nN +nlog(n)+nlog(Cy/s)), depth(ps) < C(1+log(n)®+1log(n)log(Cy/d)).

12



Proof. We merely have to apply a linear transformation to the network in Cor. 2.8. Specifically,
let & :R"™ — RY be the network expressing the linear function with ith component (@(m))l =
Zj _o&Tj11, where & = (z;)7H ! In other words, with W € RNX("+1) given by Wiy = ¢} _,, ®
is the depth 0 ReLU NN ®(x) = W of size at most N(n + 1). Then by (2.19a),

Ps =00 W0

satisfies for each i € {1,...,N}

n n
i = Bo)illwros (=11 < D cilla’ = (5, (@) et llwroe =117y < Z
£=0 =2

y (2.19Db)
size(ps) < C(size(®) + size(¥§)c,) < C(1+nN + nlog(n) + nlog(Co/d)),
and finally

depth(ps) < depth(®) + 1 4 depth(¥5,, ) < C(1 + log(n)® + log(n) log(Cy/)). O

Remark 2.10. Ifyo € R and p;(y) = >}, ci(y —wyo)?, i = 1,...,N, then Proposition 2.9
can still be applied for the approzimation of p;(y) for y € [yo — 1,y0 + 1], since the substitution

= y — yo corresponds to a shift, which can be realized exactly in the first layer of a NN,
ep. (2.1). Thus, if qi(2) = Z;L 052 and if ||qi — (gs)illwr.((-1,1) < & as in Proposition 2.9,
then y — Ds(y) := @s(y — yo) ts a NN satisfying the accuracy and size bounds of Proposition 2.9
w.r.t. the [WH>([yo — 1,90 + 1])]Y norm.

2.3.2 ReLU DNN approximation of univariate Legendre polynomials

For j € Ny we denote by L; the jth Legendre polynomial, normalized in L?([—1, 1], \/2), where
)\/2 denotes the uniform probablhty measure on [—1,1]. For j € Ny it holds that L;(z) =

I_ochat, where, with m(£) := (j — £)/2,

; ) — e JrnN2Z+1

(—1)m27 (1) (T)VETFT j—tef0,....j}n2Z,

see e.g. [12, Section 10.10 Equation (16)], (the factor /25 + 1 is needed to obtain the desired
normalization). We define ¢ := 0 for £ > j.

Analogous to [25, Equation (4.13)] it holds that ) ;_ \07\ < 4J for all j € N (we use that
V25 +1 < y/7j). Inserting this into Proposition 2.9 w1th N=nandp;=L; fori=1,..., N,
we find the following result on the approximation of univariate Legendre polynomials by o1- NNs
(similar to [23, Proposition 2.5] for the approximation of ChebySev polynomials).

Proposition 2.11 ([25, Proposition 4.2 and Equation (4.13)]). For every n € N and for every
0 € (0,1) there exists a 01-NN L,, 5 with input dimension one and with output dimension n such
that for a positive constant C' independent of n and & there holds
1L = (Lns)illwree -1y <6, G=1,...,m, (2.21)
depth(Ly 5) < C(1 +logy n)(n + logy(1/4)),
size(Ln,5) <Cn(n+ logy(1/5)).



Remark 2.12. Alternatively, the o1-NN approzimation of Legendre polynomials of degree n
could be based on the three term recursion formula for Legendre polynomials or the Horner
scheme for polynomials in general, by concatenating n product networks from Proposition 2.5
(and affine transformations). Because, depending on the scaling of the Legendre polynomials,
either the accuracy § of the product networks or the maximum input size M needs to grow expo-
nentially with n, both the network depth and the network size of the resulting NN approximation
of univariate Legendre polynomials would be bounded by Cn(n+log(1/0)). That network size is
of the same order as in Proposition 2.11, but the network depth has a worse dependence on the
polynomial degree n. For more details, see [23, Proposition 2.5], where this construction is used
to approximate truncated Chebysev expansions based on the three term recursion for Chebysev
polynomials, which is very similar to that for Legendre polynomials.

For future reference, we note that by (2.21) and Equation (2.23) below, for all n € N, j =
1,...,m,8 €(0,1) and k € {0,1}

[(Lns)jllweos oy < (27 + DYV 45 < (25 + D220 11 < (25 +2)%F+ (2.22)

2.3.3 ReLU DNN approximation of tensor product Legendre polynomials

Let d € N. Denote the uniform probability measure on [—1,1]¢ by pg, i.e. ug := 279\ where A

is the Lebesgue measure on [—1,1]¢. Then, for all v € Ng the tensorized Legendre polynomials
L,(y) = H';:l Ly, (y;) form a pg-orthonormal basis of L?([—1,1]%, uq). We shall require the
following bound on the norm of the tensorized Legendre polynomials which itself is a consequence
of the Markoff inequality, and our normalization of the Legendre polynomials: for any k € Ny

d
Vv € NGt || L[l (o114 H (1 + 20;) /242K, (2.23)

To provide bounds on the size of the networks approximating the tensor product Legendre
polynomials, for finite subsets A C N& we will make use of the quantity

A) = . 2.24
m(A) := max v, (2.24)
Proposition 2.13. For every finite subset A C N3 and every § € (0,1) there exists a o1-NN

fas with input dimension d and output dimension |A|, such that the outputs {INJW;},,EA of fas
satisfy

YveA: ||L,, — [N/U,(;”Wl,oc([,Ll]d) <4,
sup [ Ly 5((y;) jesupp )| < (2m(A) +2)7,
ye[—l,l]d

and for a constant C' > 0 that is independent of d, A and § it holds

depth(fx.5) < C(1 + dlog d)(1 + logy m(A)) (m(A) + logy(1/5)),
size(fa,5) <Cd*m(A)* + Cdm(A)logy(1/8) + Cd?|A|(1 + logy m(A) + log,(1/6)).

Proof. Let 6 € (0,1) and a finite subset A C N be given.

The proof is divided into three steps. In the first step, we define ReLU NN approxima-
tions of tensor product Legendre polynomials {I~/,,,5},,e A and fix the parameters used in the
NN approximation. In the second step, we estimate the error of the approximation, and the
L>([-1,1]%)-norm of the [N/,,,(;, v € A. In the third step, we describe the network fa s and
estimate its depth and size.
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Step 1. For all v € N¢, we define n,, := |suppv| and M, := 2|v|; +2. We can now define

Eushsemms) =[ospns, ({Emwwtod} ) 22)

where ]:[]\4;35/2 a, =My, M,]!s®*P¥| 5 R is as in Proposition 2.6. For the network approx-

imating univariate Legendre polynomials j;m( A5 from Proposition 2.11, we set the accuracy

parameter as ¢’ := 2d~1(2m(A) +2)79716 < 1. Let us point out that by (2.22) for all v € Ng
and all j € supprv

||(Lm(A)761)Vj||Loc([_1)1]) S 21/j + 2 S 2|V|1 +2= Mu S 2m(A) + 2,

so that, as required by Proposition 2.6, the absolute values of the arguments of 1;[ M 25/2,M, in
(2.25) are all bounded by M,,. .
Step 2. For the L*°([—1, 1])-error of L, 5 we find

sup Ll/(y) - i’V,é((yj)jESUPP V)
ye[-1,1]¢
< sup  |Ly(y) - H (i/m(A),[s'(yj))uj
ye[-1,1]¢ jEsupp v
+ su -i’m ’ i) )u, — _ { _i—zm ’ : 1/-} )
22| T G Iossa, ({Enwsns}
< sup Y T Ty @), "Luk(yk)*(Ln(A),al(yk))uk' I z,w)
ye[—l,l]d k€suppu jEs}u<p’£)u: jEs‘u>PI£)V=
NN
2M3°

Using Proposition 2.13, (2.22), (2.23) and M, = 2|v|; + 2 < 2m(A) + 2, the last term can be
bounded by

g< [suppy|  Mpr—' 4

Mn,,—l(;/ e
| supp v| M} +-< d @m(A) 1 2)771 2

)
<8
+27(5

It follows that for all v € A

< sup |Ly(y)|+ sup |Lu(y) — Lus((y)jesuppr)
ye[—l,l]d ye[_lvl]d

d
[T +2v)2+5

sup | Lu 5((yj)jesuppr)
y€e(-1,1]d

IN

j=1
d

< JJa+2v)? +1< M.
j=1

To determine the error of the gradient, without loss of generality we only consider the derivative

with respect to y;. In the case 1 ¢ suppv, we trivially have B%I(L,,(y) — L, s(y)) = 0 for all
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€ [~1,1]%. Thus let vy # 0 in the following. Then, with §' = 2d~'(2m(A) +2)74716

0 g -
?UP A ~—Lu(y) — aiylLv,é“yj)jEsuppu)
0 0 ~
< Sup (y) 3. (Lm 8’ (y ))
ye[— 8y1 i Jegpy (A) J

0 - 0 1
+ s T G s = 5o Lsagans, ({Emms o} )

Oy
ye[-1.1]¢ Y jEsupp v

0 =~
<  su - —(L,, ’ il L, (y;
S Nont (Y1) 5‘y1( ()8 (Y1) jesul_p[pw 5 (Y5)
j>1
0 - .
+ sup ——(Lim(a),6r (Y1) I @naew)w,
ye[-1,1]¢ 1#k€esupp v 1 1#j§s<u)3>p v:
AL () = (Lo (U)o I Z.,w)
]Ejlg’kli})ll:
w oo T Ewwse— (oo, ) ({Ens} )
yel-L1 |4 4 coupp ’ ! Oxy ++M;76/2,M, ' ?) jesuppy
0 ~
: aiyl(Lm(A),ﬁl(yl))Ul )
where 8%11:[1\/[;35/2,1\/[” denotes the (weak) derivative of ﬂM;36/2,M,, o [=M,, M,Iswerrl 5 R

with respect to its first argument, cf. Proposition 2.6.

Using (2.23) and Proposition 2.11 for the first term, Proposition 2.11, (2.22) and (2.23) for
the second term and Proposition 2.6 and (2.23) for the third term, we further bound the NN
approximation error by

0

&' M~ (|supp v|—1) M3 M 2§+ 2M3

< [suppr|MJ* T id7! (2 (A)+2)_d_16—|—g§6.

Step 3. We now describe the network f, s, which in parallel emulates {]3,,75},,61\. The
network is constructed as the concatenation of two subnetworks, i.e.

fA&—f(l) 5\2)5

The subnetwork ff)é evaluates, in parallel, approximate univariate Legendre polynomials in
the input variables (y;);<aq. It is defined as

K5 = ({immxé/}j_l) :

where the pair of round brackets denotes a parallelization.
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The subnetwork f takes the output of f as input and computes

Fas ())i<a) = £ (ff)a ((yj)de))

)

= ({iu,s ((yj)jsd)}ue/)
({IdR H =28 /200, ({ L (A),a/(yj))uj}jesupp) }V€A>7

where in the last two lines the outer pair of round brackets denotes a parallelization. The depth
of the identity networks is such that all components of the parallelization have equal depth.
We have the following expression for the network depth:

depth(fa,s) = depth ( (1)) + 1+ depth ( (2)> )

We can choose the depths of the identity networks in the definition of fsxz; such that (denoting
here and in the remainder of this proof by C' > 0 constants independent of d, A and & € (0, 1))

depth( 552;) = depth( m(A),8")
< C(1 +logy m(A)) (m(A) + logy(1/6"))
< C(1 +logy m(A)) (m(A) +logy(d) + 1+ (d + 1) logy (4m(A)) + logy(1/6))
< Cd(1+logy m(A)) (m(A) + logy(1/9)),

)
where we used that 2m(A) + 2 < 4m(A) when A # {0}.
Similarly, due to M =2|v]1 +2 < 4m(A) (if A # {0}), we can choose the identity networks
in the definition of f A s such that

depth (fg\l)(s) =1+ Il{lea[)\( depth (HM,,‘S&/ZM,,)
< rglea[{(C' (14 logy(ny) logy (ny, M»T32/6))
< C’rlrlléif\i (1 + logy(ny) (logy ny 4+ 1+ (ny + 3) logy (4m(A)) + logy(1/6)))
< C(1+ dlogd) (1 + logy m(A) + logy(1/6)),
where we used that n, < d. Finally, we find the following bound on the network depth:
depth(fa,5) <C(1+ dlogd)(1 + logy m(A)) (m(A) + logy(1/6)).
For the network size, we find that

size(fa,s5) < 2size (f(Al)(;) + 2size (f%) .
With Proposition 2.11 we estimate the size of f5\2)5 as
size ( 53)5) = dsize (im(/\),&)
< Cdm(A)(m(A) +logy(1/47))

<Cdm(A) (m(A) +logy(d) + 1 + (d 4 1) logy(4m(A)) + logy(1/6))
< Cd*m(A)? + Cdm(A)logy(1/6).
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The depth of each of the identity networks in the definition of fsxl,)a is bounded by depth( fg\l)é) <
C(1 + dlogd)(1 + logy m(A) + logy(1/6)). It follows that

size (f%%) = Z size (IdR OHMJ35/27MV>

vEA

< Z 2size (Idg) + 2size (HMV?’a/z,M,,)

veEA
<4/A] (depth (£15) +1) +C Y (1+n, logy(my M+ +32/6))
veA

< C(1+ dlogd)|A|(1 + logy m(A) +logy(1/8)) + C(1 + dlog d)| A

+Cd Y (1+ (ny + 3)logy(4m(A)) + logy(1/9))
veA

< Cd?|A|(1 + logy m(A) + logy(1/6)).

Hence, we arrive at

size(fa,5) < 2size (fg\l)é) 4 9size ( 5\2)5)
<Cd*m(A)? + Cdm(A)logy(1/68) + Cd?|A| (1 +logy m(A) + log2(1/5)>_ .

2.4 RePU DNN emulation of polynomials

The approximation of polynomials by neural networks can be significantly simplified if instead
of the ReLU activation o1 we consider as activation function the so-called rectified power unit
(“RePU” for short): recall that for » € N, r > 2, the RePU activation is defined by o,(z) =
max{0,z}", € R. In contrast to 01-NNs, as shown in [17], for every r € N, r > 2 there
exist RePU networks of depth 1 realizing the multiplication of two real numbers without error.
This yields the following result proven in [17, Theorem 4.1] for » = 2. With [17, Theorem
2.5] this extends to all » > 2. To render the presentation self-contained, an alternative proof is
provided in Appendix A, based on ideas in [25]. Unlike in [17], it is shown that the constant C'is
independent of d. This is relevant in particular when considering RePU emulations of truncated
polynomial chaos expansions of countably parametric maps u : [~1,1]Y — R, shortly discussed
in Section 4.3.3. Polynomial approximations of such maps depend on a finite number d(¢) € N
of parameters only, but with d(¢) — oo as ¢ | 0.

Proposition 2.14. Fizd € N andr € N, r > 2. Then there exists a constant C' > 0 independent
of d but depending on r such that for any finite downward closed A C N& and any p € Py
there is a o.-network p : RY — R which realizes p exactly and such that size(p) < C|A| and
depth() < Clog, (|A]).

Remark 2.15. Let ) : R — R be an arbitrary C? function that is not linear, i.e. it does not hold
" (x) =0 for allx € R. In [30] it is shown that v-networks can approzimate the multiplication
of two numbers a, b in a fized bounded interval up to arbitrary accuracy with a fixed number
of units. We also refer to [{2, Section 3.3] where we explain this observation from [30] in more
detail. From this, analogous to [17, Theorem 4.1], one can obtain a version of Proposition
2.14 for arbitrary C? activation functions. To state it, we fix d € N. Then there exists C > 0
(depending on d) such that for every § > 0, for every downward closed A C N& and every p € Py,
there exists a -neural network q : [—M, M]* — R such that SUpger—ar, e P(2) — q(2)] < 0,
size(q) < C|A| and depth(q) < Clogy(|A]). As discussed in Remark 2.1, the same also holds,
e.g., for NNs with continuous, sigmoidal activation o of order k > 2.
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Recently, interest has been shown in the approzimation of ReLU NNs by rational functions
and NNs with rational activation functions and vice versa, e.g. in [35, 8]. In the latter, o = p/q
is used as activation for polynomials p,q of prescribed degree, but within each computational
node trainable coefficients of p and q. For all prescribed deg(p) > 2 and deg(q) € Ny, each node
in such a network can emulate the multiplication of two numbers exactly ([/3, Proposition 10]
and its proof ), hence Proposition 2.14 also holds for such NNs (the proof in Appendiz A applies,
using that also the identity map can be emulated by networks with such activations).

As a result, Theorem 3.10 also holds for all activation functions discussed in this remark.

3 Exponential expression rate bounds

We now proceed to the statement and proof of the main result of the present note, namely
the exponential rate bounds for the DNN expression of d-variate holomorphic maps. First, in
Section 3.1 we recall (classical) polynomial approximation results for analytic functions, similar
to those in [36]. Subsequently, these are used to deduce DNN approximation results for ReLU
and RePU networks.

3.1 Polynomial approximation

Fix d € N. For p > 1 define the open Bernstein ellipse

1
gp::{z—&—;' :z€(C,1§|z|<p}C(C’

and for the poly-radius p = (pj)?:1 C (1,00)? define the poly-ellipse

d
Ep =X E,, CCL (3.1)
j=1
Let u : [~1,1] — R admit a complex holomorphic extension to the polyellipse &p. Such a

function can be approximated on [—1,1]¢ by multivariate Legendre expansions, with the error
decaying uniformly like exp(—AN'/ 4) for some 8 > 0 and in terms of the dimension N of the
approximation space. This statement is made precise in Theorem 3.5 below.

Remark 3.1. Suppose that u : [-1,1]% — R is (real) analytic. Then it allows a complex
holomorphic extension to some open set O C C% containing [—1,1]%. Since for p > 1 close to
1, the mazimal distance of a point in &, to the interval [—1,1] becomes arbitrarily small, there

always exists p > 1 such that u allows a holomorphic extension to ijl &,.
For the proof of the theorem we shall use the following result mentioned in [38].

Lemma 3.2. Let (a;)%_, € (0,00)%. Then, with a := Z;l:l 1/a;

d

d
v 1
veNg: > a%gl §5(1+a)d||aj. (3.2)
J : j=1

j=1
The lemma is proved by computing (as an upper bound of the left-hand side in (3.2)) the
volume of the set {(asj)?zl eRY : Z?Zl (‘r]ai;l) < 1}, which equals the right-hand side in (3.2).
The significance of this result is, that it provides an upper bound for the size of multiindex sets
of the type
A.:={veNi:p¥>¢} e €(0,1). (3.3)
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To see this, note that due to log(p™) = — 2?21 vjlog(pj), for any € € (0,1) we have

d

A.={veN:: Zl/j log(p;) < log(1/e)
j=1

Applying Lemma 3.2 with a; = log(1/¢)/log(p;) we thus get (see also [2, Lemma 4.2]):
Lemma 3.3. It holds

d
d
1
A < = | log(1 1 4
R CORE ) = o0
Remark 3.4. Note that
log(e) } { d —log(e) }
veNd:0<vw giw CA.CrveNj:0<y,; < Viop- 3.5
{ 0 Y7 = dlog(p;) : 0 77 log(py) 3.5)

This implies the existence of a constant C (depending on p but independent of d) such that for
alle € (0,1) with pmin := minj—1,_qp; and pmax := Mmax;j—1,_q4p; (cp. (2.24))

m(A;) =max{|v|; : p7¥ > e} =max{n € Ny : p_ I\ >¢}
1/d

—log(e) log pmax —log
= Ng :n<—2-3<d
max {n €Ny :n< o2 (o) oa(s H

< Cd|A Y. (3.6)

We are now in position to prove the following theorem, variations of which can be considered
as classical.

Theorem 3.5. Let d € N and p = (pj)?zl € (1,00)%. Letu: E, — C be holomorphic. Then,
for all k € Ny and for any 5 > 0 such that

1/d

d
g < |d]]log(p)) (3.7)

Jj=1

there exists C > 0 (depending on d, p, k, 8 and u) such that with
b [ L), e (33)
1,1

and A¢ in (3.3) it holds for all e € (0,1)

U — Z L,

veA,

< Ce_ﬂ‘Asll/d .

Wkeeo([-1,1])

Proof. Due to the holomorphy of u on &,, for a constant C' > 0 depending on d and p, [, € R
satisfies the bound

d
‘lu‘ < CHUHL‘X’(&,)in H(l + 2Vj)1/27 Ve Ng (39)
j=1
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For d = 1 a proof can be found in [8, Chapter 12]. For general d € N the bound follows by
application of the one dimensional result in each variable. For more details we refer for instance
to [5, Equations (2.14) and (2.16)] or [39, Corollary B.2.7].

Since (Ly),eng forms an orthonormal basis of (the Hilbert space) L2([-1,1]¢, ug) we have

=> LL, (3.10)

veNd

converging in L?([—1,1]%, ug). Furthermore, with (3.9) and (2.23), for k € Ny and every v € N¢

d

Gl Lo oo 114y < Cllullpose,yp™ TT (1 +205) 2% (3.11)
Jj=1

Using [42, Lemma 3.13] (which is a variation of [6, Lemma 7.11]) ZueNg [T || Lo [l woe (= 1,174y <

oo, and thus (3.10) also converges in W*>([—1,1]4).
Next, for j € {1,...,d} let e; := (§;;)%_; and introduce

A ={v e Ng cpV<e Jjesuppr st pm V) > e}.
Note that for ¢ € (0,1)
{veNd:p ¥ <e}={u+n:pnecA, neNi}. (3.12)

Furthermore, since for every v € A, there exists j € suppv C {1,...,d} such that p~=ei) > ¢
and therefore v —e; € A., we find with (3.4) that there exists a constant C depending on d and
p but independent of € € (0,1) such that for all € € (0,1)

|A.| < d|A.| < C(1 +log(1/e))<. (3.13)

Furthermore, for such v € A, and j € suppv C {1,...,d} with puin := min;eqy .. 4y pi We get

Ll s e s
and therefore log(1
lvhi—1< log(1/e) (3.14)
IOg(Pmm)
Using (3.12), there is C' > 0 depending on d, p, k but independent of £ € (0,1), with
u— Y lL, < > LI Lo [ wrroe (-1,174)
veA, Wk’oo([—l,l]d) {UEN‘Ol:p*V<E}
d
< > Cllullzeg,yp™ @™ TT + 20 + ) 2
{v,pn:veA,, y,eNd} j=1
d
< Cllullpeee,) > H H (1 +205) (1 + 2p5)) 2
{v,u:veA,, ueNd} J=
< Clluflpeee | Y H (14 2u,)1+2k [T+ 202"
veA, j=1 /.LENd
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The sum in the second brackets is finite independent of € by [42, Lemma 3.13]. The sum in the
first brackets can be bounded using (3.13) and (3.14) to obtain a constant C' > 0 depending on
u, d, p and k such that for all € € (0,1)

u— Z I,L,

veA,

d
< Ce| A max H(l +20;) 172 < Ce(1 4 log(1/e)) 2424k,
veEA,.
j=1

Wkeeo([-1,1]4)

To finish the proof, note that our above calculation shows that for any 7 € (0, 1) there exists
C; > 0 depending on u, d, p and k such that Hu — ZVGAE ll,L,,Hka( < C.e™ for all

e € (0,1). Moreover, (3.4) implies

[-1,1]%)

1/d

d d
> log(p;) — | [A|d! [ log(ps) | > log(e). (3.15)
j=1 j=1
Hence for all € € (0,1)
a d 1/d
u— Z L, <Cre" <Crexp | T Zlog(pj) — | |A|d! H log(p;)
veEA, Wk.oo ([—1,1]4) 7j=1 j=1

— Cexp (—5|A€|1/d)

where C' := C; exp(7 ijl log(p;)), B = 7(d! H;‘l:1 log(p;))/¢ and where 7 € (0,1) can be
arbitrarily close to 1. O

For later use, we note that the right-hand side of (3.7) can be estimated by Stirling’s in-
equality, with pmin = min?:1 p; and pmax = rnaX?:1 Py
4 1/d

(d/€)1og(pmin) < [ d! [ log(ps) | < (d/e)(e’d)" D log(pmax)- (3.16)
j=1

3.2 ReLU DNN approximation

We now come to the main result, concerning the approximation of holomorphic functions on
bounded intervals by ReLLU networks.

Theorem 3.6. Fiz d € N and let p = (p;)j—, € (1,00)?. Assume that u : [-1,1]* = R admits
a holomorphic extension to &,.

Then, there exist constants ' = §'(p,d) > 0 and C = C(u, p,d) > 0, and for every N' € N
there exists a o1-NN iy : [—1,1]¢ — R satisfying

size(fin) <N, depth(fin) < CN T logy(N) (3.17)
and the error bound

() = AN (Yl -1,230) < Cexp (—BNTT) (3.18)
Proof. Throughout this proof, let 5 > 0 be fixed such that (3.7) holds. We proceed in three

steps: In Step 1, we introduce a NN approximation of u, whose error, network depth and size
we estimate in Step 2. Based on these estimates, we show Equations (3.17) — (3.18) in Step 3.

22



Step 1. Let d € N. In this step, for any ¢ € (0,1) we introduce a network . approximating
u (with increasing accuracy as e — 0).

Fix € € (0,1) arbitrary, let A. C NZ be as in (3.3) and set u. = >_
Legendre coefficients I, of u as in (3.8).

Let Affine, be a NN of depth 0, with input dimension |A.|, output dimension 1 and size
at most |A.| which implements the affine transformation Rl — R : (2, ),en D oven.
Furthermore, let fa_ s be the network from Proposition 2.13, emulating approximations to all
multivariate Legendre polynomials (L, )yea.. We define a NN

VEA. I, L, with the

U := Affine, ofa_s.

Then

ﬁi(y) = Z ZVZ’V,tS(y)a Yy € [71, 1]d7
veA,

where (with 8 > 0 as in (3.7)) the accuracy § > 0 of the 01-NN approximations of the tensor
product Legendre polynomials is chosen as

0 == exp (—6|A8|1/d> .

Step 2. For the NN 4. we obtain the error estimate

(e — ﬂele‘oo —1,1]d < L] 1L — EU,6||W1v°C([—1,1]d) < L] 0= |1, | exp _6|A6|1/d .
([-1,1]4)

veA, veA. veA,

With Theorem 3.5 this yields the existence of a constant C' > 0 (depending on d, p, 5 and u)
such that

= ey e 1,0y < Cexp (=BIAY) (3.19)
We now bound the depth and the size of 4.. Using Proposition 2.13 and (3.6), we obtain

depth(@.) < depth(Affine,) + 1 + depth (fa_ s)
< C(1+dlogd)(1 +logy m(A.)) (m(Ac) + logy(1/6))
< C(1 + dlogd)(1 + logy(d) + log, [Ac|) (Cd| A/ + BA|Y)
<C(1+B)(1+ d*(logd)*)(1 + |Ac]"/*log, |Ac|) (3.20)

for C' > 0 depending on p. To bound the NN size, Proposition 2.13 and (3.6) give

size(te) < 2size(Affine,) + 2size(fa, s5)
<2[A| 4+ 2Cd*m(A)? + 2Cdm(A) logy(1/8) + 2Cd?|A.| (1 + logy m(A.) + logy(1/6))
<2[Ac| + Cd(|AY)? + C A B A[ 4
+ Cd?|Ac| (1 + log(d) + log, |Ac| + BIA-|'/)
<C(1+ A AL+ C(L+ B)(1 + dlog A9 < Cy(1 + B A4 (3.21)
for a constant Co > 0 which depends on p, but is independent of d, 3, u and of € € (0,1).

Step 3. Finally, we define @,s. Fix 3 > 0 satisfying (3.7) and A € N such that N' > Nj :=
Co(1 + B)d*, with the constant Cy as in (3.21). Set

R d/(d+1)
P () en )
0
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Next, let € € (0,1) be such that

N = f[ (bg(l/g) + 1) 7 (3.23)

i1\ log(py)

which is possible since N > 1 due to the assumption N > Np = Co(1 + B)d*. Define iy := 1.
First let us estimate the size of @ar. By (3.5)

H Qlloogglp/j J +1) = HueNg 1 0<y; < igg((lp/j)) Vj}‘ > Al

Hence (3.21) and the definition of A/ imply
size(iin) = size(fic) < Co(1 4 B)dY| AT < Co(1 + B)d N T/ < .

Similarly one obtains the bound on the depth of s by using (3.20). This shows (3.17).
Next we estimate the error ||u — in|[yy1.00(j=1,17¢)- By (3.5)

d d
- log(1/¢) log(1/e) 1
= T[] =) = I (L) ) L
].1;[ dlog(p;) ]1;[1 dlog(p;) E ulgg(é))J +1
< JAL|(d +1)%

Thus (3.19) gives

it = il 1,170y < Coxp (=BIAM?) < Cexp (=B(d+1)TN).
By (3.22) this is (3.18) for any N' > Ny and with
B = B(d+1)""(Co(1 4 B)d*)~H/ @+ (3.24)

for Cy as in (3.21) (independent of d, 8 and w). With @y := 0 (i.e. a trivial NN giving the
constant value 0) for all (finitely many) N < Ay, we conclude that (3.18) holds for all N € N
(by increasing C' > 0 in (3.18) if necessary). O

Remark 3.7 (Fully connected networks). In the proof of Thm. 8.6 we explicitly constructed a
sparsely connected DNN to approrimate u. In practice, it might be tedious to implement this
type of architecture. Instead one can set up a fully connected network, containing our sparse
architecture. We shortly discuss the implications of Thm. 3.6 in this case.

The width w € N of a neural network ¢ (i.e. the mazimum number of nodes in one of its
layer) is trivially bounded by size(¢). For a fully connected network of width w, the weight matriz
connecting two layers may have w? nonzero weights. Denote now by tin a fully connected o1-NN
of width w = N and depth depth(iy) < CNY @+ log,(N) (with C as in (3.17)) realizing the
function upn from Thm. 3.6. The existence of un is an immediate consequence of the depth
and size bounds given in Thm. 3.6. Then by (3.17), denoting its total number of weights, also
counting vanishing weights, by #weights(tar),

#weights (i) < CNZTTT logy (N) = CN & log, (N), depth(iin) < CNTT log, (N)

and by (3.18)
||u — aNHWl'OO([fl,l]d) S CeXp (_B/Nﬁ) .
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This yields the error bound

1
3 ights(Giy)) 725
||u — aNHWI’OO([—l,l]d) S CeXp (_ﬁ//\/'ﬁ) S exp <_ﬁ (#Welg S(UN)) > ’

log(#weights(ta))

for fully connected networks, and where B > 0 is some constant independent of N'. Hence, the
exponent in the error estimate has (up to logarithmic terms) decreased from d%&-l for the sparsely

connected network in Thm. 3.6 to ﬁ for the fully connected network.

Remark 3.8. Note that in Step 2 of the proof, the network . depends on w only via the
Legendre coefficients {ly}ven., appearing only as weights in the output layer. In particular, the
weights and biases of 1. continuously depend on u with respect to the L?([—1,1]%, uq)-norm,
because the Legendre coefficients do so. Finally, the L?([—1,1]¢, ug)-norm is bounded by the
L>([-1,1]%)-norm.

Remark 3.9. The same result does not follow if we approzimate the basis of multivariate
polynomials by applying Proposition 2.6 to approximate the product of m(A.) linear factors.
With § = exp(—B|A:|"/?), each basis polynomial would have a mnetwork size of the order
O(m(A:)log(1/6)) = O(m(A.)?) = O(|A:|?/?), hence the total network size would be of the
order O(|A-|*+?/9), corresponding to C exp(—F'NY(@+2)) in the right-hand side of (3.18).

3.3 RePU DNN approximation

For RePU approximations, with activation o, (z) for integer r > 2, we may combine Proposi-
tion 2.14 (which is almost identical to [17, Theorem 4.1]) and Theorem 3.5 to infer the following
result. Note that the decay of the provided upper bound of the error in (3.25) in terms of the
network size N is slightly faster than the one we obtained for ReLU approximations in (3.18).

Theorem 3.10. Firde N, k€ Ng andr € N, r > 2. Let p = (p;)9_, € (1,00)". Assume that
u:[~1,1]% - R admits a holomorphic extension to &,.

Then, there exists C > 0 and a constant C7 > 0 which only depends on r such that with B
as in (3.7), for every N' € N, there exists a o,.-NN tip : [—1,1]9 = R satisfying

size(uy) < CLN, depth () < Cylogy(N) (3.25)

and, with 8" := B/(d + 1),
[u(y) = an (U)o ((—1,114) < Cexp (—B/Ni) : (3.26)

Here, we can consider the W*°°([—1,1]%)-norm of (u — diy) for k € N independent of r,
because u is holomorphic on [~1,1]%, and @ is a polynomial by construction. Also, we note
with (3.16) that 8 = log(pmin)/(2€) is attainable for all d € N.

Proof. For ¢ € (0,1) let A; be as in (3.3). This set is finite and downward closed. Hence, by
Proposition 2.14 there exists a ,-NN @ such that c(y) = Y. ,cp_ L Ly (y) for all y € [-1,1]%.
According to this proposition, the NN 4. satisfies size(te) < C1]|Ac| and depth(d.) < Cy log |A¢|.
This is (3.25) for M := |A.|. By Theorem 3.5, it holds (3.26) for such A/, with 8’ = §.

For general N' > 1, it follows as in Step 3 of the proof of Theorem 3.6 (with N taking the
role of N in (3.23)) that there exists ¢ € (0,1) such that (d+ 1)"?A < [A;| < A. This implies
that (3.26) holds for any N' € N with 8’ := 8/(d + 1) and a constant C' depending on d. O
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Remark 3.11 (Fully connected networks). A similar statement as in Rmk. 3.7 also holds for
o--NNs with r > 2. By the same arguments, we obtain an error bound the type

. - #Weights(aN)ﬁ
- . < —
) = (W)l oo 1,110y < Cexp ( Blog(#Weights(ﬁN))

for a fully connected o,.-NN s, whose total number of weights, also counting vanishing weights,
we denote by #weights(iy). Here k € N is arbitrary but fized, and 5 > 0 is a constant
independent of N.

Remark 3.12. It follows from the proof of Proposition 2.14 that the weights of ux depend
continuously on the Legendre coefficients of u, which themselves depend continuously on u w.r.t.
the L?([—1,1]¢, uq)-norm, which is bounded by the L>=([—1,1]¢)-norm.

Remark 3.13. A similar result as in Theorem 3.10 was obtained in [21, Theorem 3.3]. It
assumed a different class of activation functions, termed “sigmoidal functions of order k > 2”
(see Remark 2.1). The L*>([—1,1]%) error bound provided in [21, Theorem 8.3] is, in our
notation, of the type exp(—bN/?) for a suitable constant b > 0 and a DNN of size N'log(N).
This is slightly worse than Theorem 3.10. Also note that in [21] the number of neurons is used
as measure for the NN size, which may be smaller but not larger than the number of nonzero
weights if all neurons have at least one nonzero weight.

4 Conclusion

We review in Section 4.1 the main results obtained in the previous sections. In Section 4.2,
we relate these results to results which appeared in the literature. In Section 4.3, we discuss
several novel implications of the main results, which could be of interest in various applications.
We point out that although the present analysis is developed in detail for DNNs with ReLLU
activation, as explained in Remarks 2.1 and 2.15, all DNN expression error bounds proved up
to this point, and also in the ensuing remarks remain valid (possibly even with slightly better
estimates for the DNN sizes) for smoother activation functions, such as sigmoidal, tanh, or
softmax activations.

4.1 Main Results

We have established for analytic maps u : [-1,1]¢ — R exponential expression rate bounds
in W*°°([-1,1]%) in terms of the DNN size for the ReLU activation (for & = 0,1) and for
the RePU activations o,, 7 > 2 (for k € Npy). The present analysis improves earlier results
in that the NN sizes are slightly reduced and we obtain exponential convergence of ReLU and
RePU DNNs for general d-variate analytic functions, without assuming the Taylor expansion of
u around 0 € R? to converge on [—1,1]%. We also point out that by a simple scaling argument
our main results in Theorem 3.6 and Theorem 3.10 imply corresponding expression rate results
for analytic functions defined on an arbitrary cartesian product of finite intervals x?zl[aj, b,
where —oco < aj <b; < oo forall j €{1,...,d}.

4.2 Related Results

We already commented on [10] where ReLU NN expression rates for multivariate, holomorphic
functions u were obtained. Assumptions in [10, Theorem 2.6] included absolute convergence of
Taylor expansions of u about the origin with convergence radius sufficiently large to contain
the unit cube [—1,1]%, implying existence of a complex holomorphic extension to (BY)?. Under
those assumptions L>([—(1 — §), (1 — §)]%)-error bounds were obtained for any 6 € (0,1). With
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a linear coordinate transformation, error bounds on [—1,1]¢ follow under the assumption that
the Taylor expansion converges absolutely on [—(1 —§)~!, (1 — §)~!]%. The presently proposed
argument being based on (classical) Bernstein ellipses is admissible for functions u which are
real analytic merely in [—1,1]¢ (cp. Remark 3.1). We also mention the recent work [9] which
addresses similar questions as in the present paper; the results in that reference address, how-
ever, only L* errors and obtain slightly larger NN sizes. Our proofs are constructive, with
constructions being based on ReLU NN emulations of Legendre polynomials, drawing on [25].
In [34], alternative constructions of so-called RePU NNs are proposed which are based on NN
emulation of univariate Chebysev polynomials. It is argued in [34] (and verified in numerical
experiments) that the numerical size of NN weights scales more favorably than the weights in
the presently proposed emulations. “Chebysev” versions of the present proofs could also be
facilitated, resulting in the same scalings of NN sizes and depths, however, as are obtained here.

4.3 Applications and generalizations
4.3.1 Solution manifolds of PDEs

One possible application of our results concerns the approximation of (quantities of interest) of
solution manifolds of parametric PDEs depending on a d-dimensional parameter y € [—1,1]¢.
Such a situation arises in particular in Uncertainty Quantification (UQ). There, a mathematical
model is described by a PDE depending on the parameters y, which in turn can for instance
determine boundary conditions, forcing terms or diffusion coefficients. It is known for a wide
range of linear and nonlinear PDE models (see e.g. [5]), that parametric PDE solutions depend
analytically on the parameters. In addition, for these models usually one has precise knowledge
on the domain of holomorphic extension of the objective function w, i.e. knowledge of the
constants (p;)—; in Thm. 3.5. These constants determine the sets of multiindices A. in (3.3).
As our proofs are constructive and based on the sets A., such information can be leveraged to
a priori guide the identification of suitable network architectures.

4.3.2 ReLU DNN expression of Data-to-Qol maps for Bayesian PDE In-
version

The exponential 01-DNN expression rate bound, Theorem 3.6, implies exponential expressivity
of data-to-quantity of interest maps in Bayesian PDE inversion, as is shown in [14]. Here,
the assumption of centered, additive Gaussian observation noise in the data model underlying
the Bayesian inverse theory implies holomorphy of the data to prediction map in the Bayesian
theory as we show [14]. This, combined with the present results in Theorems 3.6 and 3.10
implies exponential expressivity of o, DNNs for this map, for all > 1.

4.3.3 Infinite-dimensional (d = o) case

The expression rate analysis becomes more involved, if the objective function u depends on an
infinite dimensional parameter (i.e., a parameter sequence) y € [—1, 1]N. Such functions occur in
UQ for instance if the uncertainty is described by a Karhunen-Loeve expansion. Under certain
circumstances, u can be expressed by a so-called generalized polynomial chaos (gpc) expansion.
Reapproximating truncated gpc expansions by NNs leads to expression rate results for the
approximation of infinite dimensional functions, as we showed in [33]. One drawback of [33] is
however, that the proofs crucially relied on the assumption that w is holomorphic on certain
polydiscs containing [—1,1]. This criterion is not always met in practice [5]. To overcome this
restriction, we will generalize the expression rate results of [33] in the forthcoming paper [26],
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by basing the analysis on the present results for the approximation of d-variate functions which
are merely assumed to be analytic in some (possibly small) neighborhood of [—1,1]%.

4.3.4 Gevrey functions

The use of DNN approximations of tensor product Legendre polynomials constructed in Sec-
tion 2 can be used more generally than for the approximation of holomorphic functions by
truncated Legendre expansions. We consider as an example, for d € N, the approximation of
non-holomorphic, Gevrey regular functions (see, e.g., [29] and the references there for definitions
and properties of such functions). Here, for some § > 1 we consider maps u : [~1,1]¢ — R that
satisfy, for constants C, A > 0 depending on u, the bound

olvhy,

o7 - 0%

< CAPh (1S, (4.1)

Vv e N¢ ‘
Lo ([-1,1])

We write u € G°([—1,1]¢, C, A) for u satisfying (4.1). Evidently, G°([—1,1]¢,C, A) C C>=([-1,1]%).
These maps are analytic when § = 1, but possibly non-analytic when § > 1.

Proposition 4.1. For dimension d € N, and for constants C, A > 0, for u € G°([~1,1]¢,C, A)
exist C'(d,d,u) > 0 and §'(d,d,u) > 0, and for every N' € N there exists a ReLU DNN i such
that

11
size(iin) <N,  depth(in) < C’Nmm{‘z’dﬂ/é} log(N),

11
lu = Axllroe -1,y < O exp (—5'Nmm{25’d5+1 }) )

In the proof, which is provided in Appendix B, we furthermore show that there exist constants
C’, 8" > 0 such that for every p € N holds

Vu € GO([-1,1]4,C, A) : inf [ — vplywrroe (- 1,170y < C" exp(—B'NY DY - (4.2)
vp€R@F_ 1 Pp([-1,1])

Here, N = dirn(@?zl]P’p([fl7 1])) = (p + 1)¢ denotes the dimension of the space of all d-variate
polynomials of degree at most p in each variable.

4.3.5 ReLU expression of non-smooth maps by composition

The results were based on the quantified holomorphy of the map u : [~1,1]¢ — C. While this
could be perceived as a strong requirement (and, consequently, limitation) of the present results,
by composition the present deep ReLU NN emulation rate bounds cover considerably more
general situations. The key observation is that deep ReLU NNs are closed under concatenation
(or under composition of realizations) as we explained in Section 2.2.3.

Let us give a specific example from high-dimensional integration, where the task is to evaluate
the integral

[, Hmway. (4.3

Here, u : [-1,1] — R is a function which is holomorphic in a polyellipse &, as in (3.1) and 7
denotes an a-priori given probability density on the coordinates y, ..., yg w.r.t. the measure pq4
(i.e. m: [~1,1]% — [0,00) is measurable and satisfies f[_l 14 m(x)dpg(x) = 1). Assuming that

the coordinates are independent, the density 7 factors, i.e. m = ®?:1 m; with certain marginal
probability densities 7; which we assume to be absolutely continuous w.r. to the Lebesgue

measure, i.e. f_ll m;(€)d§ = 2. In the case that the marginals m; > 0 are simple functions for
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example on finite partitions 7T; of [—1,1] (as e.g. if m; is a histogram for the law of y; estimated
from empirical data), the changes of coordinates in (4.3)

Ty(y) = -1+ [ (€ L1 = [-L1], j=1,...d (1.4)

are bijective. Furthermore, in this case each component map 7Tj : [-1,1] — [—1,1] is bijective,
continuous and piecewise affine, and can therefore be exactly represented by a o1-NN of depth 1
and width proportional to #(T;).

Denote by T' = (T4, ...,Ty) " the d-variate diagonal transformation, and let 77! : [—1
[~1,1]? denote its inverse (which is also continuous, piecewise linear). Denoting by d7~*
Jacobian matrix of 77! at & € [~1,1]? we may then rewrite (4.3) as

) 1]
(x) the

/ u(y)ﬂ(y)dy:/ u(T*I(m))W(Tfl(:c))dethﬁl(m)da::/ g(x)dx, (4.5)
[-1,2]¢ [-1.1]4 [-11]4

where g = u o T~! is not continuously differentiable. Here we have used that dT~*(T(y)) =
(dT(y))~! and det(dT'(y)) = 7(y), i.e. det dT~(z) = n(T(x))~ .

Now, the function gnr := iy o T~! with the 0;-NN @ constructed in Theorem 3.6 is a
o1-NN which still affords the error bound (3.18): Denote for n € N and f € W1>°([-1,1]¢, R")

1f (=) = fW)
|flwieo(m1a]an) == sUp
xAye[—1,1]¢ |z —yll
where ||-|| is the Euclidean norm on R™ resp. on R?. As usual, for n = 1 we write | f|y1.00 ((_1,1j0) :=
| flwi.e (j=1,1]¢,r) instead. With these conventions, it holds

l9(-) = gn(llwroe(1agay = lwo T7H) — a0 T () [lwree (= 1,1
= luoT () —in o T~ (lpoo(1,ge) + w0 T7H() = dn o TH() lwroo (1,11
< lu() - aN(')HLOO([A,l]d) + Ju(-) = UN(‘)|W17<>O([71,1]d)|T_1|W1,°°([71,1]d,Rd)
< Cexp (—ﬁ’/\/d%) (4.6)

for a constant C' which now additionally depends on |7~} (*)lw1.0¢(j=1,1]¢,rey- The approximation
of the integral (4.3) can thus be reduced to the problem of approximating the integral of the
surrogate gar, which can be efficiently represented by a ¢1-NN. In the case that u is merely
assumed Gevrey regular as in Sec. 4.3.4, a similar calculation leads to a bound of the type (4.6),

11
but with exp(—ﬂ’/\/ﬁ) replaced by exp(—ﬁ'./\/'mm{ 26 do+1 }).
More generally, if 7 : [-1,1]¢ — (0,00) is for example a continuous density function (not
necessarily a product of its marginals) there exists a bijective transport T:[-1,1¢ — [-1,1]¢

such that analogous to (4.5) it holds f[ L] u(y)n(y)dy = f[ L) u(T~1(x))dz (contrary to the

situation above, this transformation 7" is not diagonal in gcneral) One explicit representation
of such a transport is provided by the Knothe-Rosenblatt transport, see, e.g. [31, Section 2.3].
It has the property that 7" inherits the smoothness of 7, cp. [31, Remark 2.19]. In case T~! can
be realized without error by a o1 (or o) network, we find again an estimate of the type (3.18).
If T 1 does not allow an explicit representation by a NN however, we may still approximate
T by a NN Sy to obtain a NN §ur := @i 0 Sy approximating g = woT 1. This will introduce
an additional error in (4.6) due to the approximation of T—!. We refer to [41, Section 4.3] and
the references there.
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A Proof of Proposition 2.14

Proof. The proof consists of 2 steps. In Step 1, we define subnetworks, similar to those in [25,
Lemma 4.5], to emulate all monomials ¥ for v € A of order 2k-1 < v < 2% In Step 2, we
use them to construct p.

Step 1. Throughout this proof, we denote the NN input by & € R?. For k € Ny we define
the index sets Ay := {v € A: |v|; = k} and A := {v € A : 2K71 < |v|; < 2F}. In this first
step of the proof, we define subnetworks to emulate ¥ for v € Agr—1 U Ag.

We will use that there exists a 0,-NN X,. of depth 1, with input dimension 2 and output
dimension 1, which exactly emulates the product operator R*? — R : (x,y) + zy. For r = 2 this
was shown in [17, Lemma 2.1], for r > 2 it follows from [17, Theorem 2.5] and the polarization
identity 2y = 1(z +y)? — 1(2 — y)?, which was used in the proof of [17, Lemma 2.1]. We note
that the size of x, depends on r.

Next, for all k € N such that Ay # () we define the o,-NN ¥, as

A ~
= (e} 012,

where the identity networks have depth 1. With the convention that A;/, := 0, we define ¥y
such that applied to the inputs {&” : v € Agr—2UAg_1} the identity networks compute the input
values " : v € Agr-1 C Ag_1 and the product networks compute ¥ : v € Ay. This is possible,
because A is downward closed: for all v € Ay and all g < v such that 272 < |u|; < 2F71,
we assumed that x* is part of the input of ¥y (v € A implies g € A, hence pp € Ag_1). In
particular, there exists o € Aj_1 such that |p|; = [|v]1/2]. This implies that |v—p|; = ||v]1/2]
and thus v — pu € Agr—2 U Ag_1. As a result, ¥ can be computed as ¥ = x,.(zH, " H).
Next, we estimate the NN depth and size of ¥y. It holds that depth(¥y) =1,

size(V) < |Age—1]size(Idgr) + |Ag|size(x,) < C(r)(|Agr—1| + |Ak]|)
<C)(|Ak=1] + |Ak]),
siren (0) < C0)(1Ag] + 1A,
sizeous (Ur) < C(r)(|Ak—1| + |Ag]).

Step 2. In this step we construct p. Let m := m(A) as defined in Equation (2.24) and
k :=min{k € N: 2¥ > m}. In addition, we will write p(x) =: }_, ., tua”.
We define p as
p = Affineo (Uy, psumy,) o (¥g_1, psumy_,) oo (U1, psum, ),
where for j =1,...,k
psum; ({mV}UEAQj—za{xu}lIEAjfupsumj—l) = Idg | psum;_; + Z tx” |,

vEA; 1

where the o,-identity network has depth 1. In addition, denote by v, i = 1,...,|Ax| any
enumeration of Ag. Then, Affine is a NN of depth 0, input dimension |Agr—1|+ |Ag|+ 1, output
dimension 1, computing the affine transformation

<) (NS
v v
Aﬁine(wl,...,wmﬁq‘,w e, T ’w‘Agk—lH”lAkH’l)
[Ak]
) e
=l T WA, [+]Agl+1 T E T’ t,m,
i=1
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where the constant tg is a NN bias. Thus, Affine ignores the first |Ayx-1| inputs, takes an affine
combination of the then following |Ag| inputs, and adds the last input. As a result, p(x) = p(x)
for all € R

To bound the network depth and size, we note that for j =1,...,k

(1) (1 +145-1]);

<C
<C(r),
size(psum;) <C(r)(1 +[A;-1]),

size(Affine) = sizei, (Affine) = sizeoys (Affine) < 2 + |Ag|.

sizein (psum;

( )
sizequt (psumj)
( )

We obtain the following bounds on the depth and size of p: In case |A| = 1, the constant
polynomial p can be emulated exactly by a 0,-NN p of depth 0 and size 1. In case |A| > 2, it
holds:

k
depth(p) < depth(Affine) + Z (1 + depth(¥;)) = 2k < 2+ 2log,(m) < Clogy(|A]),
Jj=1

k
size(p) < size(Affine) + sizej, (Affine) 4+ Z (mzeout )+ smeout(psum ) + size(T;)
j=1

+ size(psum;) + sizei, (V) + sizein(psumj)>
<@+ Ak + 2+ Ak +Z< P41l +1A5]) + C(r) + C(r)(JA; 1] + [4;])
+c<r><1+|Aj_1|>+c<r><\Aj_1|+|Aj\>+c<r><1+|Aj_1\>)

k
<Cr) [ 1+ 145 | <C(r)Al,
§=0
sizein (P) < sizejn (V1) + sizey, (psumy ) < C(r)(|Ag| + |A1]) < C(r)|A],
sizeout (P) < 2sizeout (Affine) < C|Ag| < C|A|,

where C, C(r) are independent of d.

B Proof of Proposition 4.1

Proof. As in the holomorphic case, to approximate functions u € G([—1,1]%, C, A), we first build
a tensor product polynomial approximation by H?2-projection to the space Qy of polynomials in
d variables with coordinatewise degree at most p € N. Evidently, dim(Q,) = (p + 1)7.

For d = 1, we denote by I3 : H*([—1,1], 1) — P3 the Hermite interpolation operator defined
by Izu(£1) = u(£1) and ([3u)'(£1) = u'(£1) for all u € H([-1,1],1). For p € N, p > 3,
denote by m,—2,0 : L2([—1,1], t1) — Pp_2 the L?([—1, 1], u1)-orthogonal projection to P,_5. For
all v € L*([~1,1], 1) it holds that v = 3°7° [ [;L; v E?;g l;L; =: mp_2,0v, where analogous to
(3.8) it holds ; = f[71 1 vL;dpy. Bounds on Legendre coefficients required in DNN emulation
expression rate bounds from Section 2.3.3 are implied by stability of m,_2 ¢ in L*([—1,1], 1):

p—2 o0
2
||7Tp72,0u||L2([_1,1],u1) = Z |lj|2 < Z \lj|2 = ||UH2L2([71,1],M)~
j=0 j=0
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Based on this projector, we define the H?([—1, 1], u1)-projector mp o : H2([—1,1], 1) — P, by
Tpou(z) = Iyu(z) + 5] [Y) mp—20((u — Izu)")(y2)dyedy; for all w € H?([—1,1], u1), as in [7,
Section A.1], where it is shown that 7, ou satisfies m, su(£1) = u(£1) and (7, 2u) (£1) = (il)

For general d € N, for all p € N, p > 3 we consider the tensor product projector I1¢

p2 T
(1)® ®7r1()d2), where 7r( ) denotes the coordinate-wise projection with respect tox;, 7 =1,...,d.

We recall stability and error bounds in terms of the H2, ([—1,1]%, j1q)-norm, which is deﬁned

mix
as

olvhy,

v Va
UL .. QY

”“”Hilx([ L)% pa) = Z

vi|v|ee<2

L2([-1,1]%,pa)

By the continuous embedding Hﬁnx([ 1,14, pg) = Wt>([-1,1]%), the bounds below imply
error bounds w.r.t. the W1 ([—1,1]¢)-norm. By [32, Propositions 5.2 and 5.3], the former of
which is [7, Theorem A.1 and Proposition A.1], for all v € G([—1,1]¢,C, A) it holds for all

peN,p>3andforallse{2,...,p—1}
T2l 2 gy <@ Ttz 1.0y (B.1)

mix

o =T 2l 2 gy <C(@)

M=~

o=
H24, (=110 1)

j=1 e
o F iy
V-1t s+2 ‘951 O (-1 )
v, e{o 1,2}Vi#j
d v
o3 BT
= —1+5s) vi=ete, 85} "'353 Lo ([—1,1]4)
vy E{O 1,2}Vij
toa [(p—1-3)! d-1
<C(d,u) max{A,1}° m((s +2)l2971)°. (B.2)

We fix a = (4max{A,1})"*/% € (0,1) and similar to [13, Proposition 4] substitute s =
max{2, Lapl/‘SJ }. For sufficiently large p € N it holds that 2 < ap'/? and thus s < ap'/® < s+1.
The estimates that follow are derived under this assumption, but hold for all p > 3 after possibly
increasing multiplicative constants. With Stirling’s inequality, v27v/n(n/e)” < n! < ey/n(n/e)"
for n € N, we estimate the square of the right-hand side of (B.2):

max{A, 1}2“+2d>g 113:(( +2)12971)2

6 +1(p —_ 1= S)pflfs+1/2
V2r(p — 14 s)p—1+s+1/2

SC(d, 5,A) maX{A,1}2562(175) (}; i+z)p 1— s+1/2 25826886(8—1—2)46

< max{A, 1}2(s+2d) (S + 2)4686(2s+1)626(175)226(d71)

where we used ((s + 2)!1)2% < (s 4+ 2)%(s!)?°. Now, since 1 = < 0andp—1—s+ 1 >0 for
s <p,

e2(1=0)s (Z i_‘rz)p 1— s+1/2 —2s < C«p—Qs < (04/5)265

due to s < ap'/%. Using that there exists C' > 0 depending on § such that s°(s + 2)* < 022



for all s > 2, we arrive at

—1—235)!
max{A, 1}2(+24) Eﬁ — 1 - z;;((s +2)12971% < C(d, 5, A) max{A, 1} (a/s)*" s> 5% (s + 2)*°

(d, 5, A) max{A,1}*a?*s% (s 4 2)%
(d, 8, A)22272(s+1)
(d7 5a A) exp(—2 log(Q)apl/é)

VAN VAN

c
c
C
<C

Substituting into (B.2) shows that

Hu — HgguHH; < C(d,0,u)exp(— log(2)o¢p1/5).

e ([(F1,1]% p1a)

Now, Hg72u can be approximated by ReLU DNNs from Proposition 2.13. We set A, := {v :
|V|oo < p}, and express Hgyzu in the basis of tensor product Legendre polynomials. The size of
the Legendre coefficients (¢, )yea, of IIY yu can be estimated crudely by |e, |* < ZUGAP ley|? =

2 2 .

HHd’QUHLQ([_171]d)Md) < C(d) HUHHﬁ,;X([*U]de) = CO(d,u)? for all v € A,, and their sum by
Sen, lol < Cld,u)(p+ 1)

As in Step 1 in the proof of Theorem 3.6, we reapproximate the polynomial Hggu by
i, := Affine, ofy, 5, for fa, s from Proposition 2.13 and Affine, : R4 5 R : (zv)ven,

ZueAP cvzy. We take 6 = (p+ 1)~ % exp(—log(2)ap'/?) as the accuracy parameter of fa, .5, 50
that we obtain

Hﬂgzu — |W1,oo([_1,1]d) < Z lew| |1 Ly — EV,éHWleO([le]d) < Z leu| &
veA, vEA,
= > Jel 0+ 1) exp (-~ log(2)ap'/?) < C(d,u) exp (~log(2)ap'/*) .
veEA,

Together with the estimate of the polynomial interpolation error, it holds that
1t iy e .10y < O 8,0) exp (f 1Og(2)ap1/6) .
We finally estimate the NN depth and size, using that |A,| = (p + 1) and m(A,) = dp:
depth(a,) < depth(Affine,) + 1 + depth(fa,,s)

< C(1 + dlogd)(1 -+ logy m(A,)(m(A,) +logy(1/4))
< C(1 4 dlogd)(1 + log(dp))(dp + dlogy(p + 1) + log(2)ap*/?)
< C(14 d?log? d)(1+ plogp),

size(l,) < 2size(Affine,) + 2size(fa, s)
<2(p+ l)d + Cd*m(A)* + Cdm(A) log,(1/68) + C’d2|A| (1 + log, m(A) + log2(1/5))
<C(p+1)*+ Cd®(dp)?® + Cd(dp)(dlog,(p + 1) + log(2)ap™/?)

+ Cd*(p + l)d(l + logy(dp) + dlogy(p + 1) + log(2)ap1/5)

<Ci(a)d*((p+1)% + (p+ 1))

for some C1(a) > 0. For all N € N satisfying N' > C;(a)d*(4% + 4971/9), we choose p :=
max{p € N: C1(a)d*((p+1)? + (p + 1)?1/%) < N}, so that p > 3 and

Ci(@)d*((p+1)*+(p+1)/%) < N < Cr(@)d* ((p+2)*+(p+2)T1/%) < C(d, 5, A)d*pm>x{2 41/,

and define tyr := 4,, which shows the proposition for such N. For the finitely many N € N
satisfying N < C1(a)d*(42 + 4%+1/%) we define iix := 0, for which the proposition holds after
increasing the constants, if necessary. This completes the proof of Proposition 4.1. O
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