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Abstract

We study the necessary and sufficient complexity of ReLLU neural networks—in terms of depth
and number of weights—which is required for approximating classifier functions in an L?-sense.

As a model class, we consider the set £° (Rd) of possibly discontinuous piecewise C*? functions
f:[=Y2,1/2]* = R, where the different “smooth regions” of f are separated by C* hypersurfaces.
For given dimension d > 2, regularity § > 0, and accuracy € > 0, we construct artificial neural
networks with ReL U activation function that approximate functions from £° (Rd) up to an L? error
of . The constructed networks have a fixed number of layers, depending only on d and 8 and they
have 0(672((171)/ A ) many non-zero weights, which we prove to be optimal. For the proof of optimality,
we establish a lower bound on the description complexity of the class £° (RY). By showing that a
family of approximating neural networks gives rise to an encoder for £°(R?), we then prove that one
cannot approximate a general function f € £° (R?) using neural networks that are less complex than
those produced by our construction.

In addition to the optimality in terms of the number of weights, we show that in order to achieve
this optimal approximation rate, one needs ReLLU networks of a certain minimal depth. Precisely,
for piecewise C# (]Rd) functions, this minimal depth is given—up to a multiplicative constant—by
B/d. Up to a log factor, our constructed networks match this bound. This partly explains the
benefits of depth for ReLU networks by showing that deep networks are necessary to achieve efficient
approximation of (piecewise) smooth functions.

Keywords: Deep neural networks, piecewise smooth functions, function approximation, sparse connec-
tivity, rate distortion theory, metric entropy.
AMS subject classification: 41A25, 41A10, 82C32, 41A46, 68T05, 94A34.

1 Introduction

Neural networks implement functions by connecting multiple simple operations in complex patterns.
They were inspired by the architecture of the human brain and in that framework probably first studied
in 1943 in [36]. A special network model is that of a multi-layer perceptron [44] [43], which can, in
mathematical terms, be understood as an alternating concatenation of affine-linear functions and simple
nonlinearities, arranged in multiple layers.

Recently, especially deep networks, i.e., those with many layers, have received increased attention,
due to the possibility to train them efficiently. In particular, given training data in the form of input
and output pairs, there exist highly efficient algorithms to adapt the network in such a way that the
network implements an interpolation of the training data and even generalizes well to previously unseen
data points, at least for many problems that occur in practice. This procedure is customarily referred
to as deep learning, |31, 20].

A small selection of spectacular applications of deep learning are image classification [27], speech
recognition [24], or game intelligence [15]. While networks trained by deep learning prove to be remark-
ably versatile and powerful classifiers, it is not entirely understood why these methods work so well. One
aspect of the success of deep learning is certainly the powerful network architecture. In mathematical
terms, this means that networks yield very efficient approximators for relevant function classes. Note
though that this ability to approximate a given function—or to interpolate the training data—does in
itself not explain why neural networks yield better generalization than other learning architectures. This
point, however, is outside the scope of this paper.

*Institut fiir Mathematik, Technische Universitat Berlin, 10623 Berlin, Germany, pc.petersen.pp@gmail.com
Institut fiir Mathematik, Technische Universitit Berlin, 10623 Berlin, Germany, felix@voigtlaender.xyz
#Both authors contributed equally to this work.


http://arxiv.org/abs/1709.05289v1

This work extends the study of approzimation properties of neural networks. We will focus specifically
on neural networks that have a certain activation function, which is possibly the most widely used in
applications—the rectified linear unit (ReLU). We will determine the optimal trade-off between the
complexity and approximation fidelity of neural networks when approximating piecewise constant or
piecewise smooth functions—function classes that, as we will elaborate upon below, resemble the classifier
function of a classification problem. Furthermore, we show that in order to attain this optimal trade-off,
one needs networks with a certain minimal depth depending on the smoothness of the functions and on
the dimension of their domain.

In the remainder of this introduction, we first motivate our choice of the class of piecewise constant
and piecewise smooth functions as functions of interest. Afterwards, we review related results concerning
the approximation of (piecewise) smooth functions, both by neural networks and more general function
classes. Then, we will clarify our notion of complexity of neural networks. Finally, we describe our
contribution and fix some standard and non-standard notation.

1.1 Classification with neural networks

Neural networks are used in a broad range of classification problems: Examples include image classifica-
tion [27], digit classification [23| 26 [35 [32] or even medical diagnosis [5], [8]. A comprehensive survey on
classification by neural networks can be found in [49].

The networks employed in these tasks take very high-dimensional input and assign a simple label to
each data point, thereby performing a classification. Thus, we perceive a prototype classifier function as
amap f:R? = {1,..., N}, where N is the number of possible labels. In other words, the function class
of classifier functions is that of piecewise constant functions. A special case of particular interest is that
of binary classification, i.e., where N = 2, which is extensively studied in Part 1 of [2].

Admittedly, the model of a classifier function described above is not the only conceivable model.
Indeed, another point of view is to consider the classifier function as a conditional probability of the
sample having a certain label. In this regard, not piecewise constant functions but rather functions that
admit reasonably sharp but smooth phase transitions are the right model.

Which point of view one should adapt naturally depends on the application. To justify our approach,
we give one example where a classifier should indeed be piecewise constant. Consider the problem of
modeling or predicting some physical behavior. Precisely, let us consider the problem of predicting if a
material undergoing some known stress breaks or remains intact. If the underlying physical model is too
complicated, it might be reasonable to learn the behavior from data and apply a deep learning approach.
In this case, the classifier has two labels—broken and unbroken—and a potentially very high-dimensional
input of forces and material properties. Nonetheless, there will be a sharp transition between parameter
values that describe stable configurations and those that yield breaks. It is conceivable that one might
want to optimize the forces that can be applied, which means that the jump set should be very finely
resolved by the learned function.

1.2 Related work on approximation of piecewise smooth functions

We give a short overview of related work on approximation with neural networks and approximation
of piecewise smooth functions. In fact, piecewise smooth functions form a superset of the previously
described set of piecewise constant functions that describe classifiers, but it will turn out that they
admit the same approximation rates with respect to ReLU neural networks. Because of that, it is
natural to focus on the larger set of piecewise smooth functions.

One of the central results of approximation with neural networks is the universal approximation
theorem [25] [T4] stating that every continuous function on a compact domain can be arbitrarily well
approximated by a shallow neural network, i.e., a network with only one hidden layer. These approxi-
mation results only show the possibility of approximation, but do not provide any information on the
required size of a network to achieve a given approximation accuracy. Other works analyze the necessary
and sufficient size of networks to approximate certain classes of functions, whose Fourier transform has a
bounded first moment [4, 3]. In [37], [41] it is shown that assuming a smooth activation function, a shal-
low network with e~%" neurons can uniformly approximate a general C"-function on a d-dimensional
set with infinitesimal error €. This approximation rate is also demonstrated to be optimal, in the sense
that if one insists that the weights of the approximating network should depend continuously on the
approximated function, the derived rate can not be improved. Note though that in [48] Section 3.3,
Yarotsky gives a construction where the weights do not depend continuously on the approximated func-
tion, and where the “optimal” lower bound is improved by a log factor, but using deep networks instead



of shallow ones, and using the ReLLU activation function instead of a smooth one. Nonetheless, this result
shows that the optimality can indeed fail if the weights are allowed to depend discontinuously on the
approximated function.

Except for the result of [48], all the results above concern shallow networks. However, in applica-
tions, one observes that deep networks appear to perform better than shallow ones of comparable size.
Nonetheless, at this point, there does not exist an entirely satisfactory explanation of why this should be
the case. Still, from an approximation theoretical point of view, there are a couple of results explaining
the connection of depth to the expressive power of a network. In [38] it was demonstrated that deep
networks can partition a space into exponentially more linear regions than shallow networks of the same
size. [16] analyses special network architectures of sum-product networks and establishes the advantage
in the expressive power of deep networks. Moreover, [45] shows the advantage of depth for networks with
special piecewise polynomial activation functions. An overview of a large class of functions that can be
well approximated with deep but not with shallow networks can be found in [42].

In [48], [46] deep ReLU networks are employed to achieve optimal approximation rates for smooth
functions. These results are very closely related to the findings in this paper. However, [48] and [46]
consider approximation in the L°° norm, which would not be possible for functions with jumps since
ReLU networks always implement continuous functions. Finally, we mention [6], where it is demonstrated
that for the case of two-dimensional piecewise C* smooth functions with C* jump curves, « € (1,2],
neural networks with certain smooth activation functions achieve optimal L? approximation. However,
these results do not cover the case of networks with a ReLU activation function and do not apply in
dimensions d # 2.

To end this overview of related work, we also give a review on approximation theoretical results for
piecewise smooth functions by more general representation systems than neural networks.

Piecewise smooth functions are frequently employed as a model for images in image processing [10),
28, 18], which is why a couple of representation systems developed in that area are particularly well-
suited to represent these function classes. For instance, shearlets and curvelets provide optimal N-term
approximation rates for piecewise C?(IR?) functions with C? jump curves, [9} 29, 22| [39].

To obtain optimal approximation of two-dimensional functions with jump curves smoother than C?,
the bandlet system was developed, [40], which is a system consisting of properly smoothly-transformed
boundary-adapted wavelets that are optimally adapted to the smooth jump curves.

Another system, the so-called surflets [I1], even yields optimal approximation of piecewise smooth
functions in R%. This system is constructed by invoking a partition of unity, as well as local approximation
using so-called horizon functions. These ideas are also central to the approximation results in this work.

1.3 Our notion of optimality

To claim that our approximation results are optimal, we need to specify a notion of optimality. First of
all, we measure the size of networks mostly in terms of the number of non-zero weights in the network.
Then we adopt an information theoretical point of view, which was already introduced in [6] [7], but will
be refined and improved here. The underlying idea is the following: Under some assumptions on the
encodability of the weights of a network, each neural network can be encoded with a bit string the length
of which depends only on the number of weights of the network. For a given function class which can
be well approximated by neural networks of a given complexity, this gives rise to a lossy compression
algorithm for the function class; the error introduced by this compression algorithm depends on the
quality of approximation that can be achieved by the given class of networks over the function class.
This observation gives rise to an encoding strategy for function classes that are well-approximated by
neural networks of limited complexity. In this way, the description complexity of a function class provides
a lower bound for the size of the associated networks. Similar ideas associated to lower bounds for the
approximation with certain representation systems were used in [17), 21].

Certainly, other means of establishing lower bounds exist. For instance, in [48] known bounds on
the Vapnik-Chervonenskis dimension or fat-shattering dimension of networks [2] are used to obtain lower
bounds on the achievable approximation rate for a large variety of function classes.

The argument in [48], however, only yields a lower bound regarding the approximation with respect
to the L>™ norm. This is not appropriate in our setting as we study L? approximation. Additionally,
to obtain sharp lower bounds on the approximation using neural networks as in [48], it is necessary to
impose an upper bound on the depth of the network. Such an assumption is not required in our approach.
On the downside, we require an encodability condition on the weights. A final argument in favor of our
optimality criterion is that it is independent of the chosen activation function ¢ (as long as o(0) = 0),
while the arguments in [48] 2] are specific to piecewise polynomial activation functions. A more in-depth
comparison of the two approaches is given in Section (]



A further notion of optimality concerns the number of layers which is necessary to achieve a certain
approximation rate by neural networks of that depth. In [42] an overview is given about function classes
that can be approximated well by deep networks and which cannot be approximated well with shallow
networks. Furthermore, Yarotsky [48] shows that a certain depth is needed to approximate nonlinear C*
functions with a given approximation rate with respect to the L norm.

We will discuss this notion in more detail in Section[d In particular, we will show that the result of
Yarotsky can be generalized from L approximation to approximation in the LP-sense, for 1 < p < co.

1.4 Owur contribution

We establish optimal approximation rates for piecewise C” functions, 8 € (0,00) on R%, d € Ny by
ReLU neural networks in terms of the number of non-zero weights and the number of layers. As two
special cases, our results cover the approximation of C? functions and of piecewise constant functions
for which the different “constant regions” are separated by hyperplanes of regularity C*.

A simplified but honest summary of our main results is the following: For a given piecewise C”
function f : [~1/2,1/2]¢4 — R and approximation accuracy ¢ € (0,1/2) we construct a ReLU neural
network N2P*" with not more than c- e~ 2(d=1/8 non-zero weights and ¢’ -logy(3 + 2) - (1 + 8/d) layers
approximating f up to L? error e. Here ¢’ is an absolute constant, while ¢ might depend on d and
8. Furthermore, we show that the scaling behavior of the number of weights with € is optimal in the
previously described sense, i.e., it cannot be improved if one insists that each weight can be encoded
using only O(logy(1/<)) bits. Finally, if (N.)c>o is a family of networks (which are not required to
have encodable weights) meeting this rate for a nonlinear function f, then N, needs to have at least
max{1, 3/(3d)} layers, for € small enough.

The optimality of the approximation rates is derived by lower-bounding the description complexity
of the class of piecewise constant functions and by establishing a transference result that yields lower
bounds on the sizes of approximating networks.

We observe that the depth of the optimally approximating networks does not depend on the approx-
imation accuracy, but is influenced only by the dimension of the input space and by the regularity of the
functions. Note that the depth of the networks N;‘}ns“ constructed above coincides (up to a log factor)
with the lower bound max{1, 3/(3d)} from above. This observation offers some explanation for the pre-
viously observed efficiency of deep networks: With increasing structure or regularity of the underlying
signal class, the best achievable approximation rate gets better, but more depth is required to achieve
this optimal approximation rate.

The approximation results can be found in SectionBl and the lower bounds for the number of weights
and the number of layers are presented in Section @l In Section 2] we precisely define the notion of
neural networks, and we introduce a kind of calculus for these networks, which in particular covers their
composition. This calculus will greatly simplify subsequent proofs.

To not disrupt the flow of the presentation, all results and their interpretations are presented on the
first twelve pages of the paper, and almost all proofs have been deferred to the appendix: Appendix [Al
contains the proofs related to Section [B] while the proofs for Section [ are presented in Appendices [B]
and [Cl Appendices [D] and [E] contain two technical results that are of minor interest, but nevertheless
needed for some of our arguments.

Finally, we remark that our construction of approximating neural networks relies on two technical
ingredients which are possibly of independent interest for future work:

First, we show (see Lemma [A22)) that neural networks can realize an approzimate multiplication:
One can achieve |zy — N(x,y)| < € using a ReLU neural network N with L layers and O(¢~%%) non-
zero weights, for a universal constant ¢ > 0. A similar result (see Lemma [A4)) then holds for general
polynomials. We emphasize that it is not a new result that ReLU neural networks can realize an
approximate multiplication; this was already observed by Yarotsky [48]. What is new, however, is that
the depth of the network is independent of the approrimation accuracy €; the depth only influences the
approximation rate.

Second, we show (see Lemma [A.5) that neural networks can implement a “cutoff”, i.e., a multiplica-
tion with an indicator function X(4, p,]x.--x[aq,b,] USING @ fized number of layers and weights, as long as
the error is measured in LP, p < oco.

By combining the two results, one sees that neural networks can well approximate every function
which is locally well approximated by polynomials.



1.5 Notation

Given a subset A C X of a “master set” X (which is usually implied by the context), we define the
indicator function of A as
1, ifx €A,

X 5 {0,1), 2
xa {01}, {o, itz ¢ Al

Moreover, if X is a topological space, we write A for the boundary of A. We denote by N = {1,2,...} the

set of natural numbers, by Ng = NU{0} the set of natural numbers including 0, and for k¥ € N we denote

by N> all natural numbers larger or equal to k. Occasionally, we also use the notation n := {1,...,n}

for n € N. Furthermore, we write |2] = max{k € Z : k <z} and [z] =min{k € Z : k >z} for z € R.
For a function f: X — R, we write

[fllsup := [ fl[Lee == sup [f(2)] € [0, 00].
zeX
For a given norm | - || on R%, we denote by

Bl (2)=Byx)={yeR: |[y—z|<r} and B, '(2)=Bo(x)={yeR: |y—a| <r}

the open and closed balls around z € R of radius » > 0. Similar notations are also used in general
normed vector spaces, not only in R

For a multiinder o € N3, we write |a| := a; + --+ + a4. This creates a slight ambiguity with the
notation |z| for the euclidean norm of € R?, but the context will always make clear which interpretation
is desired.

If X,Y,Z aresetsand f: X - Y and g : Y — Z, then we denote by go f the composition of f and
g, 1e., go f(x)=g(f(x)) for x € X.

We denote by |M]| the cardinality |M| € Ny U {oo} of a set M. For A € R"™™, we denote by
[lAlleo := [{(4,7) : A;j # 0}| the number of non-zero entries of A. A similar notation is used for vectors
b e R".

2 Neural networks

Below we present a definition of a neural network. For our arguments, it will be crucial to emphasize
the difference between a network and the associated function. Thus, we define a network as a structured
set of weights and its realization as the associated function that results from alternatingly applying the
weights and a fixed activation function, which acts componentwise.

Definition 2.1. Let d, L € N. A neural network ® with input dimension d and L layers is a sequence
of matrixz-vector tuples

O = ((A1,b1), (A2,b2),...,(AL,br)),

where Ng =d and Ni,..., N1 € N, and where each A; is an Ny x No_1 matriz, and by € RV¢.
If ® is a neural network as above, and if o : R — R is arbitrary, then we define the associated
realization of ® with activation function o as the map R,(®) : R? — RNL such that

Ro(®)(2) = w1,

where xy, results from the following scheme:

2o =x,
xe;:Q(AeﬁL'g,1+bg), fO’f’E:l,...,Lfl,
rp:=Apxzr_1+0bp,

where o acts componentwise, i.e., o(y) = (o(y'),...,o(y™)) fory = (y',...,y™) € R™.

We call N(®) :=d+ Zle N; the number of neurons of the network ®, L = L(®) the number of
layers, and finally M (D) := Zf:1(”Aj”€° +1|bj]l¢0) denotes the number of non-zero entries of all Ag, by
which we call the number of weights of ®. Moreover, we refer to Ny, as the dimension of the output
layer of ®.

To construct new neural networks from existing ones, we will frequently need to concatenate networks
or put them in parallel. We first define the concatenation of networks.



Definition 2.2. Let Li,Ls € N and let ®* = ((A},b]),..., (Ail,blLl)),tl)2 = ((A2,82),..., (AQLQ,b%Z))
be two neural networks such that the input layer of ®' has the same dimension as the output layer of ®2.
Then, ®'e ®2 denotes the following L1 + Lo — 1 layer network:

(I)l.q)Q = ((A?’ b%)a cety (A2L2—1’ b%g—l)’ (A%AQLQaA%b%Z + b%)a (A%a b%)a ey (AilablLl))
We call d'e® ®? the concatenation of ®! and ®2.

One directly verifies that R,(®'e ®2) = R,(®!) o R,(®?), which shows that the definition of concate-
nation is reasonable.

If the activation function ¢ : R — R is the ReLU, i.e., o(x) = max{0,z}, then one can construct a
simple two-layer network whose realization is the identity on RZ.

Lemma 2.3. Let g be the ReLU, let d € N, and define
(I)Id = ((Ala bl)a (AQ) b2))
with

Id
A1 = ( 7Id§2 ) , b1 = 0, A2 = ( Id]Rd 7Id]Rd ) 5 b2 = 0

Then Ry(®'4) = Idga.

Remark 2.4. In generalization of Lemmal23, for each d € N, and each L € N>2, one can construct a
network ®Y', with L layers and with 2d - L nonzero, {1, —1}-valued weights such that Ry(®}';) = Idga.
In fact, one can choose

Id
(I)(Iic’iL = ((Iéli;d) 5 0) 5 (IdR2d, 0), ey (IdRZd,O), ([Ide | —Id]Rd] ,0)

L—2 times

For L =1, one can achieve the same bounds, simply by setting @g}l := ((Idga, 0)).

Lemma [2.3] enables us to define an alternative concatenation where one can precisely control the
number of weights of the resulting network. Note though, that this only works for the ReLU rectifier.

Definition 2.5. Let ¢ : R — R be the ReLU, let L1, Ly € N, and let ®' = ((A1,b1),...,(AL,,b1,))
and ®* = ((A},07),...,(AZ,,b7,)) be two neural networks such that the input layer of ®' has the same
dimension d as the output layer of ®2. Let ®'9 be as in Lemma[Z3.

Then, the sparse concatenation of ®' and ®2 is defined as

o' O P? = pledlle p?.
Remark 2.6. It is easy to see that
1 2 2 ;2 2 2 A%z b%z 1 11 g1 11 1 g1
@ G(I) = (Alabl)a--'a(ALg—labLg—l)a —A2 ) _b2 a([Aly_Al]abl)a(AQabQ)a---a(ALlabLl)
Lo Lo
has L1 + Lo layers and that Ry(®! @ ®2) = Ry(®1) o Ry(P?) and M (P! © &%) < 2M (P) + 2M (9?).

Using concatenations of ®!9, arbitrarily deep neural networks whose realization is the identity can
be constructed. Finally, one can put two networks in parallel by using the following procedure.

Definition 2.7. Let L € N and let ®' = ((A},b]),...,(AL,bL)),®% = ((A3,b9),...,(A2%,b2)) be two

neural networks with L layers and with d-dimensional input. We define
P((I)la (1)2) = ((Ala El)a R (AL, I;L))a

where

- 1 - 1 N 1 . 1
Alzz(ﬁ%), blzz(z%), and Ag::(OAe OA?), bg::(zé) for1 << L.

Then P(®1, ®?) is a neural network with d-dimensional input and L layers, called the parallelization of
®! and ®2.



One readily verifies that M (P(®!, ®2)) = M(®!) + M (®?), and
R,(P(®', ®2))(z) = (Ry(®1) (), Rp(®?)(2)) for all z € RY. (2.1)

Remark 2.8. With the above definition, parallelization is only defined for networks with the same number
of layers. However, since we will be working with ReLU networks only, Remark [24] and Definition 2.3
enable o reasonable definition of the parallelization of two networks ®', ®2 of different sizes L1 < Ly:
One first sparsely concatenates ®1 with a network with Lo — Ly layers whose realization is the identity,
i.e., one defines ®' := 1 © q)}i[}LZ—Ll' We then define P(®!, ®2) := P(®!, ®2). It is not hard to verify
that with this new definition, Equation (1) still holds. Of course, a similar construction works for
Ly > Ls.

In the sequel, we will be especially interested in neural networks whose weights are quantised since
these networks can be stored on a computer. This notion of quantised weights is made precise in the
following definition:

Definition 2.9. Let ¢ € (0,00) and let s € N. A neural network ® = ((A1,b1),...,(Ar,br)) is said to
possess (s,e)-quantised weights, if all weights (i.e., all entries of Ay,..., AL andby,...,br) are elements
of [—e~%, e N 27sMoe2(t/)17,

Remark 2.10. Assume that € € (0,1/2), p € (0,00), C > 1, s € N. If ® is a network with (s,eP/C)-
quantised weights, then the weights are also (3,¢)-quantised, where § = [ps + slogy(C)] + s. This is
because

1 slog,(C) P\
e8> mps—s108s(C) _ g-ps (_) > e7Pe981082(C) = cmPs e = (%) ,
9

and

s - [logy(1/(e7/C)] s(plogy (1) +10g,(C) + 1) _ splogy (1) + slogy(C) + s 1
s (Ing(%ﬂ N (ps+slog2(0)+8)1og2(%) SplogQ(é)+slog2(C)log2(%)Jrslogg(%) -

3 Approximation of classifier functions

In this section, we will provide the main approximation results of the paper. We will only state the
results without the underlying proofs, which would otherwise distract from the essentials. All proofs can
be found in Appendix [Al In this entire section, we assume that ¢ : R — R, z — max{0, z} is the ReL.U.

3.1 Approximation of horizon functions

For 8 € (0,00) with 3 =n+ o, where n € Ng and o € (0,1] and d € N, we define for f € C"([—1/2,1/2]¢)
the norm

ol al=n g ye[-1/2,1/2]4 0y [z =yl

9% T
|l fllco.s := max {Ing(z 1% £ llsup » lmax sup |0% f () f()l } € (0,00,

and for B > 0, we define the following class of smooth functions:

Foap = {1 € (1=/2170") I fllcos < B (3.1)

It should be observed that for 3 = n + 1, we do not require f € Fg 4 5 to be n + 1 times continuously
differentiable. Instead, we only require f € C", where all derivatives of order n are assumed to be
Lipschitz continuous. Of course, if f € C"*1([—1/2,1/2]?) with ||0%f|| L~ < B for all |a| < n + 1, then it
easily follows that 9 f is Lipschitz continuous, with Lipschitz constant Lip(9® f) < v/d- B for all |a| = n,
so that f € .7-“"+1,d7\/33. In this sense, our assumptions in case of 3 = n + 1 are slightly weaker than
assuming f € C"*L.

The following theorem establishes optimal approximation rates by ReLU neural networks for the
function class F3 4 5. It is proved in the appendix as Theorem [A.8]

Theorem 3.1. For anyd € N, and 8, B > 0, there exist constants ¢ = ¢(d, 3, B) > 0, s = s(d, 8, B) € N,
and ¢’ > 0, such that for any function f € Fpqp and any € € (0,1/2), there is a neural network @g with
at most ¢ -logy (24 B) - (1 + 8/d) layers, and at most c- =P non-zero, (s, )-quantised weights such that
for all p € (0, 2],

IRy(®) — fllzs <.



Remark 3.2. Approzimation of functions in Fg 4 p by ReLU networks was already considered in [48,
Theorem 1], which provides a result very similar to Theorem [Tl It differs mainly in two points: First
of all, the approzimation is with respect to the L> norm in [{8, Theorem 1], whereas we provide an
approzimation result in LP, p € (0,2]. Additionally, [48, Theorem 1] requires the number of layers of the
network to grow logarithmically in /e, which is not necessary for our result. Overcoming the dependence
of the number of layers on € is achieved by using a refined construction of a multiplication operator,
which is given in Lemma [A2, and the fact that (approzimate) multiplications with indicator functions
can be much more efficiently implemented if only L? approxzimation is required, see Lemma A5

One of the main function classes of interest in the subsequent analysis is that of horizon functions.
These are {0, 1}-valued functions with a jump along a hypersurface and such that the jump surface is
the graph of a smooth function. Formally, we define the class of horizon functions as follows:

Definition 3.3. Let d € Nx2, and 3,B > 0. Furthermore, let H := X[o0)xri-1 be the Heaviside
function. We define

HFp.ap:= {foTe L ([71/2, 1/2]d) Cf(@)=H(z1+7(x2, ..., 24), %2, . ., 24), 7 EFp.a-1.5, T €TI(d, R)} ,

where TI(d,R) C GL(d,R) denotes the group of permutation matrices.

Concerning approximation by neural networks of functions in the class HF 3 4 5, we achieve the
following result, which is proved in the appendix as Lemma [A.9

Lemma 3.4. For any 8 > 0, d € N>o, and B > 0 there exists an absolute constant ¢ > 0, and
constants ¢ = ¢(d,5,B) > 0, and s = s(d, 8, B) € N, such that for every function f € HFpap and
every € € (0,1/2) there is a neural network ®f with at most ¢ - logy(2 + B) - (1 + 8/d) layers, and at
most ¢-e~2(4=N/8 non-zero, (s, e)-quantised weights, such that |R,(®L) — FllL2(=1y2,1/54) < €. Moreover,
0 < Ry(®1)(x) < 1 for all x € [~1/2,1/2]%.

At first, the approximation of horizon functions might seem a bit arbitrary as this is not a function
class of interest that is typically considered. However, this result directly enables the optimal approxima-
tion of piecewise constant and even of piecewise smooth functions, as we will see in the next subsection.

3.2 Approximation of piecewise smooth functions

In this subsection, we present approximation rates for piecewise smooth functions f, depending on the
smoothness of the jump surfaces and on the smoothness of f on each of the ”smooth pieces”. We first
observe that if one is able to approximate indicator functions x - of compact sets K C [—1/2,1/2]¢ with
say OK € CP, then—up to a constant depending on the number N of “pieces” —one can achieve the
same approximation quality for functions f =3, ¢k Xk, , where 0K}, € CP for all k < N.

Thus, we will only demonstrate how to approximate indicator functions with a condition on the
smoothness of the jump surface. We start by introducing a set of domains with smooth boundaries. Let
r €N, d € N>y, and 8, B > 0. Then we define
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ICT,B,d,B = {KC |:—§,§:| : \V/ZCG |:—§,§:| Hfz EH‘Fﬂ,d7B XK = fz on |:—— —:| ﬂBTT eoo(l_)} .

Although the definition of I, g 4 B is strongly tailored to our needs, it is not overly restrictive. In fact,
for every closed set K' C [~1/2,1/2]? such that K is locally the graph of a C# function of all but one
coordinate, it follows by compactness of [—1/2,1/2]¢ that K’ € K, s.4.5, for sufficiently large  and large
enough B.

We obtain the following approximation result, which is proved in the appendix as Theorem [A.10)

Theorem 3.5. Forr € N, d € N>g, and 5, B > 0, there are constants ¢ >0, ¢ = c(d,r, 8, B) > 0, and
s = s(d,r, B, B) € N, such that for any K € K, a5 and any € € (0,1/2), there is a neural network ®XK
with at most ¢’ -logy(2+ B) - (1 +58/d) layers, and at most c-e=2(4=N/8 pon-zero, (s, €)-quantised weights
such that

IR(®5) = xxllzz <.

Remark 3.6. Theorem[3.F establishes approrimation rates for piecewise constant functions. It should be
noted that the number of required layers is fized and only depends on the dimension d and the reqularity
parameter B; in particular, it does not depend on the approzimation accuracy e. We will see in Section[{]
that the given depth is optimal (up to the factor ¢’ -log,(2+ )) if one wants to achieve the approrimation
rate stated in the theorem.



A simple extension of Theorem[3.5] allows us to also approximate piecewise smooth functions optimally.
First, let us introduce a suitable class of piecewise smooth functions: For r € N, d € N>5, and 8, B > 0
we define ' := (df)/(2(d — 1)) and

ErpaB={f=XKx-9:9€Fpapand K cK,pa45}.

In terms of this new function class of piecewise smooth functions, we get the following result, which is
proven in the appendix as Corollary [A 11l

Corollary 3.7. Let r € N, d € N>y, and B, > 0. Then there exist constants ¢ = ¢(d,3,r,B) > 0,
s=s(d,B,r,B) €N, and ¢’ > 0, such that for all e € (0,1/2) and all f € &, 3,4, there is a neural network
®f with at most ¢’ -1logy(2 4 B) - (1 + B/d) layers, and at most c - e=24=D/8 pon-zero, (s,)-quantised
weights, such that

IRo(®]) — o < e

4 Optimality

In this section, we study two notions of optimality: First of all, we establish in the upcoming subsection
a lower bound on the number of weights that neural networks need to have in order to achieve a given
approximation accuracy for the class of horizon functions of regularity 8 > 0. These results are valid
for arbitrary activation functions p. In the second subsection, we study lower bounds on the number of
layers that a ReLU neural network needs to have in order to achieve a given approximation rate in terms
of the number of weights or neurons. Overall, we will see that the constructions from the previous section
achieve the optimal number of weights and have the optimal number of layers, both up to logarithmic
factors.

4.1 Optimality in terms of numbers of weights

In this subsection, we show that the approximation results from the preceding section are sharp. More
precisely, we show that in order to approximate functions from the class HF g 4, of horizon functions up
to an error of ¢ > 0 (w.r.t. the L? norm), one generally needs a network with at least Q(s~2(4=1/#) non-
zero weights, independent of the employed activation functions. This claim is still somewhat imprecise;
the precise statements are contained in the theorems below. Here, we mention the following four most
important points that should be observed:

e We have for all d € N>o, 7 € N, and 3, B > 0 that

1
HFsanp C{xx: K €Kpapt C 5 Enpas.

Thus all lower bounds established for horizon functions also hold for the function classes of piecewise
constant and piecewise smooth functions.

e The statement “one generally needs a network with at least Q(E’Q(d’l)/ ) non-zero weights” sup-
presses a log factor. Actually, we show that one needs a network with at least ¢-e~2(¢=1)/8 /log,(1/e)
non-zero weights, for a suitable constant ¢ = ¢(d, 8, B) > 0.

e In [48, Theorem 4], Yarotsky also derives lower bounds for approximating functions using ReLU
networks, by using known bounds for the VC dimension of such networks. The most obvious
difference of this result to ours is that Yarotsky considers L approximation of smooth functions,
while we consider L? approximation of piecewise smooth, possibly discontinuous functions. Apart
from these obvious differences, there are also more subtle ones:

Our lower bounds are more general than those in [48] in the sense that they hold for arbitrary
activation functions g : R — R, as long as 9(0) = 0, whereas the results of Yarotsky only apply for
piecewise linear activation functions with a finite number of “pieces”.

On the other hand, our results are less general than those in [48], since we impose (as in [6])
a restriction on the complexity of the weights of the network. Put briefly, we assume that each
weight of the networks ® that we consider can be encoded with at most [Cy -logy(1/<)] bits, where
¢ denotes the allowed approximation error, i.e., || f —R,(®)||2 < e. This assumption might appear
somewhat restrictive and artificial at first glance, but we believe it to be quite natural, for two
reasons:



1. The assumption is reasonable if one wants to understand the behavior of networks that are
used in practice. Here, the weights of the network have to be stored in the memory of a
computer and thus have to be of limited complexity. Note that our results, in particular,
apply for the usual floating point numbers, since these only use a fixed number of bits per
weight, independent of €.

2. As noted above, our results apply for general (arbitrary, but fixed) activation functions. In
this generality, it is impossible to derive nontrivial lower bounds without restricting the size
and complexity of the weights: Indeed, [34, Theorem 4] shows that there exists an activation
function g : R — R that is analytic, strictly increasing, and sigmoidal (i.e., lim,_, o o(x) =0
and lim, o0 o(z) = 1) such that for any d € N, any f € C([0,1]¢) and any € > 0 there
exists a neural network ® with two hidden layers of dimensions 3d and 6d + 3 such that
If = Ro(®)||re < e. Thus, if one uses this (incredibly complex) activation function g, then
one can approximate arbitrary continuous functions to an arbitrary precision, using a constant
number of layers, neurons and weights. From this, it is not too hard to see that a similar result
holds for functions in HF s 4,5, when the error is measured in L?. Our bounds show that the
weights used in such networks have to be incredibly complex and/or numerically large.

e There are two different settings in which one can derive lower bounds:

1. For optimality in a uniform setting, we are given € > 0 and want to find the smallest M, € N

such that for every f € HFpg.qp there is a neural network ®. ; with at most M. non-zero
weights (and such that each weight can be encoded with at most [Cy-log,(1/c)] bits) satisfying
[f = Ro(Pep)llz2 <e.
Put differently, for each sufficiently small € > 0, there is some “hard to approximate” function
fe € HF 3,4, such that f. cannot be approximated up to error € with a network using less
than M. non-zero weights. In Theorem B2, we will show M, > C - e=24=1/8 [log, (1/) for
some C' = C(d, 3, B,Cy) > 0.

2. In the setting of instance optimality, we consider for each f € HF 34 p the minimal number
M.(f) of non-zero weights (of limited complexity, as above) that a neural network needs to
have in order to approximate this specific function f up to an L? error of at most . Note
Me =supseyr, , , Me(f)-

Of course, for some f, it can be the case that M.(f) grows much slower than g—2d-1)/8,
for example if the boundary surfaces of f are much smoother than C?. Indeed, if e.g. f €
HF+10,d,8, then Lemma B4 shows M. (f) < £=2(d=1)/(B+10) o o=2(d=1)/8B,

Now, note that our lower bounds from the preceding point yield for each € € (0, 1/2) a function
fe with M.(f.) > C-e=2@=D/8 [log,(1/c) > 77, for fixed but arbitrary v < 2(d—1)/8 =: v*.
Nevertheless, since the choice of the function f. might depend heavily on the choice of ¢,
this does not rule out the possibility that we could have M.(f) € O(e~7) as € | 0 for all
f € HFp 4,5 and some v < v*. But as we will see in Theorem I3 and in Corollary [£4] there
is a single function f € HFg.qa,p such that M.(f) ¢ O(e~7) for all v < ~*.

This shows that the exponent v* = 2(d— 1)/ from Theorem [3.H is the best possible, not only
in a uniform sense, but even for a single (judiciously chosen) function f € HFg 4 5.

After this overview of our optimality results, we state the precise theorems; for the sake of clarity, we
deferred the proofs to Appendix [Bl The first order of business is to make precise the assumption that
“the weights of a network can be encoded with K bits”.

Definition 4.1. A coding scheme for real numbers is a sequence B = (By)een of maps By : {0,1}° — R.

We say that the coding scheme is consistent if “each number that can be represented with ¢ bits can
also be represented with £ 4+ 1 bits“, i.e., if Range(B,) C Range(By+1) for all £ € N.

Given a (not necessarily consistent) coding scheme for real numbers B = (By)ien, and integers
M,K € N, we denote by ./\/'./\/'l]@yKyd the class of all neural networks ® with d-dimensional input and
one-dimensional output, with at most M non-zero weights and such that the value of each nonzero weight
of ® is contained in Range(Bk). In words, /\/'N%,K,d is the class of all neural networks with at most
M non-zero weights, each of which can be encoded with K bits, using the coding scheme B. If the coding
scheme is implied by the context, we simply write NN pr a4 instead of ./V'./V'@J(d.

Now, given a fixed activation function ¢ : R — R and a fixed coding scheme of real numbers B, it
makes sense to ask for a given function f € L%([~1/2,1/2]?) how quickly the minimal error || f — R, (®)|| 2
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(with ® € NNp1 k.4) decays, as M, K — co. More precisely, given a fixed Cy > 0, we are interested in
the behavior of

M.(f) = MP @ (f) := inf {M EN: 30 € NNF [oton, (7)1 IIf = Ro(®)|z2 < 5} ;o (41)

as € | 0. In words, M. (f) describes the minimal number of non-zero weights that a neural network (with
activation function g and with weights that can be encoded with [Cy - log,(Y/e)] bits using the coding
scheme B) needs to have in order to approximate f up to an L2-error of at most . Of course, for a
badly chosen activation function (e.g., for ¢ = 0), it might happen that the set over which the infimum
is taken in Equation ([@J]) is empty; in this case, M(f) := oo.

The quantity M.(f) describes how well a single function f can be approximated. In contrast, for
optimality in a uniform setting, we are given a whole function class C C L*([~1/2,1/2]?), and we are
interested in the behavior of

M.(C) := MP2(C) := sup MP20(f)
fec

as € | 0. Note that M.(C) < M if and only if every function f € C can be approximated with a neural
network @ . € /\/‘/\/‘%1 [Co-log, (1/<)],a UP to an L? error of e.

The following theorem establishes a lower bound on M.(HF3,4,5). This lower bound shows that the
size of the networks that are constructed in Theorem B35 and Corollary [B.7is optimal, up to a logarithmic
factor in 1/e.

Theorem 4.2. Let d € N>y and 3,B,Cy > 0. Then there ezist constants C = C(d, 8, B,Cy) > 0 and
g0 = eo(d, B8, B) > 0, such that for each encoding scheme of real numbers B and any activation function

0: R — R with o(0) =0, we have
MEeCOUFg45)>C - s2<d1>/f’/ logy(1/e)  for all e € (0, ).

The preceding theorem establishes a lower bound in the uniform setting that was discussed at the
beginning of this section. In general, given such a lower bound for the uniform error, it is not clear that
there is also a specific single function f € HF 5 4.5 for which M.(f) > e~2(4=1/8 (up to log factors). As
the following theorem—our main optimality result—shows, this turns out to be true.

Theorem 4.3. Let d € N>o, and 8,B,Cy > 0. Let ¢ : R — R be arbitrary with 0(0) =0, and let B be a
consistent encoding scheme of real numbers. Then there is some f € HF a5 (potentially depending on
0,d,B, 3, B,Cy) and a null-sequence (ex)ken in (0,1/2) satisfying

e e 2a-1/8
M ,0,0C0 >
) 2 g ) oz, oz (1/e0))

Although it is a trivial consequence of Theorem 4.3 we note the following corollary which shows that
the networks constructed in Theorem and Corollary B.7] are of (almost) optimal complexity, even if
one is only interested in approximating a single (judiciously chosen) horizon function f € HF 3 4 5.

for all k € N.

Corollary 4.4. The function f € HFg.qp from Theorem [{.3 satisfies M.(f) ¢ O(e™") as e | 0, for
every v < 2(d—1)/p.

Remark. Thus, the rate obtained in Theorem[Z 1 is (almost) optimal in the sense that there is one fized
(but unknown) horizon function f € HF 3.q,p such that as e | 0, one cannot achieve ||f —R,(®c)||r2 <€
with a network ®. that has only O(e~7) non-zero weights, for some v < 2(d—1)/8, at least if one insists
that the weights of ®. can be encoded with at most [Cy - logy(1/)] bits.

4.2 We have to go deeper: optimal number of layers

We now establish a lower bound on the number of layers L(®.) that a family of ReLU neural network
(®e)e>0 needs to have to achieve a given approximation rate for approximating smooth functions. In this
whole subsection, we again assume that the activation function g is the ReLU, i.e., o(x) = max{0,z} =
Ty
The following theorem is proven in the appendix as Theorem
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Theorem 4.5. Let Q C R? be nonempty, open, bounded, and connected. Furthermore, let f € C3(Q)
be nonlinear. Then there is a constant Cy > 0 satisfying

[f = Ro (@)l = Cp - (N (®) — 1)_L(‘b)‘(2+%) :
If = Ry (@), > Cy - (M (®) + d) @ (2+3)
for all 1 < p < oo and each ReLU neural network ® with input dimension d and output dimension 1.

Remark 4.6. The theorem (and also its proof) is inspired by [18, Theorem 6], where it is shown that
if f € C?([0, 1]d) is nonlinear and L € N is fived, and if || f — R, (q))||L°°([O,1]d) < e with e € (0,1) for

a neural network ® with L (®) = L > 2, then min {M (®), N (®)} > c¢- e~V CE=) with ¢ = ¢ (f,L).
Note that Yarotsky uses a slightly different definition of neural networks, but the given formulation of his
result is already adapted to our definition of neural networks.

The main difference is that Yarotsky considers approzimation in L°°, while we consider approximation
in LP for 1 < p < oo, where it is harder to reduce the d-dimensional case to the one-dimensional case,
as seen in the proof of Proposition [C.3.

Furthermore, there is a difference in the sharpness of the results: As we saw in Section[3, to approzi-
mate a function f € Fg a,p of reqularity CP up to error € in the LP norm, one can take a neural network
® with O (e=%#) non-zero weights and a given fired depth L < c’logy(2 + B)(1 + 4/8) for an absolute
constant ¢’ > 0. In this sense, up to a logarithmic multiplicative factor, our constructed networks have
an optimal depth.

In contrast, the networks ® constructed in [{8, Theorem 1] to approzimate a given function f € F 41
up to error € in the L* norm with O (E’d/" -log, (1/5)) non-zero weights and neurons have a depth of
O (logy (1<), i.e., the depth grows with increasing accuracy of the approximation.

Finally, note that it is necessary to assume a certain reqularity of f to get the result, since there are
nonlinear functions (like the ReLU o) which can be approzimated arbitrarily well using ReLU networks
with a fixed number of weights, neurons and layers.

The following corollary states the connection between the number of weights or neurons and the
number of layers more directly. It is proven in the appendix as Corollary [C.7l

Corollary 4.7. Let Q C R? be nonempty, open, bounded, and connected. Furthermore, let f € C3 ()
be nonlinear. If there are constants C,0 > 0, a null-sequence (ex),cy of positive numbers, and a sequence
(Pr)pen of ReLU neural networks satisfying

[f=Ro(®i)|lp <C-er  and [M(P) <C- e or N (@) <C- 5,;9}
for all k € N and some 1 < p < 0o, then

P 1
2p+1 6

liminf L (®g) >
k—o00

Remark 4.8. The corollary demonstrates that a specific approximation rate in terms of numbers of
neurons or weights cannot be achieved if the depth of the network is too small. In fact, suppose we are
given f € E. 5.4, where r €N, d € N>y, B, B > 0 and such that f is non-linear and C* when restricted
to an open, connected set A C [—1/2,1/2]%, and let (ex)ren be a null-sequence of positive numbers. Then
we conclude by Corollary [37 that there is a sequence of neural networks @y such that

_ 2(d-1)

[f— Ro(®k)ll2 <er and M(Py) <C-g 7

for all k € N. Consequently, Corollary [{.7 applied to f restricted to A demonstrates that there is a
lower bound on the number of layers of the constructed networks given—up to a multiplicative factor—by
B/(2(d—1)). We observe that the neural networks constructed in Corollary[3.7 have the optimal numbers
of layers, up to a multiplicative factor which is logarithmic in (.

A Approximation of piecewise smooth functions

In this section, we prove all results stated in Section [3] as well as a couple of auxiliary lemmas.
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A.1 Approximation of the Heaviside function

As a first step towards approximating horizon functions, it is necessary to recreate a sharp jump. To this
end, we show that the Heaviside function can be approximately created with a network of fixed size.

Lemma A.1. Let d € N>o and H := X[g,0c)xra-1. For every € > 0 there exists a neural network ol
with two layers, and five (non-zero) weights which only take values in {¢72,1,—1}, such that

1~ RQ((I)f)HLQ([f%’%]d) <e.

Moreover, |H(z) — Ro(®H)(2)] < o<z <c2(2) for all x = (z1,...,24) € RY. Finally, 0 < R,(®H) < 1.

€

P7“00f. Let @f = ((Al,bl), (Ag,bg)) with

L 572 0o 0 ... 2%xd L 0 2
Al = ( 5_2 00 ... > eR , b1 = _1 eR s
A2 = ( 1 -1 ) €R1X2, bQ ZZOERl.

Then

R, (@) (z) = Q(%) - Q(% - 1) for . = (z1,...,24) € R,

From this, we directly compute
R,(®X)(z) = 0 for 1 <0, R, (®H)(z) = % for 0 < a1 <%, and R (®H)(z) =1 for €2 > a1.

We conclude that indeed |H(z) — Ry(®H)(x)] < Xo<z,<c2(z) and 0 < Ry(®H) < 1, and therefore

HH—RQ(®£)|‘%2([_%7%](1) < / ldz = £2. |
[0,e2]x [~

1 l]d—l
272

A.2 Approximation of smooth functions

The second cornerstone of our approximation results is the approximation of smooth functions. The
argument proceeds as follows: We start by demonstrating the possibility of approximating a multiplica-
tion operator (Lemma [A2]) with a ReLU network. With such an operator in place, one can construct
networks realizing approximate monomials (Lemma [A.3)). From there on it is quite clear that for a given
function f one is also able to approximate Taylor polynomials at various root points (Lemma [A.4]). In
combination with an approximate partition of unity (Lemmas and [AZf]), one can thus approximate
C# functions (Theorem [A_F]).

We start by constructing the approximate multiplication operator. Already in [48, Proposition 3], it
was shown that RelLU networks can compute an approximate multiplication map with error at most e,
using logy(1/¢) layers and nodes. In particular, the number of layers of the network grows indefinitely
as € | 0. The following lemma offers a compromise between the number of layers and the growth of the
number of weights, thereby allowing a construction with a fixed number of layers.

Lemma A.2. Let 0 > 0 be arbitrary. Then, for every L € N with L > 1/6 and each M > 1, there are
constants ¢ = ¢(L,M,0) € N, s = s(M) € N, and an absolute constant ¢’ € N with the following property:

For each e € (0,1/2), there is a neural network X with at most - L layers, and with at most c-e~% non-
zero, (s,¢€)-quantised weights, and such that X satisfies the following properties, for all x,y € [—M, M]:

o We have |zy — Rg(;)(%y” <e.
e We have Ry(X)(x,y) =0 if -y = 0.
Proof. Our proof is heavily based on that of [48, Propositions 2 and 3]. As in that paper, let
2 if 1
g: 00,1 = [0,1], 2 {0 Nk
2(1*:0), lfSCZ 2

and for t € N, let g; :== go---0g be the t-fold composition of g. In the proof of [48, Proposition 2], it
—

t times
was shown that

NN

(2) 2t (x— %), ifxe 3, EH] ke{0,1,...,207 -1},
xr) =
9t —2t . (z—2), ifze[E2 2] kefl,...,2071},
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so that each function g; is continuous and piecewise affine-linear with 2! “pieces”. From this, it is not
hard to see that

gie(z) =2"- g(x)+2t2112.9<$_> 22 g< €—1>

k=1

Therefore, for each ¢t € N, there is a neural network ®; with one-dimensional input and output, with two
layers, and 1 + (2871 4 2871) + 1 < 4. 2% neurons and at most 2 - 2071 4 2. 2071 4 201 4 9f=1 < 4. 2t
non-zero weights, such that g; = R,(®;). Furthermore, all weights of ®; can be chosen to be elements of
[—2tF1 2t M 27tZ C [-2m Tt 2m T N 27™7 for 1 <t < m. Setting go := id, it is easy to see that the
same remains true for ¢ = 0, cf. Lemma

Next, set so := 1+ [logy, M| € N and define My := 2%, so that 2M < M, < 4M. Furthermore,
choose m := 3¢ + [logy(1/e)/2] € N, and set N := [m/L] € N. Now, for each 1 < t < m, we can
write t = kN + r for certain k € Ng and r € {0,...,N —1}. Note k = (t —r)/N < t/N <m/N < L,
and observe g; = gy o -+ 0 gy 0gy, SO that we get g, = RQ(<I)((Jt)), where <I)((Jt) =N O OOy O, is a

—_— —_——

k times k times

neural network with 2(k 4+ 1) < 2(L + 1) < 5- L layers. Therefore, with the networks CIDI{})\ from Remark
24 the network ®(*) := (I)11(,15L72(k+1) ©) @ét) satisfies R,(®®) = g;, and &) has precisely 5L layers, and
at most 2872 (k-4-2V +4.2N 1.2.5. 1) < ¢; -2V nonzero weights, all of which lie in [-2m+1 2m+1|n2=m7,
Here, ¢; = ¢1(L) > 0 is a suitable constant, and we used that k¥ < L and that each network ®; with
0 <t < N <m has at most 4-2¢ < 42" nonzero weights which all lie in [-2m+1 2m+1] N 2-m7Z,

We now use the functions g; to construct an approximation to the square function. Precisely, in the
proof of [48] Proposition 2], it is shown that

fm 10,1 = [0,1],2 — = — %
t=1

satisfies [|(z — 22) — fimllLe < 27272™. Now, set W := P(®]%,, P(®@W), P(..., P(®m=1 o(m)  ))),

and Py = ((Asum,0)) with Agm = (1,-272,-2722 . —272m) ¢ R>(m+D  Then, the neural

network ®g := Pgupy © ¥ satisfies R,(Pg) = fm, and ®¢ has 5L + 1 < 6L layers, and not more than

2(m - co- 2N +10L) 4+ 2(m + 1) < co - m - 2V nonzero weights, which all lie in [-2m+1 2m+1] N 2-2m7,
Here, c2 = co(L) > 0.

As in the proof of [48| Proposition 3], we now use the polarization identity z-y = 3 ((z+y)? — 2% — y?)

and the approximation f,, of the square function to obtain an approximate multlphcatlon. Precisely,

define 2
h: [=Mo, Mo]? — R, (2,y) = TO . [fm <|z]\1;0y|) Fn < || > IS ( |y|0)] .

Because of |z| = o(x) + o(—z), and given our implementation of fi, = Ro(®Po), it is easy to see that
h = R,(x) for a neural network x with at most 10- L layers, and at most c3-m-2" nonzero weights, all of
which are in [—22m+2s0 92m+2s0] M 2=2m=507 for some constant c3 = c3(L) € N. Next, since f,,,(0) = 0,
we easily get Ry (X)(z,y) = h(z,y) =0if z-y =0 and 2,y € [-M, M] C [~ My, Mo).

Finally, for x,y € [-M, M], we have |z + y| < |z| + |y| < 2M < M, and hence

r oy
ol — Y
|h(x,y) — xy| ‘( y) — MOA% A

e (5) () (3] 4 ) () ()]

(polarization) =

L ME |z + y| lz +y]\” || || ly| lyl\°
<S‘“C”—”§7(fm< M )( M > * fm(%)(ﬁo) fm(—o> (M)
2
S M702 . (27272’!71 _"_272727’?7, +27272m) S (%) S 5.

Here, the last step used that by choice of m, we have 2™ > 2% . 2l082(Y/)/2 > Ny . ¢=1/2 Thus, all
that remains to prove is that x has the required number of layers and non-zero weights, and that these
weights are (s,¢)-quantised for some s = s(M) € N.
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To this end, first recall from above that X has at most 10 - L layers. Next, we saw above that all
weights of X lie in [—227+2s0 22m+2s0) N 2=2m=507, where m = s + [logy(1/<)/2] < 1+ 50+ Y/2logy (1/e).
Because of 0 < £ < 1/2, this implies 22mF2%0 < 22+4sotlogz(V/e) — 924450 . o=1 < =5 for 5 := 3 + 4s.
Note that indeed s = s(M) € N, since sg = sg(M). Next, we observe log,(1/e) > 1, which implies
2m + 5o < 350 + 2 +logy(1/e) < (450 + 3) -logy(1/c) < s[logy(1/e)], and hence 2-2m =507 c 2-sM082(1/2)17,

Finally, we note that the number M (x) of non-zero weights of the network x satisfies

M(X) < es-m-2V = ¢y <50+ {%D om/L]

<deg - (14 o) - logy(1/e) - 2™/ < 8eg - (1 + 50)2% - logy (1 /e) - 21082(1/2)/(2L)
=8¢z - (14 80)2°° - logy(1/e) - e~ /L) < CL,M,0 - e ?.

Here, the last step used that sy = so(M) and that 1/(2L) < L™ < 6, so that log,(1/c) - e~ /(21) <
Cr. -7, for a suitable constant Cr, g > 0 and all & € (0,1/2). O

We will be especially interested in the following consequence of Lemma[A.2] which demonstrates that
monomials can be (approximately) reproduced by neural networks with a fixed number of layers.

Lemma A.3. Let n,d,f € N be arbitrary. Then, there is an absolute constant ¢’ € N and there are
constants s = s(n) € N, e =c(d,n,f) €N, and L = L(d,n,£) € N such that L < ¢’ - (14 [logyn])-(1+4/d)
with the following property:

For each ¢ € (0,1/2) and o € N& with |a| < n, there is a neural network ®% with d-dimensional input
and one-dimensional output, with at most L layers, and with at most ¢ - e~%* non-zero, (s,€)-quantised
weights, and such that ®% satisfies

d
[Ro(®X)(z) — 2% <e forallx € [%, %] . (A1)
Proof. Let d € N be fixed, and let ¢/ € N and s = s(2) € N denote the absolute constants from Lemma
[A2] for the choice M = 2. We prove the claim by induction over n € N.

For n = 1, we either have a = 0, so that z* =1 = R,(®2)(z) for a 1-layer network ®2 that has only
one non-zero weight, or there exists j € {1,...,d} such that z® = z; for all z in [—1/2,1/2]?. But also in
this case, there is a one-layer, one-weight network ®2 with ®%(x) = z; = 2 for all z € R%, so that the
claim holds.

Now, let us assume that the claim holds for all 1 < n < k, for some k& € N>5. We want to show that the
claim also holds for n = k. First, in case of |a| < k, it is easy to see that the claim follows from the one for
the case n = |a| < k. Therefore, we can assume |a| = k. Now, pick al!), a(?) € N¢ with |a(?)| = 2[logz k]-1
such that o) 4+ a(? = a. Note that indeed 2M1982%1-1 ¢ N with 2M1°e2*1-1 < k = |a|, so that such a
choice of oM, a(?) is possible. Next, observe o] < |a®| < k, and log, |a®| = [logy k] — 1.

Thus, by applying the inductive claim with n = |a(?|, we conclude that there are s; = s1(k) € N,
1 =ci(dk,0) € Ny and Ly < /(14 [logy k] — 1)(1 + ¢/a) such that for all € € (0,1/2) there exist two
neural networks ®1, ®2 satisfying

Ry(®Y) (@) — 2| <= and  [Ry(d%)(x) — 2| <

d
11
% forallxe{—§,§}

S Mm

and ®!, ®2 both have at most L layers, and at most c; -e~%* non-zero, (s1,¢/6)-quantised weights. Note
by Remark that the weights of ®! and ®2 are also (s, €)-quantised for a suitable sy = sa(k) € N.
Next, by possibly replacing ®¢ by (lef)\t © P with (I)Ilc,i/\t as in Remark 4] and for \; = Lo — L(®L),
we can assume that both ®!, ®2 have exactly Lo layers. Note in view of Remark and because of
Lo = Lo(d, k, £) that this will not change the quantisation of the weights, and that the number of weights
of ® is still bounded by ¢} - e~%/* for a suitable ¢} = ¢} (d, k, ¢). For simplicity, we will write c; instead
of ¢} in what follows.

Now, let x be the network of Lemma [A2] with accuracy 6 := /6 and with M = 2, and 6 = d4/¢. Note
1/o = £/a, so that we can choose L = 1+ |¢/d] in Lemma Thus, x can be chosen to have at most
co - €=U non-zero, (s,8)-quantised weights and ¢’ - (1 + |¢/a]) layers, with ¢/, s as chosen at the start of
the proof, and for a suitable constant co = ca(d, £). Again by Remark we have that the weights of
X are also (s3,¢)-quantised for a suitable s3 = s3(k) € N.

We now define

P 1= x © P(®], 9?).
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By construction, ¢ has not more than

c - <1+ {SJ)+L0§c’+c’-§+c’~ﬂog2k]-<1+§) §0’~(1+ﬂog2k])<1+§>

many layers, as desired. Next, we estimate by the triangle inequality

o(®2)(x) — 27

< Rp (%) (Ro(®2)(2), Rp(®2) () — Ro(®2)(2) R, (P2)(2)] + [Ro(2)(2) R, (92) () — 2]
a® a® o

< -+ [Ry(@ (@) = Ro(@2)(2)2* " | + [Rg(®)(2)2* " — 2°

R

. Ha
< < IR (@) (@)

where the last three steps are justified since x € [~1/2,1/2]% and |R,(®)(z)| < 14 ¢/6 < 2 for £ € {1,2}.
Finally, it is easy to see from Remark that there exist cs = c3(d, k,¢) > 0 and s4 = s4(k) € N such
that ®2 has not more than cs - e~/ non-zero, (s4,€)-quantised weights. This concludes the proof. [

A consequence of the ability to reproduce monomials is that we can construct networks that can
reproduce polynomials up to a given degree. Moreover, this can be achieved with a fixed and controlled
number of layers.

Lemma A.4. Let dym € N, let B,3 > 0, let {co.o : £ = 1,...,m,a € Nd,|a| < B} C [-B,B] be a
sequence of coefficients, and let (z¢)7%, C [—1/2,1/2]% be a sequence of base points.

Then, there exist constants ¢ = ¢(d,3,B) >0, ¢ € N, s =3s(d,8,B) € N, and L = L(d, 8) € N with
L <c-(1+[logy(148)])- (1+8/a), such that for all € € (0,Y/2) there is a neural network ®L with at most
c- (e8P + m) many non-zero, (s,e)-quantised weights, at most L layers, and with an m-dimensional
output such that

d

[Ro(®2)]e(x) — Z Clo - (T — :I:g)o“ <e fordll=1,....mandzx€ [—% ;] . (A.2)
la]<B

Proof. Write 8 = n + o, with n € Ng and o € (0,1], let {coo: £ =1,...,m,a € N, |a| < B} C [-B, B]

and (x¢)72, be as in the statement of this lemma, and let ¢ € (0,1/2). By the d-dimensional binomial

theorem (cf. [19, Chapter 8, Exercise 2]), we have

(x — ) = Z <a> (—x¢)* 2" for all z € R? and o € N¢.

vl
Note that |a| < B is equivalent to |a| < n. Thus we have for all x € RY that

S coale — 20" = 2%2() = 3 w”Z%()—xe)M

jal<n lal<n  v<a <n | laj<n
a>y

=:Cy,
It is easy to see that there is a constant C' = C(d, 8, B) > 1 such that for all £ € {1,...,m} and v € Nd

with |y| < n, we have |é,| < C. Furthermore, we just saw that

Z Cla(x — ) = Z éoya?  for all x € RY.

la|<n lv|<n

Since € € (0, 1/2), so that e=* > 2° for s € N, there clearly exists some s; = s1(d, 8, B) € N (indep. of
g) such that there are ¢p ., . € [—e™5,e7*1] N 275M08:(Y)17 wwith &, — & < 1 for all v € N¢ with
|7] <nand all 1 < £ <m, and such that

Z Con Y — Z Comy o) % for all z € [—1/2,1/2]" .

[v]<n [v[<n

Write {y € N¢ : |y| < n} = {71,...,y~} with distinct 7;, for some N = N(d,n) = N(d,3) € N.
With this choice, we define for £ € {1,...,m} the network ®%¢ := ((4%%,b*)) where

AYE = (G oy s Cone) ERN D and - bf =0 € RL

16



An application of Lemma [A3] (with £ = n+ 1 € N and with n + 1 € N instead of n) shows for
arbitrary 0 € (0,1/2) and v € N& with |y| < n + 1 that there exists a network ®] with d-dimensional
input and one-dimensional output, at most ¢;6~% (1 non-zero, (sq, §)-quantised weights and at most
L, layers, where ¢; = c¢1(d,n) = ¢1(d, 8) > 0, s2 = s2(n) = s2(f) € N, and Ly = L1(d,n) = L1(d,8) € N
are constants such that Ly < ¢ - (1 + [logy(n+1)]) - (1 + (»+1)/d) for an absolute constant ¢’ € N, and

Ro(®))(z) — 27| <& forall x € [—1/2, /9%
We now choose § := ¢/(4CN) and define
P2 = P(@L, P(9%F,..., P(®@™ 1, 0™9)))  and L= P(®J, P(D),..., P(V 7, 07V))).

Finally, we set
PP = D2 O DL

By construction, we have that (A2]) holds. Moreover, the weights were chosen quantised (see also
Remark and note § > ¢/Cy for a constant Co = Ca(d, 8, B) > 0), and the number of weights of ¢
satisfies M (®%) < mN, while the number of weights of ®?—up to a multiplicative constant depending
on n = n(f), d and B—is bounded by =% (n+1) < ¢=d/8,

Additionally, since ®2 has one layer and ®° has at most L; < ¢ - (1 + [logy(n + 1)]) - (1 + (»+1)/a)
layers, we conclude that ®P has at most (1 4+ ¢’) - (1 + [logy(n +1)]) - (1 4+ (n+1)/a) layers. Clearly, since
1 <n+1<pB+1 there is an absolute constant ¢’ € N such that

(14+¢) - (1+ [logy(n +1)]) - (1 + (nf—;l)) <" (14 [logy(B+1)]) - (1 + g) .

This completes the proof. O

The next step of our construction is to demonstrate how to construct a network that (approximately)
performs a restriction of an input to an interval.

Lemma A.5. Letd € N and B > 1, and let —1/2 < a; < b; < 2 fori=1,...,d, and let € € (0,1/2)
be arbitrary. Then there exist constants ¢ = c¢(d) > 0, s = s(d, B) € N, and a neural network A, with at
most four layers, and at most ¢ non-zero, (s,¢e)-quantised weights such that for each neural network ®
with one-dimensional output layer and d-dimensional input layer, and with [|[Ry(®)|| oo ((—1/5,1/20) < B,
and all 0 < p < 2, we have

[Ro(Ac)(® Ro(®)(®)) = X172 0y ] - Re(®)llLo-1,110) e

Proof. We set & := 2llog2(e/(2BV2D)] < 2 /(2Bv/2d). Because of ¢ € (0,1/2), there exists a constant
51 = s1(d, B) € N such that there are d;,b; € [—e~*,e~%1] N 271 M8:(1/9)17 with |a; — a;] < &2 and
b; —b;i| < & foralli=1,...,d.

We first construct for each ¢ € {1,...,d} the following map ¢;, which is clearly the realization of a two
layer neural network with at most 12 non-zero, (s2, €)-quantised weights, for some sy = s3(d, B) € N:

T —a; T —a; — &2 .T—Bi-i-&:Q $—l~)i 11
ti(z) =0 = T = )T = +o = forz € 53|

A simple computation yields that if b; — @; > 22 then

0 for z € R\ [a;, b,
2= for x € [a;,a; + &2,
ti(z) = 1 for z € [a; + &%, b; — 2],

1— # for @ € [b; — £2,b;).

We continue defining the function n. : R? x R — R which will be the realization of A.. Let By :=
2Mogz BT If b, — @; > 2¢2 holds for all i = 1,...,d then we define

ne(w,y) == Bo - 0 <iti(xi) +0 (Bio) = d) —By-o <iti(xi) +o (%) = d) .

i=1 i=1

Otherwise (i.e., if b; —a; < 282 for some i € {1,...,d}), we set n. = 0. In both cases, it is easy to see that
ne is the realization of a four layer neural network A, with at most ¢ = ¢(d) non-zero, (s3,€)-quantised
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weights, for some s3 = s3(d, B) € N. Further, in both cases, the following holds for all y € [-B, B] C
d i~ ~2 7 ~2 . d d [~ 7

[—Bo, Bo): If © € T[;_;[a; +€°,b; — €°] then n.(y) = y, and if x € R*\ [[;_,[a;, bs], then n.(y) = 0.

Moreover, Hle [, I;i]\Hle[di +&2,b; —£2] has Lebesgue measure bounded by 2dé? < £2/(2B)2. Finally,

it is not hard to see (using the monotonicity of o(z) = z4) that —B < —p(y) < n.(z,y) < o(y) < B for

arbitrary y € [~ B, B]. Therefore, for any measurable f : [~1/2,1/2]? — [~ B, B], we have

[[ne(e, f(®)) — XTT9 lai,bi] fllzz <[ne(e, f(o)) — XTT9 [@abi] - Fllze
+ HXH?:l[&i,Ei] f = X1, [as,bi] fllze.

By the previous considerations, and since |f| < B, we can estimate

2 2
o £ = Xpe_ i oo < () B <

DN ™

Since 2d&? < £2/(2B)?, and since |@; — a;] < &2 and |b; — by < &2 for all i € {1,...,d}, we also have

e \? €
XTI @b X1 b  fllz2 < ((23)2) Psy

In combination these estimates imply the result (for the case p = 2), by choosing f = R,(®). Since
[—1/2,1/2]¢ (with the Lebesgue measure) is a probability space, the claim for 0 < p < 2 follows from
Jensen’s inequality. [l

For technical reasons we require the following refinement of Lemma

Lemma A.6. Letd,m,s € N, and ¢ € (0,1/2), and let ® be a neural network with m-dimensional output
and d-dimensional input, with (s,e)-quantised weights, and such that |[[Rqo(®)]e|lpee((=1/2,1/514) < B for
some B>1land all{=1,...,m. Let =1/2<a;, <b;y<Y2fori=1,...,d and {=1,...,m.

Then, there exist constants ¢ = c¢(d) > 0, so = so(d,B) € N, and a neural network V. with d-
dimensional input layer and 1-dimensional output layer, with at most 6 + L(®) layers, and at most
¢ (m+ L(®) + M(®)) non-zero, (max{s, so},s/m)-quantised weights, such that

<e.

1317

=1

Rg(‘l’s) - ZXHEZ [@i,e,bie] [RQ(<I>)]4
{=1 L2([—

N

Proof. For each ¢ € {1,...,m} let A’ be the neural network provided by Lemma applied with
a; = a; ¢, b; = b; ¢ and ¢/m instead of €. There exists ¢y = co(d), so = so(d, B) such that Aﬁ has at most
¢p nonzero, (Sp,¢/m)-quantised weights and four layers. Let Py € R(d+1Dx(d+m) he the matrix associated
(via the standard basis) to the linear map R? x R™ > (x,y) — (z,3¢) € R? x R, and let &, := ((F,,0))
be the associated 1-layer network. Clearly, ®, has d 4+ 1 nonzero, (1, ¢)-quantised weights.

Next, let L := L(®), and set d = P(CIDEI‘}L,Q)), where CIDEI‘}L is as in Remark [Z4] so that @EIC}L has
L = L(®) layers and 2d - L(®) nonzero, (1,¢)-quantised weights, and Rg(tl)iﬁL) = Idga. We conclude that

® has L(®) layers, and at most M(®) + 2dL(®) nonzero, (s, ¢)-quantised weights.
Additionally, we define ®54™ = ((AS*™ ™)) where

A= (1,1, 1) € RY™) and 0™ = 0.

Os"™ hag exactly m non-zero, (1, )-quantised weights and one layer.
Finally, define

U, =" O P(AL @ @, P(..., PN © @y, AT O B,n))) @ B
By Remark 2.6 we have that U, has 1+ 5+ L(®) layers and at most
dlm+m-2(d+1+co) + M(®) +2dL(P)) < c- (m + L(®) + M(®))

nonzero, (max{sg, s},¢/m) weights for a constant ¢ = ¢(d) > 0.
We observe that .
Ry(We)(x) = D Ro(AL) (2, [Ry(®)(@)]e)  for z € RY
=1
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and hence by the triangle inequality

Ro(¥e) — Z XTI [as,e,bie] Re(®)]e

= L3([~$,414)
() £
< 3 | Ralhe) (0 [Ro@)) X112 Re@e] €S =
R (3319 m
<m i<m
where the step marked with (*) holds by choice of the neural networks A’, see Lemma O

Our next larger goal is to show that neural networks can well approximate smooth functions with
respect to the L? norm, in such a way that the number of layers does not grow with the approximation
accuracy, only with the smoothness of the function. A central ingredient for the proof is the local
approximation of smooth functions via their Taylor polynomials. Precisely, we need the following result,
which is probably folklore:

Lemma A.7. Let 8 € (0,00), and write 8 = n+ o with n € Ng and o € (0,1], and let d € N. Then
there is a constant C = C(B,d) > 0 with the following property:

For each f € Fp a5 and arbitrary xo € (—1/2,1/2)¢, there is a polynomial p(z) = > lal<n CalT — T0)"
with co € [-C - B,C - B] for all a € N¢ with |a| < n such that

|f(z) —p(x)| < C- B |z —x0|° Jor all x € [~1/2,1/2)*.
In fact, p = py 2, is the Taylor polynomial of f of degree n.

Proof. In case of n = 0, the claim is trivial: If we set p(z) := f(z0), then |f(zo)| < ||f|lco.s < B, and

|f(x) = p()| = [f(2) = f(zo)l < | fllgos - l& — 20" < B+ |z — o],

as desired. Therefore, we can from now on assume n € N.

In the following, we use a slightly different multi-index notation, to be compatible with the notation
in [33]: We write d :={1,...,d}, and for I = (i1,...,im) € d™ with m € N, we write drf := 0y, --- 0, f
and y! =y ... y*m for y € R?. Using this notation, the Taylor polynomial of f of degree n — 1 at zq is
given by

pole) = Fla) + 3" - 3 (0uf)(ao) -z — 20)".

m=1 """ Jedm

Taylor’s theorem with integral remainder (see [33, Theorem C.15]) shows for z € (—1/2,1/2)¢ that

f(z) —po(z)

1 1 ! n—1
- (n—1)! .Iezdn(x_%) /0 (1 —=1)""0r f(wo + t(x — x0))dt
- (n_l 1)! Z (x — zO)I/O (1*t)n713[f(:co)dt

Ied™

+> (v - xo)l/ (=" 01 f(wo+t(x — x0)) — Or f (xo)]dt

Iedn 0
= i, > Orf(wo) - (- w)! + % > (- zo)f/ (1= )"0, f(zo + t(x — x0)) — Orf (wo)]dt
nt (n—1)! e 0
=: q(z) + R(x).

But p := po + ¢ is the Taylor polynomial of f of degree n at zp, and p(z) = Zla\<n colx — x0)® for
certain ¢, € R, which are easily seen to satisfy -

|ca|§ Z |81f(z0)|§d‘a|B§dnB
Iedl®l with a=i1+++i|q
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Finally, since 901 f is o Holder continuous with Lip, (07 f) < || fllco.s < B for I € d", we get

[f(x) = p(a)| = [R(z)| < . > @ —=0)'] /0 (1=)""'B - [t(x — z0)| dt

— 1)
(n—1)! Pt
n

d
S—'|x—$0|"-B-|x—$0|”§C-B-|$—x0|ﬂ
n!

for a suitable constant C = C(d,n) = C(d,3). By continuity, this estimate holds for all z € [~1/2,1/2]¢,
not just for z € (—1/2,1/2)<. O

Now, we can finally prove our main result about the L2-approximation of smooth functions using
ReLU networks.

Theorem A.8. For anyd € N, and 8, B > 0, there exist constants ¢ = ¢(d, 3, B) >0, s = s(d, 3, B) € N,
d >0, and L = L(B,d) € N with L < - (14 [logys(1+ B)]) - (1 4 8/a), such that for any function
f € Fsap and any ¢ € (0,1/2), there is a neural network ®{ with at most L layers, and at most c-e~d/B
non-zero, (s,€)-quantised weights such that for all p € (0,2],

IR (®L) = fllLo(=1/2,1/2)) < €.

Proof. As in the proof of Lemma [A.5] it suffices to consider the case p = 2, thanks to Jensen’s inequality.
Also, we only need to consider the case B = 1, since the general case follows by reweighting. Let 8 = n+o
with n € Ny and o € (0,1]. Further, let N € N be arbitrary, and set for A € {1,..., N}¢

d
N — 1 1 N\ 1
“-H{ NN 2

i=1

As a result, we have (with disjointness up to null-sets) that

. d
11 e .
U n-= [ } . and Iy ¢ By (2) € BY (x), for all z € I, (A.3)

"33

2|

Choose for all A € {1,...,N}? a point x) in the interior of Iy, and set cy o := 0% f(z))/a! for a € Ng
with |a] < n. Note |cy o < B. Then we take <I>§/4 as in Lemma [A.4] with accuracy /4 and m = N?, and
with By := max{1,2/°%2 B1} instead of B. By Lemma [A4] (1)5/4 has at most Ly = L1(d, 8) layers, with
Ly <c - (14 [logy(146)])- (1+5/a), and at most ¢;(e~%# + N¢) non-zero, (s, e)-quantised weights (see
also Remark [ZT0), for certain s = s(d, 8, B) € N, ¢; = ¢1(d, 8, B) > 0, and an absolute constant ¢’ € N.
We compute

= xwR@)h] £ sw 1f(@) — [Re(@F, (@)

d
Ae{l,...,N}d Ae{l,..,N}
€{1,...,.N} [,o0 zely

By construction of ®° 4> We conclude that

0% f(x €
s [f@) - Ro@l @) < s |f@) - 2 PG apel i S
)‘6{11--1-7N}d A6{17"1'1]\[}‘1 \a|§n o
xely xely

Now, note for y € R that max{y, —Bo} = o(y + Bo) — Bo and min{y, By} = By — 0(Bo — y). Therefore,
we can slightly modify the neural network <I>§ /4 to obtain a network \IIS /4 with essentiallyﬁ the same
complexity as <I>§/4 and such that [R, (V7 ,)]x = min{Bo, max{—DBy, [R,(®7 ,)]x}} forall A € {1,.. ., N}
Since we have —By < —B < f < B < By, it is not hard to see that (A4) remains valid also for \115/4. In
the following, we will thus simply write ®? 14 for P /4

Using Lemma [A7] and Equation ([(A:3) we obtain an absolute constant C = C(d, 3) > 0 such that

9% f(x) d\"’
sup flx) — —— 2 (z—x)) <CB(=]| .
)\6{1,“[_7]\[}:1 lo;n al N
xely -

*Precisely, the constants ¢/, c1, s can be slightly enlarged in such a way that \115/4 satisfies the same complexity estimates

as ®P
&

/4
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Now, choose

N = [(@)_%—‘ ,  so that sup |f(z) — [Rg(¢§/4)]>\(z)| < g

Ae{l,...,N}¢
xEly

By the triangle inequality, we see that we are done if there is a network W, with quantised weights, at
most L < ¢’ (1+ [log,(143)])- (1+5/d) layers for an absolute constant ¢/, and at most ¢-e~%# non-zero
weights satisfying [[Ro(We) = > 3 cq1,. nya X1a [RQ((I)?/4)])‘HL2 < ¢/2, which we verify by applying Lemma
A0

Indeed, if we apply that lemma, with ¢/2 instead of e, with & = @5/4 and m = N9, and with the

intervals Iy, A € {1,..., N}%, then we get a neural network W. which satisfies the desired estimate.
Furthermore, ¥, has 6 + L(CIDSM) <6+4+Li <c”-(1+[logy(148)]) - (1 +8/a) layers, for an absolute
constant ¢’/ > 0. Moreover, ¥, has at most
- (NT+ L(®L),) + M(®P ) < c- (N4 Ly + M(®2),)) < eo- (N +e1(e7¥P + N7))
non-zero, (max{s, so},&/(2N%))-quantised weights, with constants ¢ = ¢(d) > 0, ca = ¢2(d, 3, B) > 0,
and sg = so(d, B) € N. By choice of N, this shows that ¥, has the correct number of nonzero weights.

Finally, we have £/(2N%) > ¢35 - e'*%/8 for c5 = c3(d, 5, B) so that Remark shows that the
weights of U, are quantised as stated in the theorem. |

A.3 Approximation of horizon functions

We proceed to construct networks that yield good approximations of horizon functions. The underlying
idea is relatively straightforward: We have already seen in Lemma [A 1] that networks yield approximate
realizations of Heaviside functions. Since a horizon function is simply a smoothly transformed Heaviside
function, we only need to realize the smooth transformation with a network. This is possible with
Theorem [A-8 The following lemma makes these arguments rigorous.

Lemma A.9. For any >0, d € N>3, and B > 0 there exists an absolute constant ¢’ > 0, and constants
c=c(d,B)>0,s=s(d,5,B) €N, and L = L(d, ) such that L < ’-(1+[logy(145)])-(1+8/d) and such
that for every function f € HF g qp and every € € (0,1/2) there is a neural network <I>£ with at most L
layers, and at most c-e~2(1=V/5 non-zero, (s, e)-quantised weights, such that |R,(®1) — fllL2((=1/2,1/2)4) <
g. Moreover, 0 < R,(®{)(x) <1 for all x € [~1/2,1/2]%.

Proof. Since multiplying A; in the definition of a neural network ® = ((A1,b1),...,(AL,br)) by a
permutation matrix does not change the number of layers or weights, or the possible values of the non-zero
weights, we can certainly restrict ourselves to horizon functions f € HF g q,p for which the permutation
matrix T from Definition is the identity matrix. Choose v € Fg q—1,p such that f = H o7, where
H = X|0,00)xre-1 1s the Heaviside function, and where

F(x) = (1 +y(x2, ...y 2d), T2y .. xq), for x = (x1,...,24) € [—1/2, 1/2]d.

Theorem [A.8] (applied with p = 1, with d — 1 instead of d and with £2/16 instead of ¢) yields a uniform
constant ¢ > 0, and a network ®Y with at most L = L(d, 8) < ¢ - (14 [logy (14 5)]) - (14 8/a) layers and
at most ¢ - ¢~ 24=1/8 non-zero weights (where ¢ = ¢(d, 8, B) € N) such that . := R,(®?) approximates
v with an L'-error of less than £2/16. We also recall (by invoking Remark 2I0) that it is possible to
construct this network with (s, e)-quantised weights, for some s = s(d, 3, B) € N.

Clearly, one can construct a network ®7 of the same complexity (number of non-zero weights, layers,
quantization and size of the weights) up to absolute multiplicative constants which satisfies R, (®2)(z) =
(1 + Yo (w2, ..., 2q), 22, ..., 24) for all z € RY.

As a second step, we invoke Lemma [A1] to obtain a neural network @5 with two layers and five
weights such that |H(z) — Ro(®4) ()] < Xo<ay<er2/16(®) and 0 < Ry(@H)(z) < 1 for all z € RY. We
choose ¢’ € 27N 5o that ¢/2 < & < e. With this choice, Lemma [A.T] shows that all weights of @g are
elements of [—e=%, 74 N Z.

Remark [2.6] shows that there is an absolute constant ¢’ > 0 and certain constants ¢ = ¢(d, 3, B) € N
and L = L(d, 8) < ¢’ - (1 + [log,(14 8)]) - (1 4 8/4) such that ®H © ®7 is a neural network with at most
L layers, and not more than ¢- e=2(@=1/8 non-zero weights, all of which are elements of [—5‘5/,5_5/] N
2-5'[log2(1/2)] for o suitable s’ = s'(d, 3, B) € N. Furthermore, we have 0 < R,(® ® ®7) < 1, since
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0 < R,(®) < 1. Thus, to complete the proof, it remains to show that R,(®X ©®7) indeed approximates
f = H o# with an L?-error of at most €.
To this end, we estimate

[H 05 = Ry(@F © ®7)||12 = |[H 07 — Ro(®F) 0 Ry(@1)]| 2

< [[Hod — HoRy(@7)]|12 + [ H o Ry(®7) — Ry() 0 Ry(@7)]| 2 =: [+ 1L
We continue with the term I. Here we use the shorthand notation xs,~¢ for the indicator function
of the set {z € [~1/2,1/2]¢ : 1(z) > 0} and variations thereof. Moreover, we denote by R,(®7); the

first coordinate of the R%valued function R,(®7). Recall from our choice of ®) that R,(®));(z) =
o1 + Yo (w2,. .., 1q) for all x € [~1/2,1/2]%. Having set the notation, we estimate

L= |Hod- HoRy(@]lE = [

2 IX5:>0(2) — XRQ(qﬁ)lzo(z)Fdz

N

= /[éé]d1 /; X%ZO,RQ@;_’)KO(M’ cexg) + X%<0,RQ(<I>Z)120(351’ ooy xg)dry d(xa, .. 2q).
Now, we observe for fixed (z2,...,24) € [~1/2,1/2]%7! the following equivalence:
X%ZO,RQ(@)KO(QU) =1 a1 +v(x2,...,24) > 0 and 21 +y:(22,...,24) <0
<~ x1 € [—y(z2,...,2q), —Ve(T2,...,24q)).

This implies
3
/ ) X’yle,R,_,(<I>§)1<0(z1’ ooy xg)dry < max{0,y(xa,...,xq) — Ve(x2, ..., 24)}
-3

. 1
By the same reasoning, f_/12/2 X%<0,RQ(<I>Z)120($1’ conxg)dry < max{0,ve (22, ..., xq)—Y(x2,...,24)}. In
total, we get because of max{0,z} + max{0, —z} = |z| that

1
2 2 - .
I /[_%,%]d1/_%X’?1ZO,RQ(‘I>3)1<O(1'1,...,Zl'd)JFX%<O,RQ(¢3)120(SC1,...,xd)dzl d(xa,...,xq)
S/ o max{0, (22, wa) e (@2, - wa) A max{0, e (22, xa) =y (@2, s wa) (@2, - )
[-23147!
52
= I = el < 75

and hence I < ¢/4.
We proceed with the term II and recall that |H (z) =Ry (@) (2)] < Xo<ar <(e1)2/16(2) < X0<ar <=2/16(2)
for all z € R%. Therefore,

P =0 Ry(@]) ~Ry@l) o Ryl < [

B e? g?
/[_%,%]dl/_ X0<r 4 (m zd)<i2dz1d(z2,...,zd)S/[_%,%]d1 1—6d(z2,...,zd): 6

1
2
In conclusion, we obtain

|H o5 —Ry(@F @ 8Dl <T+11< S+ <= O

A.4 Approximation of piecewise constant functions

Since for K € K, 3,4, we have that xx is locally a horizon function, it is straightforward to use Lemma
to construct neural networks approximately realizing such functions.

Theorem A.10. Let r € N, d € N>o and 3,B > 0 be arbitrary. Then there is an absolute constant
¢ > 0 and there are constants ¢ = ¢(d,3,r,B) > 0, s = s(d,B,r,B) € N, and L = L(3,d) € N with
L < (14 [logy(1+B)])- (14 8/d) and such that for all € € (0,1/2) and arbitrary K € K, g4, there
exists a neural network ®X with at most L layers and at most ¢ - e=2@=D/B non-zero, (s,e)-quantised
weights such that

IRo(®L) = Xkl p2—1,10) < e

272
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Proof. For A = (A\1,...,\q) € {1,...,2"}4, define
1 1
L= ] [(,\i —1)27 = S A2 - =

, 2’ 2
i€{1,...,d}

We have by construction (with disjointness up to null sets) that

d
11 ‘
U &= [5, 5] and I, C BUe™ (2) for all z € I,
Aefl,...,27}d

As a consequence of the definition of K, g 4,5, we conclude that xr, xx = xr, fn for a suitable horizon
function fy € HF .45 and arbitrary A € {1,...,2"}%.
Now, for each A € {1,...,2"}%, Lemma [A.9 yields a neural network ®2 such that

d
[Ro(®2) — frllzz < % and such that 0 < R,(®2)(z) <1 for z € [—%, %] )
By Lemma [A.9] and Remark 210 there exists ¢; = ¢1(d,3,B,r) > 0,¢ > 0, s; = s1(d,8,B,r) € N,
and Ly = Ly(d,3) < ¢ - (14 [logy(1 + B)]) - (1 + B/d), such that ®2 has at most L; layers and at most
c1 - 24=1/8 non-zero, (s1,¢e)-quantised weights.

Next, by possibly replacing ®} by ®{!; © ®2 with ®%; as in Remark 24 and for Ly = Ly — L(®2),
we can assume that each network ®2 has exactly L; layers. Note in view of Remark and because of
Ly = L1(d, B) that this will not change the quantisation of the weights, and that the number of weights
of ® is still bounded by ¢} - e~2(4=1/8 for a suitable constant ¢} = ¢} (d, 8, B,r). For simplicity, we will
write ¢; instead of ¢} in what follows.

Now, write {1,...,2"}% = {\1,..., Agra}, and set

O = P(®N, P(..., P(®.7" 1, 027) . ).

Note that ® has L; layers, and at most 27¢ - ¢; - e=2(4=1/8 < ¢y . ¢=2(d=1/B nongzero, (s1,¢)-quantised
weights, for a suitable constant co = ¢2(d, 8, B, ).

Finally, an application of Lemma with m = 2"% and B = 1, with ¢/2 instead of ¢, and with the
intervals I, £ € {1,...,2"%} yields a network ¥ satisfying

IRo(®) = xicllez < |[Ro(®) = D X, [Re@®)e||  + || D xn, - (Ro(®)]e = fr,)

L2
2rd

g
< S IRA@) o lln <
=1

Here, we used that yx = Zé:l,...,?'i XIn, XK = Zé:l,...,?'i X1y, [, with equality almost everywhere,
and that [Ry(®)], = R,(®2¢), by construction of ®.

To complete the proof, it remains to verify that ®X := W has the required complexity. But Lemma
[A6lshows that ¥ has at most 6 + L(®) = 6+ Ly layers, which is easily seen to satisfy the required bound.
Furthermore, the same lemma also shows that the weights of ¥ are (max{so, s1},&/2!7"¢)-quantised, for
a constant sg = so(d) € N, so that Remark .10 shows that ¥ has (s, £)-quantised weights, for a suitable
constant sy = s2(d, 8, B,r) € N. Finally, the lemma also shows

M(W) <c- (2" + Ly + M(®)) < ¢z - e 2@ 1/7,
for suitable constants ¢ = ¢(d) > 0 and ¢3 = ¢3(d, 8, B,r) > 0, as desired. O

Theorem [A 10 yields an approximation result by neural networks of functions that are piecewise con-
stant. However, a simple extension allows us to also approximate piecewise smooth functions optimally.

Corollary A.11. Let r € N, d € N>q, and B, > 0. Then there exist constants ¢ = c(d, 5,r, B) > 0,
s=s(d,8,B,r) €N, ¢ >0, and L = L(d,8) € N with L < ¢ - (1 + [logy(1+ B)]) - (1 + 8/a), such that
for all e € (0,1/2) and all f € &.p.a,p there exists a neural network ® with at most L layers, and at
most ¢ - e 2@=1/8 non-zero, (s, €)-quantised weights, such that

HRQ(@g) - fHLZ([—%,%]d) <e.
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Proof. Let € € (0,1/2) and f = xx - g with g € Fg/ 4.5 and K € K, 34,8, where we recall 5’ = d8/2(a-1),
so that d/g" = 2(d-1)/g. Note because of d > 2 that 4/2 < d — 1 < d, and hence 8’ < 3, so that
1+8/a<1+8/dand 1+ [logy(1+ )] <1+ [logy(1+ 3)]. We start by constructing the following three
networks:

Theorem [A10 yields certain constants ¢; = ¢1(d, 3,7,B) > 0, ¢ > 0, s1 = s1(d, 3,7, B) € N, and
Ly = Ly(B,d) < - (1 + [logy(1+ B)]) - (1 + B/d), and a network ®X with no more than L; layers and
at most ¢; - e~ 2(4=1/8 non-zero, (s1,¢)-quantised weights, such that 0 < R,(®X) < 1 and

&
[Ro(®E) — xxkllr2 < 35

Likewise, since 3 = 8'(3,d) < 3 (see the beginning of the proof), Theorem [A§ yields ca = co(d, 8, B),
s2 = s2(d,8,B) €N, ¢” >0, and Ly = Ly(3,d) with

Ly <" (1+ [logy(1+ 8)]) - (1 +8/a) <" (1+ [logy(1+ B)]) - (1 + #/a),
and a network ®¢ with no more than Ly layers and at most ¢y - e = ¢y - e72(4=1D/F non-zero,

(s2,€)-quantised weights, such that
€
Ro(@2) ~ gl < <.

Set By := 2Mogzmax{LB} " and note |g| < B < By. Precisely as in the proof of Theorem (after
Equation ([AZ4)), we see that by adding an additional layer (with a constant number of quantised weights)
to @7, we can (and will) assume —By < R,(®]) < Bo.

Finally, Lemma [A2 (applied with 6 = 2(d-1)/s > d/, with L := [26/d] instead of L, and with
M = By), combined with Remark yields constants c3 = c3(d, 8, B), ¢’ > 0, s3 = s3(B), and
Ls = Ls(B,d) < c”’Lgo) < 2¢"(1+logy (1 + B8))(1 + 8/a), and a network x with at most L3 layers and at
most ¢g - e7? = ¢3 - e720d=1)/8 non-zero, (ss, €)-quantised weights such that

[y = Rp(X)(@,9)| < 5 for all 2,y € [~Bo, B

As usual, we can assume L(®X) = L(®¢) = max{Ls, L3}, by possibly switching to (IDIf}Al ® ®K and
to @4 © ®¢ for Ay = max{Ly, L3} — L(®X) and Xy = max{Ls, L3} — L(®¢). This might necessitate
changing the constants ¢”, "’ and ca, c3, but these constants stay of the required form.

Now, we set ®/ := x ® P(®X ®9). By Remark 6 ®/ has at most max{Ly, Ly} + L3 layers and
cq-e~2d=1/B non-zero, (max{sy, 2, 53}, €)-quantised weights, for a suitable ¢, = c4(d, 5,7, B) > 0. Since
B’ < B (see the beginning of the proof) independent of d, there exists an absolute constant ¢ > 0 such
that

max{ Ly, Lo} + L3 < " - (1 + [logy(1+ B)]) - (1 + B/a).

Finally, we show that ®/ satisfies the claimed error bound. To this end, we estimate

IRo(®1) = fllzz = [Ro (%) (Ro(@L), Ro(®F)) — £ 12

Ro () (Ro(®L), Ro(P2)) = Ro(®L) - Ro(®) || 12 + [Ro(DL5) - Ro(PE) — f| 2
% +[Ro(®F) - [Ro(®F) — glllz2 + llg - Re(@F) — xxc]l2-

IN

IN

We continue by recalling 0 < R,(®X) <1, so that

3

IR (D55) - [Ry(®2) = glll 12 < R () = g1z < 3. (A.5)
Moreover, since g € Fgr 4,8, s0 that ||g|lsup < B, we also have
€
lg - Ro(@F) = xxclllzz < B+ [Ro(®2) = xellr2 < 3.
Combining all estimates above yields ||R,(®f) — f||z2 < ¢, as desired. O

B Lower bounds for the approximation of horizon functions

In this section, we give the proofs of Theorem 2] which establishes a lower bound for approximation
uniformly over the class of horizon functions, and of Theorem [£.3] which establishes a similar lower
bound for the approximation of a single judiciously chosen horizon function f.

Since the proof of the lower bound for the uniform setting is simpler but contains most of the crucial
ideas, we begin with this setting. The improvement to a lower bound for the approximation of a single
function is then obtained by a suitable application of the Baire category theorem.
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B.1 Lower bounds for the uniform setting

The general idea is as follows: In Lemma [B.4] we show that if we denote by
NN?/},QK,CI ={Ry(®) : € NNBM,K,d}

the set of all realizations (with activation function g) of networks in NN BM7 k.4 then each function
fed®ec NN  can be encoded with £ := C - M - (K + [log, M) bits, for a universal constant
C = C(d) € N, ie., there is an injective map I' : N/\/‘fde — {0,1}*, with suitable left inverse
0 :{0,1} — NNf/de. Thus, if to a given € > 0, there is for each f € HF 345 a neural network
(S NN%yKyd with ||f — Ro(®yc)||z2 < €, then the encoder-decoder pair (E*, D*) defined by

E': HFgap — {0,1}, T (R,(Dr.)),
D1 {0,1} = L? ([=2, /2] %), ¢ ©(c)
achieves distortion €, i.e., it satisfies

sup  ||f = DUE (M)l < e
fEH]:B,d,B

From this, we obtain the desired lower bound by showing that each encoder-decoder pair (E¢, DY)
for HF .45 which achieves distortion e necessarily has to satisfy ¢ > e=2(d=1/8,

Of course, this last statement is highly nontrivial; it is essentially a lower bound on the description
complezity of the class HF g,q4,5. As we will see, this description complexity—which is expressed using
encoder-decoder pairs—is closely related to the asymptotic behavior of the so-called entropy numbers of
the class HFg,4,B-

Deriving a lower bound for these entropy numbers from first principles would be quite difficult. But
luckily, we can use a trick to transfer known results from [13] about the entropy numbers of the class
C9%B([~1/2,1/2]71) to bounds on the entropy numbers of the class of horizon functions. This trick for
transferring the entropy bounds from C%#([—1/2,1/2]971) to the class of horizon functions is explained
by the following lemma.

Lemma B.1. For d € Nxo, and an arbitrary Borel measurable function v : [—1/2,1/2]9=1 — R, define

d
11
_:| H{Oal}v (1‘1;1‘27"'7xd)’_>H(1‘1 +'Y(:C2,...,Z'd),SCQ,...,Z'd),

HF’Y : |:§, 9

where H = X[o,00)xré-1 denotes the Heaviside function. Then, we have for arbitrary p € (0,00) and
arbitrary measurable 1,7y : [~1/2,1/2]971 — [=1/2,1/2] the identity

1
||HFW _HFw”LP([ 19 = H’y_szl([_%’%]d—l)‘

11
272

If i,y : [=1/2,1/2]""F — R are measurable, we still have ||HFy—HF || 1o ((—1/2,1/5a) < |\7—1/1H2/fz[_1/271/2}d,1).

Proof. For x = (x1,...,74) € R% we write  := (12,...,74). Then, we have the following equivalence:
HF,(z) =1<= 21 +7(2) > 0.
Thus, [HF., — HF| is {0, 1}-valued with

HE, (2

— HF,
<~ [x1+7(2) >0

)
(A
<~ 1 € [—’Y

, —(2)) or @y € [=1)(E), —(2)).

)
But since we have [—v(Z), —¢(&))N[—¢(Z), —v(&)) C [-7(&), —v(£)) = @, and since 7, ¥ only take values
in [—1/2,1/2], so that [—v(&),—
Lebesgue measure p for each

u{z1 € [=VY2,Y/2] : HF,(z1,%) — HF (21, %)| = 1})

~

= w([=v(2), =9(2))) + u([=¢(2), —(2))) (B.1)
= max{0,y(2) — P(2)} + max{0,(2) — (&)}
= [7(&) = ()]
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Since |HF., — HF | is {0, 1}-valued, this implies by Fubini’s theorem

1

/ IHF, (21, 2) — HF (21, 2)|? da di
d—1 —

1
2

e

331

L ({xl € [f%é] . [HF, (21, %) — HF (21, 2)| = 1}) di

3.3
/1wd|w@¢@n@|vawﬁéwg, (B.2)
7575 —1

as claimed.

If we have 1,7 : [~1/2,1/2]9"1 — R instead of v, : [~1/2,1/2]%"1 — [~1/2,1/2], then the equality
in (B)—and thus also the one in (B.2)—need to be replaced by “<”, but the remainder of the proof
remains valid. g

Our next goal (see Lemma [B.3)) is to show that an £-bit encoder-decoder pair (£, D) which achieves
distortion € over the class HF 3,45 needs to satisfy £ > ¢=2(4=1)/8_ Before we prove this, let us fix some
notation and terminology:

Definition B.2. Let Q C R? be measurable, and let C C L*(Q) be an arbitrary function class. For each
¢ € N, we denote by
¢ ={F:C—{0,1}"}

the set of binary encoders mapping elements of C to bit-strings of length ¢, and we let
D¢ :={D:{0,1}* - L*(Q)}

be the set of binary decoders mapping bit-strings of length £ to elements of L?((2).
An encoder-decoder pair (E*, D*) € &' x D" is said to achieve distortion ¢ > 0 over the function class

c, if

sup | D“(E*(f)) — fll2) <e.
fec

Finally, for ¢ > 0 the minimax code length L(e,C) is

L(e,C) := min {e €N : (B DY) € ¢ x D' : sup | DY(E(f)) — fllrz) < 5} :
fec

with the interpretation L(e,C) = oo if supec IDYEX(f)) = fllrz) > € for all (E*, D) € € x D* and
arbitrary £ € N.

Now that we have fixed the terminology, we derive a lower bound on the asymptotic behavior of the
minimax code length for the class HF g 4,5 of horizon functions, by using Lemma [BJ] to transfer results
about the behavior of the entropy numbers of C%#([0,1]97!) to the class HF g 4 5. We remark that this
result is essentially folklore; see for example [12] [TT] for related, but less detailed proofs; in fact, our
proof is based on those two papers.

Lemma B.3. Let d € N>, and 8,B > 0 be arbitrary. Then there are constants C = C (d,,B) > 0
and g9 = €o(d, 8, B) > 0, such that for each € € (0,¢9), the minimaz code length L (e, HF g,4,8) of the
class HF 3.a.B of horizon functions satisfies

_2(d—1)
B

L(E,/H]:gyd_,B) >(C-¢

Proof. Step 1: We prove that there are constants C; = C; (d, 3, B) > 0 and &1 = &;1(d, 3, B) > 0 such
that for each ¢ € (0,e1), there is some N > exp (01 -5_(‘1_1)/[3), and functions fi,..., fv € Fg,a-1,B
satisfying || f; — fel|;. > € for i # £.

To show this, we need some preparation: First, let us write 8 =n + o with n € Ny and o € (0,1]. It
is casy to see from Lemma [D.1] (by translating everything from [0,1]*"" to [~1/2,1/2]"") that there is a
constant Cy = C3 (d, B) > 0 such that each u € C™ ([—1/2,1/2]97!) satisfies

M%wé@(wmﬁﬂmmmWW) (B.3)

loe|=n
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Let C3 := B/ (14 2C5), and set

Fg_l (Cs5) := {u € Cm ([=1/2,1/2)%7Y) - [ullgyp < C3 and |Ian|i>7<l Lip, (9%u) < Cs} ;

as in [13]. Actually, in [13], the unit cube [0,1]% " is used instead of [—1/2,1/2] ", but it is easy to see
(by translation) that this makes no difference for what follows. Precisely, we want to use [I3, Theorem 3],
which ensures existence of a large number of functions f1,..., fx € ng1 (C3) with ||f; — fell ;2 > € for
i # L. To see that this indeed follows from [13, Theorem 3], we recall a few notions from [13], Page 1086]:
For a subset U C X of a metric space (X, d), we say that U is e-distinguishable if d (x,y) > ¢ for all
x,y € U with z # y. Next, for @ # A C X, we define M, (A) := max {|U| : U C A is e-distinguishable},
and we define the capacity of A adl C. (A) = In M. (A). Additionally, there is also the notion of the
(metric) entropy H. (A) of A, the precise definition of which is immaterial for us; the only property
of the entropy that we will need is that C. (4) > H. (A).

Finally, [I3, Theorem 3] shows that if we consider A = F gfl (C5) as a subset of the metric space
X = L' ([—1/2,1/2]*""), then the entropy of ngl(C’g) satisfies H. (ngl(C’g)) >0 e @=D/8 for ¢ €
(0,e1) and certain constants C; = Cy (d, 8,C3) = C1 (d, 8, B) > 0 and 1 = ¢1(d, 8,C3) = e1(d, 3, B) > 0.
Because of In M, (A) = C. (A) > H. (A), and by definition of M, (A4), this implies that there is some
N > exp (Cy - e=(@=Y/P) and certain functions fi,..., fy € ngl (C3) with || fi — fel| 2 > € for i # L.
To complete the proof of Step 1, we observe as a consequence of Equation (B3] that each f; € F 571(03)
satisfies f; € C™([~1/2,1/2)%" 1), with

Iilleos < Ca (Ifillup + s Liv, (0° 1)) < o262 < B
ie., fi € Fg,4-1,B.

Step 2: For simplicity, let By := min {!/2, B}. Furthermore, for x € [—1/2, 1/2]d, let us write z =
(z1,2), with 21 € [~Y2,1/2] and & € [~1/2,1/2]*"'. Finally, recall from Lemma [B] that to every
measurable function 7 : [~1/2,1/2]471 — R, we associate the function

HF., : [-1/2, /2] = {0,1}, (21, 2) — H (z1 + 7 (2), ).

Now, each v € Fp q_1,5, satisfies ||v||r~ < ||7]lco.s < Bo < 1/2, and thus 7 : [=1/2,1/2]971 — [~1/2,1/2].
Therefore, Lemma [B.1] shows

HHF’Y — HF¢||L2([_1/271/2]01) > ||’}/ — "/)”%1([,1/271/2101—1) for all v, ¢ € ‘Fﬁ,dfl,B[)' (B4)

Finally, we remark that directly from the definition, we have HF, € HFg 4B, C HFg,ap for all
Y € FB,d—1,B,-

Step 3: In this step, we actually prove the claim: Step 1 (applied with By = min {1/2, B} instead of
B and with 82 instead of ¢) yields constants C; = C; (d, 3, B) > 0 and g9 = ¢¢(d, 3, B) > 0, such that

for € € (0,&0), there is some N > exp (Cl . (852)7(6171)/[3) and f1,...,fN € Fg.a-1.B, C FB,d—1,8 With
|| fi = fell ;2 > 82 for i # £. With this constant C;, we will show

C _2(d—1)

L(E,H]:ﬂ,,LB) > W - € B, for all e € (O,EO),

which clearly implies the claim.
For the proof, let E* : HF 5.4.8 — {0, 1}e and D’ : {0, 1}2 — L% ([~1/2,1/2]*) be any encoder-decoder
pair which achieves distortion € € (0,¢¢) over the class HF 3 q,5. We need to show
& _ 2(d—1)
25 e 7
Assume towards a contradiction that this fails. Thus, [{0,1}°] = 2¢ < e < exp (01 : (852)_(d_1)/6).
By the pigeonhole principle, with f1,..., fx as above, this ensures existence of 7,j € {1,..., N} with

TWe remark that some authors use a logarithm with a different basis than the natural logarithm. For us this does not
matter, since we will obtain a bound C¢ (A) > C - e~ (d=1)/B 5o that a different choice of basis just leads to a different
constant C.

27



i # j, but with E* (HFy,) = E* (HFy,). But by Step 2 (Equation (B)), this entails

2v2e = V8e2 < \/|Ifi — fill 1 < ||HFy, — HF |,
< M, — D (B (F ) | o ][ D (2 (HE ) — D' (2 (HE L)) | ot | D (B (HFy,)) — HEy,
<e+4+04¢€=2¢,

a contradiction. Here, we used in the last step that E¢ (HFy,) = E* (HFf].), and that the pair (Ee, De)
achieves distortion ¢ over HFg 4.5 DO {HFy,,...,HF s, }. This contradiction completes the proof. (|

Now that we have a lower bound on the minimax code length of the class of horizon functions, the
next step of the program that was outlined at the beginning of this subsection is to show that if each
horizon function f € HFg,4,p can be approximated with error < € by a neural network of bounded
complexity, then this yields an encoder-decoder pair for the class HF 3 4,5 of a certain (small) bit-length
£. To main idea for showing this is to encode the approximating neural networks as bit-strings. Our next
lemma shows that this is possible.

Lemma B.4. Letd € N, and let B be an encoding scheme for real numbers. For M, K € N, let NN%K’d
be as in Definition[{.1] Let o : R — R with o(0) =0, and define

NN%,QK,CI = {Ry(®) : @ € NNBM,K,d}-

There is a universal constant C = C(d) € N, such that for arbitrary M, K € N, there is an injective
map Fi},gK,d :NN%,QK,CJ — {0, 1} OM K+ Tlogz M),

Proof. The proof is similar to that of [6l Theorem 2.7]. However, since we define networks slightly
differently in this work, we repeat the main points of the proof with some simplifications.

In Lemma [E.T] it is shown that for each f € NNi}?K,d, there is a neural network ®; € ./\/'./\/'ﬂfqd
satisfying f = R,(®y) and furthermore N(®s) < M(®s) +d+ 1.

Therefore, it suffices to show for

NN ={® e NNE 40 N(®) < M(®)+d+1}

and ¢ :=C - M - (K + [logy M) (with a suitable constant C' = C(d) € N) that there is an injective map
OF k : NNy x — {0,1}, since then the map Fl‘i}f’K : NN?},QK,d = {0,1}, f = OF; (D) is easily
seen to be injective.

To prove existence of 91‘@[1 x> we show that each ® € NN ¢ can be encoded (in a uniquely decodable
way) with ¢ bits. To show this, we first observe that each such ® satisfies for L := L(®) the estimates

™~
I
M=
"
M=
=
I

N(®)—d < M(®)+1 < M+1, and N(®) < M(®)+d+1 < M+d+1 < 3d-M =: T.

Next, in the notation of Definition 21, we can write ® = ((A1,b1),...,(AL,br)), so that it suffices
to encode (in a uniquely decodable way) the integer L € N, the matrices Aj,..., A and the vectors
b1,...,br, using a bit-string of length ¢. To show this, let B = (B, )nen-

Now, if A € R™*"2 with 1 < ny,ng < T and ||A o = m and with A4; ; € Bx({0,1}5) if 4;; # 0,
then one can store A by storing the values n1, no, the value 0 < m < T2, the position of each of the m
non-zero entries of A, and the bit-string of length K that is associated to each non-zero weight (by B).
Since one can always zero-pad the obtained bit-string to a larger length, and since we have

log, (T) = logy(3d) + log, (M) < C1 + [logy M ]

and log, (1 4+ T?) < logy(2T?) = 1+ 2logy(T) < 1+2C; + 2[log, M1 for a suitable C; = C;(d) € N, this
can be done with

[logy T'7 + [logy T + logy (1% + 1)1 +m - ([logy T + [log, T + K)
<2C) + 2[logy M| 4+ 1+ 2C + 2[logy M| + m (K + 2C1 + 2[logy, M)
<1+44C; +4floga M| +2(1 +C4) - m - (K + [logy M)

< Cy +4flogg M|+ C2 - m - (K + [logy M)

bits, for a suitable constant Cy = Cy(d) € N.
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Likewise, but easier, if b € R™ with 1 < n < T, with ||b||,0 = m and with b; € B ({0,1}%) if b; # 0,
then one can store b by storing the values 1 < n < 7T and 0 < m < n < T, and the position of each
non-zero entry, as well as the bit-string of length K associated to each non-zero entry (by Bg). Because
of log, (T + 1) <log,(2T) < 1+ logy(T), this can be done with

[log, T'] + [logo (T + 1)] +m - (K + [logy T']) < 14 2C) + 2[logy M| +m - (K + Cy + [log, M)
< Cy +4flogy M+ Co - m - (K + [logy M)

bits, after possibly enlarging the constant Cy = Cs2(d) € N from above.

Note that when decoding a given bit string, the values M, K,d—and thus also of T—are known.
Overall, our encoding scheme for encoding networks ® € NN}, x now works as follows:

Step 1: We store the number 1 < L < M + 1 in a bit-string of length [log, (M + 1)].

Step 2: We encode each A, using a bit string of length Cy 4 4[logy M|+ Cy - || Aelleo - (K + [logy M)
and each by using a bit string of length Co + 4[logy M| + Cs - ||belleo - (K + [logy M]). As seen above,
this can indeed be done in such a way that one can uniquely reconstruct Ay,..., Ay and by,...,br from
these bit-strings, once one knows M, K, d (which are given) and L, which is given by the bit string from
Step 1.

Overall, this encodes the network ® = ((A41,b1),...,(AL,br)) in a uniquely decodable way using a
bit-string of length

L

[logs (M + 1)] +2- ) (Ca +4[logy M) + Ca - (K + [logy M1) > (| Aclleo + [|belleo)
=1 1

<1+ [logy M]+2L-(Cy + 4[logy M) + Co - M - (K + [log, M)

< K + [logo M|+ 4max{4,Co} - M - (1 + [logy M]) + Co - M -

< (14 Cy +4max{4,Cs}) - M - (K + [logy M1).

~

QET

+ [logy MT)

Here, we used that L < M 4+ 1 < 2M and that M, K > 1. With C := 1+ C3 + 4 max{4, Cy}, we have
thus proved the claim. O

Now, since we have a lower bound on the minimax code-length of the class of horizon functions and
since we know how to encode neural networks of limited complexity, we can now prove our optimality
result in the uniform setting, by making precise the arguments that we sketched at the beginning of the
present subsection.

Proof of Theorem [{.2 We will use the notation NN fj, K4 from Definition ETland the notation NN Be d
from Lemma [B4l Recall from that lemma that there is an absolute constant Cy = C1(d) € N, such that
for arbitrary M, K € N; there is an injective map

r :NNi},QK,d N {0, 1}Cl-M~(K+[log2 M‘\).

Furthermore, Lemma [B.3] yields constants Co = Ca(d, 3, B) > 0 and 1/2 > ¢ = &¢(d, 8, B) > 0 such that
the minimax code length of HF g 4 p satisfies L(e, HF g 4.8) > Ca - e=2d=1/8 for all € € (0,&0). Define

C:min{l,C’g/ |:201' <2+2§d+00>}}>0,

fix some € € (0,¢¢), and define

1 1
Ky = ’VCO - log, (E)-‘ and M, := \‘C . 572(d71)/ﬁ/10g2 (E)J .

To prove the theorem, it suffices to show that there is f. € HF g 4,5 such that for every ® € NN%KO’d
(for arbitrary M € N) with || f. — Ro(®)||r2 < ¢, it already follows that M > M.

Assume towards a contradiction that this fails; thus, for every f € HF g q 5, thereis & € NN%KO’d
with || f — Ry(®y)[|z2 < e, but such that M < My. In particular, @5 € NNF, . o C NN5, 1, s0
that Ry(®f) € NNVHE 1 4.

Let

IRES Cl . MO . (KO + |—10g2 MO—I);
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and recall from above (or from Lemmal[B.4]) that there is an injection I" : NNi}fﬁKo’d — {0, 1}*. Therefore,

there is a left inverse A : {0, 1} — NN 1%5, Ko.q for T'. Using these, we can now define an encoder-decoder
pair for HF 3 4 B, as follows:

B HFpan — {01}, T (Ro(®y),

¢ d

D {0, 1} = L2 ([= Y2, /21%) e = [A (O] 1o 1o

With this definition, we have
DYE(f)) = [ATRo(P)N (= 1/220¢ = Ro(® ) [=1/2,1/2105
and thus || f — DY(E*(f))|lz2 < € for all f € HFp4p. By definition of the minimax code length
L(e, HF3,4,B), this implies
0> L(e, HFp.a,) > Cy - e 2=1/0, (B.5)

In the remainder of the proof, we use elementary estimates to derive a contradiction to the preceding

estimate for £. First, recall ¢ < /2, so that logy(1/c) > 1, and hence My < C - e~ 2(d=1/8 < ¢=2(d=1)/5

which implies log, My < 2(dﬂ_1) -logy(Ye) < %d -logy(Y/e). Therefore, we get

1 2d 1 2d 1
Ko+ [logy Mo| <1+ Co - log, (E) + {E -log, (g)-‘ < (2 + Co + E) -log, (E) ;

where the last step used again that log,(1/c) > 1. All in all, recalling the definition of My and of C, we
see

2d 1
£=C1- M- (Ko+ [logy Mo]) < C1 - Mo - <2 + 5 + Co> -log, (g) < % e HA=D/B

which yields the desired contradiction, once we recall Equation (B.5]). O

B.2 Lower bounds for the setting of instance optimality

In the previous section, we showed (up to log factors) that MBeCo(HFys 4p) = e~ 24-D/8. Here,
the quantity M = MB-2C(HFs 4 5) is the minimal M € N such that every f € HFp.ap can be
approximated up to an L2-error of at most ¢ using a neural network with M non-zero weights (and such
that all weights can be encoded with at most [Cy - logy(1/<)] bits, using the encoding scheme B).

In this section, we want to show that a similar lower bound holds if one is interested in approxima-
tion of a single (judiciously chosen) function f € HF 34,5, not just if one is interested in a uniform
approximation over the whole class of horizon functions.

The proof idea is somewhat similar to the one that was used for the lower bounds in the uniform
setting: We first obtain a lower bound regarding encoder-decoder pairs which achieve a small L'-error
over the class Fg 4—1,B, and then we use the map v — HF, to transfer the result to the class of horizon
functions.

Thus, our first step is the following lemma which uses Baire’s category theorem to “upgrade” the
lower bound regarding encoder-decoder pairs with uniform error control to a lower bound concerning
encoder-decoder pairs with non-uniform error control. This is done for the class Fg 4—1,5-

Lemma B.5. Let d € N and 8,B > 0 be arbitrary, and write 8 = n+ o with n € Ny and o € (0,1].
Define
X :={uec C"([-Y2,1/2]%) : |lul|cos < B < 0o}.

Let ¢ : N — (0,00) be arbitrary with limy_,o £3/¢ - ¢(£) = 0. Finally, let I C N be infinite, and for each
¢el, let B*: X — {0,1}¢ and D*: {0,1}* — L'([~1/2,1/2]%) be arbitrary maps.
Then there is some u € X, such that the sequence (|[u — D*(E*(u))||r: / ¢(€))eer is unbounded.

Proof. We assume towards a contradiction that the claim is false. This means

Vue X : (lu— DY(E (w))| 11 / o(0)) is a bounded sequence. (B.6)

el

In the following, we consider the Banach space
C¥P([=1/2,%/2]") = {u € C([=1/2,1/2]") : |lulloss < 00},

i.e., all balls Bs(u) or Bs(u) for u € C%#, and all closures M for M C C%” are to be understood with

respect to the || - ||co.s norm.
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We divide the proof into three steps.
Step 1: For N € N, let us set

Gy={ueX :Vlel:|u-D"E" W) <N ¢} .
In this step, we show that there is some N € N and certain § > 0 and ug € X with
Bs(ug) C G- (B.7)

To see this, first note that Equation (B.G]) simply says X = J Nen GN. But X is a closed subspace
of the Banach space C%([—1/2,1/2]%), and thus a complete metric space. Therefore, the Baire category
theorem (see e.g. [19, Theorem 5.9]) shows that at least one of the G has nonempty interior (with
respect to X). In other words, Baire’s theorem ensures existence of some N € N and of dp € (0,1) and
vg € X such that

XN Bgo (’Uo) C G—N,

where the ball Bs, (vg) and the closure Gy are both formed with respect to the norm || - ||co.s.
Now, set ug := (1 — do/(1 4+ B)) - vp and note

luollcos = (1 =60/(1+ B)) - [lvollcor < (1 =60/(1+ B))- B < B,

as well as ||ug — vol|go.s = 1i—UB lvollco.s < do. These two properties easily imply that there is some
§ > 0 with Bs(ug) C X N Bs,(vg). Because of X N Bs,(vg) C Gy, this establishes Equation (B.7).

Step 2: For brevity, set
Y = B;(0) = {u € C¥([=1/2,1/2)%) : |Jul|cos <6} = Fpas,

where the notation Fg 45 is as in Equation B.I)). Our goal in this step is for each £ € I C N to construct
modified maps D’ : {0,1}* — L'([~1/2,1/2]¢) and E¢:Y — {0,1}* which satisfy

|u — DYE )| < N-¢(6)  foralluey andall £ € I. (B.8)

To this end, define .
D! :{0,1} — LY([~1/2,1/2]%), ¢ — D'(c) — uo.
Now, since {0, 1}* is finite, there is for each u € Y a certain (not necessarily unique) coefficient sequence
cu € {0,1} with
— D¢ » — i — D¢ .
K (cu)llz2 o K (@)1

With this choice of ¢,, we deﬁne_f’e Y — {0,1}¢,u — ¢,. To prove Equation (B.8) recall for u € Y from
Step 1 that u+wug € Bs(ug) C Gn. Thus, there is a sequence (ug)ren in Gy with || (u+uo) —ug| go.s — 0
as k — oo. In particular, we get

Ju— DYE (u))l|rr = e%illl}[ lu — D)l < [lu— DU(E (ur))| 12
= ||(u+ uo) — D(E*(ux))l| .2
< (u+uo) = unll o + lluw — D*(E (ug))l| o2
(since ur€Gn and [l 110,190 <l lgos) < [[(u+ o) — ukllos + N - ¢(€) o N - ¢(0),

which is precisely what was claimed in (B.g]).

Step 3: In this step, we complete the proof. To this end, recall from Step 1 of the proof of Lemma [B.3]
that there are constants C = C(8,d,d) > 0 and g9 = £o(8, d,d) > 0 such that for every ¢ € (0,eq), there
is some N > exp(C - s’d/ﬁ) and certain functions uy, ..., uny € Y = Fg g, satisfying ||u; — u;|[g > € for
i

We now apply this for every fixed, sufficiently large £ € I with the choice ¢ = (C~1-£)~#/4, Note that
we indeed have ¢ € (0, &), once £ is large enough, which we always assume in the following; since I C N is
infinite, there exist arbitrarily large ¢ € I. As just seen, there is some N > exp(C - [(C~1-¢)=#/d]=d/8) =
e’, and certain functions ui,...,uy € Y with |lu; — u;||pr > e = (C~'-£)=8/d for i # j.
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Because of N > e’ > 2¢ = |{0, 1}, the pigeonhole principle shows that there are i,j € {1,..., N}
with ¢ # j, but such that E*(u;) = E*(u;). In view of Equation (B.8)), this implies

(O 0P/ < g — g o
< lJus — DHE )2 + 1D E (ws)) — DUE )|z + | DUE ) — sl
<N-6(t) + 0+ N - 6(0).

By rearranging, and by our assumption on ¢, this implies

Ch/d
= < yB/d. -
2N =4 (b([) el f—o0 0,

which is the desired contradiction, since the left-hand side is positive and independent of ¢. Note that
we again used that [ is infinite to ensure that the limit £ € I, ¢ — co makes sense. |

Our next result transfers the preceding lemma from the set 3 4_1,p of smooth functions to the class
‘HF 3,4, of horizon functions.

Lemma B.6. Let d € N>o and 3, B > 0 be arbitrary. Furthermore, let ¥ : N — (0,00) be arbitrary with
limy_y oo /W= .9(¢) = 0. Finally, let I C N be infinite, and for each £ € I let E* : HF 5 4.5 — {0,1}*
and D* : {0,1}¢ — L2([~1/2,1/2]%) be arbitrary.

Then there is some f € HF 3 q.p such that the sequence

(If = DAE ()22 / 9(6)) 4,

1s unbounded.

Proof. Write § =n + o with n € Ny and o € (0, 1].
Step 1: We show for arbitrary C' > 0 that the set

Kc:={feC"([-Y/2,1/2"") : |fllcos < C}

is a compact subset of L1([—1/2,1/2]971). To see this, let (fx)ren be an arbitrary sequence in K. Then,
for each a € N&™! with |a| < n, we have

d—1

Lipy (0% fi) < IV(0* fi)lo= < D 110%F fillze < (d = 1) - | fllgo.s < d-C,

j=1

and for o € Ny~ with |a| = n, we have Lip, (0 fx) < | fillco.s < C, where we emphasize that o > 0.
Furthermore, for |a| < n arbitrary, we have ||0% x|l < ||fx]lcos < C.

We have thus shown that each of the sequences (0% fi)ren, for |a| < n, is uniformly bounded and
equicontinuous. By the Arzela-Ascoli theorem (see e.g. [19] Theorem 4.44)), there is thus a common subse-
quence (fx, )ten such that (9% fx, )sen converges uniformly to a continuous function g, € C([—1/2,1/2]471)
for each a € N¢™! with |a| < n.

It is now a standard result (see for example [30, Theorem 9.1 in XIII, §9]) that f := go satisfies
f € C™([~1/2,1/2]% 1) with 9*f = g, for a € N&~! with |a| < n. In particular, fy, — go = f uniformly,
and thus also in L([—1/2,1/2]~1). Thus, to prove compactness of K¢ C L'([~1/2,1/2]971), it suffices to
show f € Kc. But for a € NIt with |a| < n, we have [|0°f| r~ = [|gallz = limy—e0 [|0% fi, || 1 < C.
Finally, for |a| = n, and arbitrary =,y € [~1/2,1/2]7, we have

0% F () = 0% F ()] = lga(®) — galy)] = lim [0° fi, (2) = 0° fi.(v)]

< limsup Lip, (0% fx,) - [# — y|” < sup || frllcos - |2 —y|” < C -]z —y|°.
t—o0 keN

Therefore, Lip, (0% f) < C < co. All in all, we have thus verified || f||co.s < C, i.e, f € K¢.
Step 2: We observe with Lemma [B.1] that

A LY([=1/2,1/2)471) = L2([=1/2,1/2)%), v = HF,

with HF, as in Lemma [BI]is continuous.
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Step 3: Let By := min{B, 1/2}. In this step, we construct modified encoding-decoding pairs (Ez, 15/4)
with B : Fgg-1,5, — {0,1} and D?: {0,1} — L'([~1/2,1/2]4"1) such that

Iy = DUE (W)l (oo 1) < 4 [HE — DB (D)) 2y for all 7 € Fpao1,, - (B)

For the construction, first note from Steps 1 and 2 that there is for each g € L?([—1/2,1/2]?) some (not
necessarily unique) v, € Kp, with ||g — HF,, |12 = min,exp, [|g — HF,[[z2. Now, for each ¢ € {0, 1},
let 0. :=vpe(e) € Kp, C L*([~1/2,1/2]%71), so that

| Df(c) — HFg, |12 = _nin | Df(c) — HF, || 12 for all ¢ € {0,1}".
0

With this choice, let .
D {01} = LY([~1/2, /2] 1), ¢ — 6.
Now, since {0, 1} is finite, there is for each v € Fj 4_1, 5, some (not necessarily unique) ¢, € {0,1}¢

with ||y — D*(¢,)||r = mingego,1ye [|7 — D¥(c)|| 1. With this choice, set
E\z : ]:,3,,1_1,30 — {0, 1}€, Y Cy.

Now that we have constructed ﬁ, 15/2, it remains to establish Equation (B.9). To this end, recall from
Lemma[Bdlthat all v, ¢ € L'([—1/2,1/2)%71) with ||y||sup, [|[#[lsup < V2 satisty |[HF,—HF |2, = ||[vy—¢ 1.
Therefore, we get for arbitrary v € Fs 4-1,5, with ¢(?) := E(HF,) that

lv = DACES ) = oy Iy = D)l < Iy = DU )zr = |y — beor [ 12

”W’Hsupa”‘g (0) ”SUDSBUS% — _ 2
(since 'yefgyd,C17130 and OC(O)EKBU - HHF’Y HFGC(O) ”L2

2
< (IIHF, = D"(O)]|pa+ D () ~ HFy, | 12)
2
(choice of (o)) = <||HF7 — DY) 24 min || DY) — HF¢|L2)
YEKB,

2
(since YEFp a1, 50=Kpg) < (2 |JHF,, — Df(c<0>)||L2) — 4. |HF,, — D'(E*(HF.))|=2. .

This completes the proof of Equation (B.9).

Step 4: In this step, we complete the proof. To this end, let us assume towards a contradiction that
the claim fails. Thus, for every f € HF g 4,8, we have

If = DYE (S <Cp-9(f)  forall£el,

for a finite constant C¢ > 0.
By Step 3, this implies for ¢ := 92 and arbitrary v € Fg 41,5, because of HF, € HF 3,45, C HF 3,45
that

Iy = DUE () pr < 4~ |HE, — DY(E*(HF,))||7. <4-Ciip - (0(0))* =4-Ciip - ¢(0)  forallle L

But by assumption on ¥, we have limg_, o £3/4=1 . ¢(£) = limy_, oo (¢7/(@=D]1.9(£))? = 0, so that Lemma
yields the desired contradiction. O

With the preceding lemma, we have shown that given a sequence of encoder-decoder pairs for the
class of horizon functions, one can always find a single function which is not “too well approximated”
by the sequence. We now use this result to prove the claimed lower bound in the setting of instance
optimality.

Proof of Theorem[{.3 Step 1: For technical reasons, we first need to study for fixed, but arbitrary
v > 0 the monotonicity of the function

.Z'U

log, () - logy(logy ()

¢ (2,00) = (0,00), x

We claim that there is some o = xo(v) such that ¢|j;, ) is strictly increasing; since we clearly have
d(x) — oo as x — 0o, we can then choose z( so that also ¢(xg) > 4.
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To show existence of g, first note from a direct computation that

(a) =7 v oy (o) o logs(a)) — “ECEN 12y 2]/ fogy (o) -t o ()P

Here, the denominator is positive. Furthermore, the first term in the numerator dominates the other two
terms for = large enough. Therefore, ¢'(x) is positive for x large enough. This establishes the claim of
Step 1.

Step 2: In this technical step, we construct quantities 2., K.,f. € N for 0 < ¢ < gg, for a certain
o € (0,1/4], and use these quantities to define an infinite set I C N. The relevance of these constructions
will become apparent in Steps 3 and 4.

Let ¢, zo be as in Step 1, with v := 2(d-1)/g. By possibly enlarging z, we can (and will) assume
xo > 4. Set gy := x5, choose the constant C = C(d) € N as provided by Lemma [B.4] and let
Oy = C1(d, B,Cp) € N with C; > Cy* - (1 + 2(d-1)/g). Furthermore, set Co := C - (1 + C4) € N.

Next, for € € (0,¢&¢], define

0. = (™)) = [ 29/%) [logy (=71) logs (logy (=))] | €N

and K. := [Cy - logy(Y/e)] € N, and set £ :=Cy- Q. - K. € N.
First, note because of 0 < € < g9 < 1/4 that e~! > 4 and hence log,(1/z) > 2 and log, (log,(1/)) > 1,
as well as e~ 2(4=1/8 > 1 Hence, Q. < [e72(d=1D/8] <1 4 ¢720@-D/8 < 2. ¢=2d=1/B which implies

2(d—1 1 2(d—1 1 1
10g2(Qa) §1+%-10g2 <g) < <1+%) -log, <g) §01'00'10g2 <g) <C;-K..

Therefore,
C Q- (Ko+[logy Q) <C-(1+Ch) Q- K. = L. (B.10)

Our last goal in this step is to show that the map ¢ — (Q., K.) is well-defined. To see this, first
recall from Step 1, that if 0 < & < &/, then Q. > Q... By contraposition, this shows that if Q. < Q./,
then € > ¢’ and hence K. < K., so that

£6:C2'QE'K8§CQ'QE'KE’<C2'Qa"Ka’:€a’-

Again by contraposition, we have shown that Q. = Q. if £, = f.,. Even more, if £, = £./, we just saw
Q. = Q./, but this also implies K. = £./(C28.) = Lo/ /(C2Qer) = K. Hence, if we define [ :={{. : € €
(0,z9]} C N, then [ is clearly an infinite set, and for £ = ¢, € I, it makes sense to write ., K., since
these quantities are independent of the precise choice of € € (0, x¢] with £ = £..

Step 3: In this step, we define for each £ € I a certain encoder-decoder pair (E*, D). More precisely,
we recall from Lemma [B.4] by our choice of C'= C'(d) in Step 2 and because of Equation (B.I0) that for
each ¢ = (. € I, there is an injective function Iy : NNS’EQKE 4 — {0,1}%. Let us fix some left-inverse
Uy {0,1} = NNG e for Ty

Next, for each £ = (. € I and each f € HF 3,4 5 we can use finiteness of NNS’EQKE 4 (which follows

from the injectivity of I'y) to choose a (not necessarily unique) neural network @, € NN SE, k.4 Which
satisfies

If = Ro(@pa)llio = _min  [1f = Ry(@)]|ze

Qe ,Ke,d

With this choice, we can finally define

E': HFsan — {0,1}°, F=To(Ro(®r0)),
D' 0,1} = L2 ([=1/2, Y2]7), ¢+ [Wy(c)] |[ #

=
=

)

Note that this choice implies

If = DYE ()2 = min [ = Re(®)[|2 forall{=/.eland f e HFsap. (B.11)
PENNG_ k.4

Step 4: In Step 5, we will invoke Lemma [B.6] with

0N = (0,00), £+ £~7/CE=1) [ llog, (log, (max {4, £}))]?/ (=1,
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As a preparation, in this step, we derive some elementary estimates concerning 2., K. and /., and then
also for ¥(¢.).
First, note for € € (0, go] because of g9 < 1/4 that log, (Y/e) > 2 > 1, and hence

1 1 1
K. = {Co -log, (g)w <1+ Colog, <g) < (1+ Co) - logy (g) :

Next, since ¢(e~1) > d(eg ') = d(x0) > 4 for £ € (0,2¢], we have Q. = [¢p(e™)] < 1+ d(e™!) < 2¢(c™1).
All in all, this yields for a suitable constant C3 = C3(d, 8,Cp) € N that

1 1 1\
b.=Cy- Q.- K. <2 (1 +Cy)-Cy- ¢ (E) -log, (E) = (4 Le—20d-1)/B [logQ (10g2 (E)H .

Furthermore, because of log,(logy(Y/e)) > 1, we get for a suitable constant Cy = Cy(d, 5, Cp) € N that

2(d—1 1 1
oz (£2) < log(Ca+e2077%) ~logy(Ca) + 2 o, (1) < €y (1),

so that logy(logy(£e)) < logy(C4) + logs(logy(Y/e)) < Cs ~log2(1o 5(Y/e)) for some C5 = Cs(d, 5,Cp) > 0.
From the preceding estimates, because of £. = Cy- Q.- K. > Q. > ¢(e™ ) > 4, and from the definition
of ¥, we get a constant Cg = Cs(d, 3,Cp) > 0 with
1

— B/2A=1D) oo, (1 B/(2(d-1))
19(68) ﬂe [ Og2( OgQ(ﬂf:‘))]

< O/ 1 log (log, (1/2))] 77/ 24— . G2/ 4D flog, (1o, (1)) 2= (B12)

= Cﬁ . 5_1
Step 5: Now, we complete the proof. First, we note

lim ¢%/d=D)y () = th [log, (log, (max{4, £}))]~A/2d=1) —
—00

£— 00

as required in Lemma [B:6l Hence, using that lemma, we obtain a horizon function f € HF 3 4 5 which
satisfies

Lf = DB ()]

=3
rer (e:)
(by Equations (BII) and m) < CG . 0 SHE [mln{”f — Rg(q))”L? [ONS NNQ K., d} : 6'_1} .
<e<leo

For brevity, let us set 6. := min{||f — Ry(®)|[z2 : ® € NNSEVKE@}. Then the preceding estimate
yields a sequence (e)reny with 0 < g < ¢ < 1/4 and such that 5,;1 -dg, > 2k for all k € N. In particular,
de, > 0.

But for 0 < ¢ < ¢’ < g9, we have Q. > Q. and K. > K./, see also Step 2. Therefore, and since we
require the encoding scheme B = (By)sen to be consistent, i.e., to satisfy Range(By) C Range(By41) for
all £ € N, we have NN§_ ;. 4D NN@E“KE,@, and thus 6. < d.s. In particular, we get

Oe,, _ Ogq
0<er < % < 2_k m 0.
We have thus constructed the function f € HFg 4 p and the sequence (gx)ken, so that it remains to
show that these have the desired properties. To see this, pick any k € N, and let M € N such that there
exists ® € NN?I,[CO logy (e )],d = NN?I,KEk,d with [|f — Ro(®)||z2 < . Then we get

at-

But in case of M < Q.,, we would have (as above) that ® € NN, K., .d C N/\/'S%,ng,d, which then
yields a contradiction to the preceding inequality. Therefore, we must have

e

Ocy,
If = Ro(®)l|z2 < ex < T < be, = min{|[f = Ro(W)l|2 : ¥ € NNG,

E—Q(d—l)/B
> k )
~ logy(1/ek) - logy(logy(1/ek))

Since M € N was chosen arbitrarily, only subject to the restriction that there is ® € NN, [Co logy(1/2x)],d
with || f — Rg(®)||z2 < e, this implies MB¢C0(f) > Q. , as claimed.

M > Qe = [ /llogy(1/e) - logy (logy(1/ex)] |
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C Depth matters: Fast approximation needs deep networks

In this section, we provide the proofs for the theorems from Subsection In the whole section, o
will always be the ReLU function o(z) = max{0,z}, and all realizations are made using this activation
function.

The overall proof strategy in this section is heavily inspired by Yarotsky [48]: At first, we exclusively
work in dimension d = 1. For this setting, we begin by establishing (in Lemma [CT]) a lower bound on
the LP approximation quality of affine-linear functions to the square function. By locally approximating
a nonlinear C* function by its Taylor polynomial of degree two, this then implies (see Corollary [C3) a
lower bound on the LP approximation quality of affine-linear functions to nonlinear C® functions.

We then move to dimension d > 1 by saying that ¢ : R — R is P-piecewise slice affine for some
P € N if each of the “slices” t — g(xg + tvg) for arbitrary xg, vy € R? is piecewise affine-linear with
at most P pieces. By applying a “Fubini-type argument”, we lift the one-dimensional lower bounds to
a lower bound for the LP approximation quality that can be achieved for approximating a nonlinear,
d-dimensional C? function using P-piecewise slice affine functions, see Proposition

We then complete the proof (see Theorem [C.6) by invoking known results of Telgarsky [47] which
show that realizations of ReLU neural networks are always P-piecewise slice affine, for P < N*, where
N is the number of neurons of the network, and L is its depth.

The main difference to the results by Yarotsky [48] is that Yarotsky considers approximation in L,
while we are interested in approximation in the LP-sense, with p < co. In this case, the reduction of the
d-dimensional case to the one-dimensional case is more involved; see the proof of Proposition

After this high-level overview, let us turn to the details:
Lemma C.1. There is a universal constant Cy > 0 with the following property: For arbitrary o,a,b € R

with a < b and 1 < p < o0, we have

ﬁ?%RHa 2% = B+ N 1oty = Co - lof - (0= a)* 7 .

Proof. For o = 0, the claim is trivial. Next, for a # 0, we have

- (2+2)
@ X/ Le((a,b];dx)

=lal- it 2% = (8" 2 + 2 Lo pyany -

. 2 _ oo
ﬁ}$£R||O‘ z (ﬂx+7)||m([a,b];dz) o ﬁ,l%ua

This easily shows that it suffices to consider the case a = 1.
Next, let us consider the case a = 0 and b = 1. By Jensen’s inequality, || f|/1»(0.1)) = Ilf[l11 (0,17 for

1

1 <p< oo, and (b— a)2+P = 1 for arbitrary p, so that it suffices to consider the case p = 1. Next,
consider the space V := span{1,id} < L' ([0,1]), which is finite dimensional, and hence closed. Since
(m — ,7:2) ¢ V, the absolute constant Cj := dist ((x — 1132) , V) is positive. This proves the claim in case
ofa=0and b=1.

Finally, for the general case, first note by a straightforward application of the change-of-variables
formula that || £l s a0 = (0 — a)l/p- If (a+ (b= a)y)ll Lo (0,15;ay) for measurable f : [a,b] — R. Applied
to our specific setting, this implies for arbitrary 3, € R that

[|* — (B + V)HLP([a,b];dx) =(b—a) - H(a -0y’ - [Blatb-ay) +7]‘ Lr([0,1];dy)

1 -2 —a? 1
=(b—a)’" y2lﬁb @y Bty za] >Co-(b—a)7.
¢ (b—a) Lr([0,1)5dy)
As seen at the beginning of the proof, this yields the claim. O

The preceding lemma shows that affine-linear functions cannot approximate the square function too
well. By approximating C® functions by their Taylor polynomial of degree 2, this implies that C®
functions with nonvanishing second derivative are not approximated too well by linear functions. This
is made precise by the following lemma:

Lemma C.2. Let f € C3([0,1]) with |f” ()| > ¢ > 0 for all x € [0,1] and with || f"||
C > 0. Then, with Cy as in LemmalC1, we have for arbitrary 1 < p < oo that

< C, for some

sup

' . CO 03 C3
Jnf (1 (@) = (B2 + )l oo aan) > min {z 8.2
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Proof. Set N := [2/3Co)-C/c] € N. For i € N 41 let a; := (i=1)/~ € [0,1]. By Taylor’s theorem, we
know for each ¢ € N and = € (z;,z;41) that there is some &, € (x;,x) C (z;, x;41) with

F@) = F )+ f @) w) + L g
=T e () e ) [ @) ot g 7 )]+ TG
=!04i'$2+5i'$+%+%'($—%)3-

Hence, since | f"" (&) < C, we get

1
||f (x)— [Oéi x4 Bi-x+ fyi} ||Lp([mi,mi+1];dz) < (@1 —wi)? - ||f (z)— [ai ~a? + Bi-x+ %] HL“J([zm
=Y NG
6 6
Therefore, by applying Lemma [C.Iland by noting |a;| = | (®:)/2| > ¢/2, we get for arbitrary 8,y € R
and 1 < ¢ < N the estimate

Tit1];dx)

1 (z) = (Bz + 7)||LP([zi,zi+1];dz)
> ||evi - 22+ Bi-x+ 7 — (B +7)HLP(I_ wilda) |f (x) — [ - ®+ Bi-x+ ) HLP([M
C

E.N(3+) Oy N—(2+3). (1_ﬁ'?'N_l)'

\Zir1];dz)

>§ Co - N-(+3) —

By our choice of N, we have 1/(3¢o) - C/c- N=1 < 1/2. so that || f (z) — (Bz + N Lo (s wip )iy = /27 €
N7(2+%). Hence,

’ Q c- N2
1 .

|f (z) = (Bx + ’Y)HLP([OJ];dz [Z If (z) — (Bx + HLP( [@i,2iq1]; dw)‘| 2

For brevity, set 8 := 2/(3Co) - €/c. There are now two cases: First, if 6 < 1, then N = 1, so that we
get [|f (2) = (B2 + Yl po(0,1)a2) = C0/4 - ¢, e, the claim is valid in this case. Finally, if 6 > 1, then
N =[6] <146 <20, and thus

e Co Co . (3Co ¢\ G} ¢
2 C) ~

-2 -2 _ >0 R
1f (@) = Bz + ) Lo (0,13:00) = 1 e N7 2 1 e (20) 7 = 16 3 2
so that the claim also holds in this case. O

The next lemma generalizes the preceding estimate from the interval [0, 1] to general intervals [a, ).
Corollary C.3. Let ¢,C > 0 be arbitrary and let Cy > 0 as in Lemma[Cdl. Further, let a,b € R with
0<b—a<3Co-&.

Then, each function f € C3([a,b]) with || f"||,,, < C and with |f" (z)| > ¢ for all x € [a,b] satisfies

sup —

Co 1
inf || f(z) (ﬁ$+7||m(abdz)2? c-(b—a)’tr V1<p<oo.

ByER

Proof. Define _
f:00,1] = Rz fa+ (b—a)z),

and note f € C3([0,1]) with |f” (z)| = (b—a)® - |f" (a4 (b—a)z)| > (b—a)® - c =: ¢/, as well as
17" g = (0= @)% [ f" g < (b= @) - C = C".

By our assumptions on a, b, ¢, C, we then have

a (@)’ /(Oo.c,)_c_m—a)ﬁ-cs,i 1 _C_S.i.;>(@.£.i)2>1
8 (¢)? 4 8 (b—a)®-C? Co (b—a)-c 2 C? (b—a)> "\ 2 C b-a ’

so that Lemma shows

A |
ot [ F@) = (B 49)

3 "3
> min @.c’,%.(c)Q :CO.’fCO.
L7 ([0,1];dz) 4 8 (el
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To complete the proof, we note from a direct application of the change-of-variables formula for
arbitrary 8,7 € R that

>@-c-(b—a)2+%.

17 @) = (B2 4 Dl oigan = 0= 07 - [F ) =BGy +ay+9]| >
|

Before we progress further, we introduce a convenient terminology:

Definition C.4. Let P € N. A function g : R* — R is called P-piecewise slice affine if for arbitrary
z0,v € R the function Gzow : R = Ryt — g (xo + tv) is piecewise affine-linear with at most P pieces.
Precisely, this means that there are —oo =ty < t; < --- <tp = 0o such that g, v ) s affine-linear
for each i € {0,..., P —1}.

(tistivy

Remark. Note that we allow gz, to even be discontinuous at the “break points” ti,...,tp_1.

Our next result shows that if a P-piecewise slice affine function approximates a nonlinear function
f € C3 () very well, then P needs to be large. This result will then imply that ReLU networks need
to have a certain minimal depth in order to achieve a given approximation rate for nonlinear functions,
once we show that if g = R, (®), then g is P-piecewise slice affine for P =< [N (@)]L(q)). Actually, we will
not derive this claim from first principles, but rather use existing results of Telgarsky [47]. But first, let
us consider the case of general P-piecewise slice affine functions:

Proposition C.5. Let Q C RY be nonempty, open, bounded and connected, and let f € C3 () be
nonlinear, i.e., there do not exist yo € R and w € R with f (x) = yo + (w,z) for all x € Q. Then there
is a constant Cy > 0 with the following property:

If g : R = R is measurable and P-piecewise slice affine for some P € N, then we have

(241
||f_gHLp(Q)ZCf'P (2+3) forall1 <p < cc.

Proof. Let Hess f = D (Vf) denote the Hessian of f. If we had Hess f = 0, then it would follow by
standard results of multivariable calculus (since © is connected) that Vf is constant, and then that
fx)=f(zo)+(Vf(x0), x— xp) for all z € Q, where z¢ € Q is fixed, but arbitrary. Since f is assumed
nonlinear, this is impossible.

Hence, let xp € Q with Hess f (29) # 0. Since A := Hess f (z¢) is symmetric, the spectral theorem
shows that there is an orthonormal basis (b1,...,bs) of R? that consists of eigenvectors for A, and at
least one of these eigenvectors needs to correspond to a non-zero eigenvalue; by rearranging we can
assume Abg = \ - by for some A € R\ {0}. Since 2 is open, there is some ¢ € (0,1/2) with Bg. (zo) C Q.
Since |(Hess f (z0) ba, ba)| = |A| # 0, and since Hess f is continuous, we can possibly shrink € to achieve
|(Hess f () bg, ba)| > ¢ := % for all z € Bg. (z¢). Furthermore, since Bg. (z9) C § is compact, the
constant

C:=d*- sup max|0*f(v)]
z€Bge (o)
is finite. Finally, by again shrinking e (which can at most shrink C'), we can assume 2¢ < %CO - &, Where
Cy is the constant from Lemma [C.1]

Now, for y = (y1,...,9a—1) € R¥1 let us set z, := zo + Zf;ll yibi. Note z, +t - by € By (o) for all
y € [—e, E]d_l and t € [—¢,€]. Therefore, since (b1,...,bq) is an orthonormal basis, an application of the
change-of-variables formula and of Fubini’s theorem shows

|mfmﬁmnz/

€
If (x) — g (x)|" dx 2/ / If (zy +1-ba) — g (zy +1-bg)|" dtdy.
Bae (o) [—ee]?t J—e
Note that the choice of xg, e, (b1, ...,bq) and A, ¢, C, Cy are all independent of g and P.

Now, let y € [*E,E]dil be fixed, but arbitrary. Since g is P-piecewise slice affine, we know that the
map g., b, : R = R, t = g (2, +1-bg) is piecewise affine-linear, with at most P pieces, i.e., there is a
partition R = L—ﬂfil I; (up to a null-set) into open intervals I,...,Ix with N € P such that g. s, is
affine-linear on each I;. Hence, with )\ denoting the one-dimensional Lebesgue measure, we conclude
2e = A (Lﬂfil (I; N [—e, 5])) = Zfil A([—e,e]N1;), so that A([—e,e] N I;) > 2¢/N > 2¢/p for some i € N.
Therefore, [—¢,e]N1; D (ay,by) for certain ay, b, € [—¢,¢] with b, —a, > 2¢/p. Since g., p, is affine-linear
on (ay,by) C I; N [—¢,¢], there are thus certain 3,7, € R with

£
/ |f (Zy +t- bd) -9 (Zy +t- bd)|p dt > Hf (Zy +t- bd) - (ﬁyt + 'Yy)”ip([ay,by];dt) .

—€
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But with

fy tlay, byl = Ryt — f(2zy +1¢-ba)
we have f, € C®([ay,b,]) and |f7;’ (t)| = [(Hess f (zy +t - bq) - ba, ba)| > ¢ for all t € [ay,b,] C [—¢,¢],
since z, +t-by € Bye (o), as we saw above. Finally, by an iterated application of the chain rule, we also
have

d
| (1) = Z (ba); (ba); (ba)y - (8i0;00f) (zy +t-ba)| <d®-  sup  max|9°f (z)| = C,
i,j,0=1

2€Bae(z0) |o]=3

where we used that |(bg),| < |ba| =1 for all i € d. All in all, an application of Corollary [C.3] now shows
because of by, — a, < 2¢ < Co/2-¢/c that

CO o+ 1 P CO P 2e 2p+l
||f(zy+t-bd)—(ﬁyt+vy)|§p([ay7by];dt)z[I.c.(by—ay) L2 (7e) (B .

By putting everything together, and by recalling e < 1/2 and p > 1, so that (25)2p+d > (25)(d+2)'p,
we thus arrive at

£
15 = ol = [ [ 15 Gt tb) — gyt bl dedy
[—e,e]dt J—¢
0

Co ' (2e\*" a Co \*
> =0 = dy > (2¢)4+2p [ 20 . p—(1+2p)
N /[s,s]dl < 4 c) (P) = ( €> 4 ‘ ,

which yields the claim if we set Cy := (26)*2 . Co/a- c. Note that Cy > 0 is indeed independent of g and
P. O

By using the results of Telgarsky[47] which show that functions represented by neural ReLU networks

are P-piecewise slice affine for P < [N (@)]L@), we can now derive a lower bound on the number of layers
that are needed to achieve a given approximation rate for nonlinear C® functions:

Theorem C.6. Let Q C R? be nonempty, open, bounded, and connected. Furthermore, let f € C3(Q)
be nonlinear. Then there is a constant Cy > 0 satisfying

1f = Ry (@)l oy = Cr - (N (@) — 1) H@ ()
If = Ro (Pl 1oy = Cr - (M (@) + d)—L(¢)‘(2+%)
for all 1 < p < oo and each ReLU neural network ® with input dimension d and output dimension 1.

Remark. By adapting the given arguments (mostly the proof of Lemma[C2), one can show that the
same claim remains true for f € C?*T¢(Q), with fived but arbitrary € > 0. For the sake of brevity, we
omitted this generalization.

Before we give the proof of Theorem [C.6] we observe the following corollary:

Corollary C.7. Let Q C R be nonempty, open, bounded, and connected. Furthermore, let f € C2 (£2)
be nonlinear. If there are constants C,0 > 0, a null-sequence (ex),cy of positive numbers, and a sequence
(Pr)pen of ReLU neural networks satisfying

If = Ro (i)l <Crep and  [M(®) <C ;% or N (@) < C -’

for all k € N and some 1 < p < 0o, then
. 1
liminf L (®g) > (24 - C—
k—o0 P 0

Proof. Let us assume that the claim is false, i.e., we have liminfj oo L (®%) < (2 + 1/p)~! - 1/0. By
switching to a subsequence, we can then assume that there is some § > 0 with L (®5) < (24 1/p)!-
/g —§ =: L for all k € N. Note that 1 < L (®;) < L.

Next, since £, — 0, and since f # 0 (because f is nonlinear), we have || f — R, (®x)||;, < || fll.» for k
large enough (which we will assume in the following). In particular, R, (®x) # 0 and hence M (®y) > 1,
so that M (@) +d < (d+1) - M ().
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Now, there are two cases for (large) k € N: If M (®;) < C' - ¢, then the second part of Theorem
shows

0(2+3) <Cp-(1+ d)—L(2+%) M (@k)]—L(“%)

< Cp - (M (@) +d)~(+7) (C.1)
< Cp - (M (®y) + @) D)

<||f- R, ((I)k)HLp <C ey

Cr-(1+ d)—L(2+%) o-L(2+3) . Eé

If otherwise N (®5) < C - £;?, then the first part of Theorem [ shows

1

- o-L(2+1) '5£9(2+%) <Cp- (N (q)k>)fL(2+%) < (N(®k>)*L(q>k)(2+%>

) (C.2)
< Cp (N (@) — 1) HEIEH) < 17— R, (@)

HLP <C-egg.

At least one of the equations ([CJ) or (C.2) holds for infinitely many k& € N. Since ¢ — 0 and e > 0,
this casily yields L6 (2 + 1/p) > 1, and hence (2+ 1/p) ™" - 072 —§ = L > (2+ 1/p)~" - #~1, which is the
desired contradiction. g

We close this section with the proof of Theorem

Proof of Theorem[C.6. Step 1: In this step, we showl that if ® is a neural network of depth L and with
N neurons, then R, (®) is P-piecewise slice affine with P < (2/r)F - (N — 1),

To this end, we first introduce some terminology: As in [47], let us call a continuous function
f : R = R t-sawtooth (with ¢ € N) if f is piecewise affine-linear with at most ¢ pieces, i.e., there
are —00 = x9 < 1 < --- < &y = oo such that f|, , »,) is affine-linear for each i € £. Note that there are
no issues at the boundary points of the affine-linear “pieces”, since (in slight contrast to [47]), we assume
f to be continuous. Using this terminology, [47, Lemma 2.3] states that if f,¢g: R — R are k-sawtooth
and f-sawtooth, respectively, then f + g is k + f-sawtooth, and f o g is kf-sawtooth. Note that the ReLU
o is 2-sawtooth.

Now, let & = ((A(l), b(l)) s (A(L), b(L))) be a neural network with d-dimensional input and one-
dimensional input, with L layers and N neurons, i.e., we have A®) € RNexNe-1 and b0 ¢ RN, where
No=dand N, =1, and N = Zf:o N;. Further, let g := R, (®) and let z,v € R? be arbitrary. We
want to show that g, , : R — R, t — g (z +t-v) is P-sawtooth, with P < (2/2)% - (N — 1)L, To see this,
inductively define ¢(©, g™, ... ¢ as follows: ¢(® : R = R¥ 2+ z +t- v,

gt R 5 RN s (A(ZJrl) g0 (1) + b(l+1)) for0<¢<L -2,

and gV R — Rt AL . g(L=D) () 4 b(L). We clearly have g/) = g, ..
We will show by induction on ¢ € {0,..., L} that each component function g(é) for ¢ € Ng is M-

i
sawtooth, with M, := Hﬁ;é 2N;, where (by the convention for empty products) My = 1. Indeed, for
EO) (t) = z; +t - v;, which is affine-linear. Hence, gz(o)
For the induction step, assume that all gl@, i € Ny are My-sawtooth for some 0 < ¢ < L — 1. In case of
{=1L—1, let 0 := idg, and otherwise let 6 := p. In either case, we have that 0 is 2-sawtooth, and

£ =0, we have g is My-sawtooth, since My = 1.

N
gyﬂ) (t)=10 bz(-”l) + ZA;Z].H) -gy) (t) fort e R and i € Npiq.
j=1

But since each g]@) is My-sawtooth, so is ¢ +— Ag?l) -g]@ (t), so that t — Zj\zl Agfj‘"l) '9](‘6) (t)is (My41/2)-
sawtooth, since Z;V:’Zl My = Ng- My =1/2M;y;. Thus, since 6 is 2-sawtooth, gyﬂ)
claimed.

All in all, we have shown that g, ., = ¢g'*) is M -sawtooth, where M}, = Hf;ol 2N; = 2L . Hf;ol N;.
Now, by concavity of the natural logarithm and because of N, = 1, we have

L-1 L-1 L—1
N(®)—1 1 1
1n<T>1n ZN]- zZZmNj:Z.m j];[ozvj :

TEssentially, this is already contained in the statement of [47, Lemma 2.1], but Telgarsky uses a slightly different
definition of neural networks than we do. Therefore, and for the convenience of the reader, we provide a proof.

is My4+1-sawtooth, as

SIE
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and hence Hf;ol N;j < elnN(@)=1/1) = ((N@)-1)/1)" so that all in all My, < (2/)" - (N (®) — 1)~

Step 2: Now, an application of Proposition [C.5] yields a constant C}O) > 0 (independent of ®, L, p)
satisfying

£)L<2+%)

1= R @), = €730, O ) 2 0P () v @) ) 2 v (@) - )

Here, the estimate (L/2)L(2+1/p) > 1/8 can be easily seen to be true by distinguishing the cases L = 1 and
L > 2, and by noting 2 < 2 + 1/ < 3. This yields the first claim, with Cy = C\*/8, since L = L (®),

Step 3: Finally, to prove the second claim, recall from Lemma [E.J] that there is a neural network
o' with R, (®) = R, (®’') and such that M (®') < M (®) and N (®') < M (D) +d+ 1, as well as
L(®') < L(®). By applying the first claim of the current theorem to @’ instead of ® (and with
L' = L(®') instead of L = L (P)), we get

If = Re @) = |1f — Ro (@)]],, = Cp - (V (@) — 1) ") = o (v (@) — 1))
>0 (M (@) +d) ) > op - (M (@) + ) ) 0

D An estimate of intermediate derivatives
Lemma D.1. Ford €N, o € (0,1] and f € C([0,1]9), define

Mmur=aﬂﬁml%?iﬁﬁﬂemm¢
zAyY

Then, for n € No, d € N and o € (0,1] there is a constant C = C(n,d,0) > 0 such that every
f € C™([0,1]%) satisfies

107 fllsup < C - | IF lsup + Y Ling (9°f) for all v € Nj with || < n.

la|=n

Proof. Note: This proof is heavily based on that of [I, Lemmas 4.10 and 4.12], where a related, but
different estimate is established.
Step 1: We claim for f € C'([0,1]¢) and arbitrary N € N that

1 .
|\8gf|\sup§4~N% 'HfHSup+N'Llpg(alf) forall ¢ € {1,...,d}. (D.1)

By symmetry (i.e., by relabeling the coordinates), we can assume ¢ = 1. Define K := [N'/7], and let
x = (21,...,24) € [0,1]¢ be arbitrary. Choose i € {0,..., K — 1} with x1 € [i/k, (i+1)/k]. By the mean
value theorem, there is some ¢ € (¢/k, (i+1)/K) with

f(%,xg,...,xd —f(%,.’l]g,...,md)

|81f(§,1'2,---7$d)| = i+1

<2K - | fllsup <4+ N7 - [[fllsup,

where we used K = [N1/9] <14+ N7 < 2. NV, Since |(§,22,...,2q) —2| < | —21| < K~ < N7V,
the preceding estimate implies
00f (@) < [01f(2) = OLf (& 22, wa)| + [OLF (S, 22, -y a)

lyg 71 1 1 1 .
< (N77)7 Lipg (01f) +4- N7 - |[fllsup = 4- N7 - || fllsup + 57 - Lipg (91.f),

as claimed (since we assumed ¢ = 1).

Step 2: For brevity, set |fl¢ := >, — 10 fllsup and |fle,0 == 3,4, Lips(9* f) € [0, 00] for £ € No
and f € C*(]0,1]%). In this step, we show by induction on k € Ny that for each k € Ng and N € N, there
is a constant Cy 4,k,n > 0 with

1
Flb < 5 [Flko + Coann Ifllswp  forall f€C*((0,1)%). (D-2)
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Before we begin with the induction, we first show the following estimate:
|fleo < d?-|flrm for all k € Ny and f € C*T1([0,1]%). (D.3)

To prove Equation (D.3)), first note because of diam([0, 1]%) = v/d that each Lipschitz continuous function
f € C([0,1]") satisfies | f(z) — f(y)| < |z =yl o —y['~7 Lipy (f) < o —y|7-d" =)/ Lip, (f). Therefore,
each f € C1([0,1]%) fulfills Lip,, (f) < d1=/2 . Lip, (f) < d=/2 |V fllsup < d- 329, |8ef|lsup, which
finally yields for f € C**1(]0,1]¢) that

d
flio = > Ling0°F) <d Y > 11060 fllsup < d - |f 511,

|| =k (=1 |a|=k

which is nothing but (D.3]).

Now we properly begin with the proof of Equation (D.2). For k¥ = 0, Equation (D.2) is trivial with
Csa0,n =1, since |flo = || fllsup- For & =1, Equation (D.2)) is a consequence of Equation (D.II), which
yields

d d d
1 1 .
|flk =111 = ; 19efllswp <4 N7 - | llsup - ; L+ ;Llpg(aef)

1 1 1 1
= % lio + 44 N [ fllp = 37 Slko +4d- N3 - |l
so that C, 41N = 4d - N'/? makes Equation (D.2)) true for k = 1.

For the induction step, note that if f € C*+1([0,1]%), and if we apply the case k = 1 (with M instead
of N) to each of the partial derivatives 0% f with |a| = k, then we get

1
o< 30 105100 < S (10 la + Cotar - 10° o

|| =k || =k

() dF

< A |fle+1.0 + Coanr - | flk

; (D.4)
d 1
(by induction) < v | fle+1,0 + Coanr (N | fli,o + Cod kN - ||f||sup)
dk d?
(by Eq. [O3) since feC*1([0,1]%)) < A [fle+1,0 + Coa,n - (N Nfle+1 + Coa N - ||f||sup) )

where M, N € N can be chosen arbitrarily. In the above calculation, the step marked with (%) used the
elementary estimates |0%f|1,, = 2?21 Lip, (000 f) < 321 =k1 LiP6 (87 f) = | flk+1,0, which is valid for
all € N¢ with |a| = k, and |[{a € N& : |a] = k}| < d*.

Finally, note that (D.2) is trivially satisfied (for k + 1 instead of k) if | f|g4+1,0 = co. Therefore, we
can assume | f|x+1,0 < 00. If we now choose N = N(o,d, M) € N to satisfy N > 1 + 2d*>C,, 4, u, so that

Cod.M - d—; < %, then we get from Equation (D.4)) by rearranging that

dk 2d*
e <2 (M fliro+ CotrrCodn - IIfllsup) < 57 W lerra + Chagonr 1 lupe

Since M € N can be chosen arbitrarily, this establishes Equation (D.2)) for k£ + 1 instead of k, and thus
completes the induction.

Step 3: For arbitrary k£ € N, we prove by induction on 0 < 57 < k — 1 that there is a constant
Co,d,k,j > 0 with
[fli—g < |flbo + Codmg - I flsup  forall f € C*([0,1]9). (D.5)

For j = 0, this is a direct consequence of Equation (D.2) (with N = 1). For the induction step, assume
that (DB) holds for some 0 < j < k — 2, and note

| fle—41) = | flr—j—1
1
(Eq. ([@2) with k—j—1 instead of k and with N:dz) < E . |f|k7j7110- + C(ljyd_’k_’j . ||f||sup

(Ba. (@3 since fec*ce®==D) < |flej + Cf a g - [ fllsup
(by induction) < |f|k,0 + (ngd_’k_’j + C(/T,d,k,j) . ||f||sup-
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Step 4: In this step, we prove the actual claim. For n = 0, this is trivial, so that we can assume
n > 1. Thus, let f € C"([0,1]%), and let v € N& with |y| < n. For v = 0, the claim is trivial, so that we
can assume 1 < |y| < n. Hence, j := n — || satisfies 0 < j < n — 1. Therefore, we can apply Step 3 with
k = n to conclude

107 fllsup < [fliy) = 1fln—s < |fln.o + Coan. - [[fllsup-
This easily implies the claim, with C' = max{1l, max{Csdn; : 0 <j<n—1}} O

E Reducing the number of neurons

In this short technical appendix, we prove that for each neural network ® with one-dimensional output
and d-dimensional input, one can assume essentially without loss of generality that N(®) < M(®)+d+1.
This observation is important for the proof of Lemma [B.4] where we encode the functions represented
by a class of neural networks using a fixed number of bits. It is also used in the proof of Theorem

Lemma E.1. Let o : R — R with 9(0) = 0. Then, for every neural network ® with input dimension
d € N and output dimension 1, there is a neural network ® with the same input and output dimension
and with the following additional properties:

o We have Ry(®') = Ry(P).

o We have N(®') < M(®') +d+ 1.

o We have M(®') < M(®) and L(P') < L(P).

e If I C R contains the values of all non-zero weights of ®, then the same holds for @'.

Proof. Assume that N(®) > M(®) + d + 1, otherwise ® itself admits all properties of the statement of
the lemma. We show that in this case one can always find a network ® with N(®') < N(®) and such
that @ has the same input and output dimension as ®, such that M (®') < M(®), L(®") < L(P) and
R,(®') = R,(®), and such that if I C R contains the values of all non-zero weights of ®, then the same
holds for ®’. Tterating this observation yields the result.

For ni,ny € N and A € R™*"2 as well as ¢ € {1,...,n1} we denote (in case of n; > 1) by
A; € R(M =172 the matrix resulting from removing the i-th row of A. Likewise, for i € {1,...,n2} we
write (in case of ny > 1) A for the matrix resulting from removing the i-th column of A. Similarly, for
b € R™ with n; > 1, we denote by b; € R™~! the vector resulting from removing the i-th entry of b.

Let ® = ((A1,b1),...,(AL,by)) with A, € RNeXNe—1 and b, € RN for £ € {1,..., L}. Since

L L
Y Ne—1=N(@) —d—1>M@) = (| Aleo + lbelleo)
=1 (=1

there exist more rows of [A1,b1],...,[Ar,br] than non-zero entries in all these matrices. Hence, there
exists £ € {1,...,L} and i € {1,..., Ny} such that the i-th row of A, and the i-th entry of by vanish. In
fact, let us choose ¢ € {1, ..., L} maximal with the property that there is some ¢ € {1,..., Ny} such that
the i-th row of Ay and the i-th entry of b, vanish. Now we distinguish three cases:

Case 1: If Ny > 1 (so that in particular £ < L, since Nz, = 1), then we set

D' = ((A1,b1),.. ., (Ae—1,be—1), ((Ar);, (be):), ((Aé+1)%,bé+1), (Aet2,bet2), -+, (AL, b))

We have that (Agt1)'a; = Agprz for all z = (24,...,2y,) € RV with ; = 0, and furthermore (o(A,x +
be)); = 0((Ar); x+(be);) for all z € RVe=1. Since 0(0) = 0 we see that the i-th entry of p(Asx+by) is zero,
for arbitrary z € RV-1. All in all, these observations show R,(®’) = R,(®). Moreover, N(®') < N(®),
M(®") < M(®), and L(®") = L(D) follow from the construction. The statement regarding the values of
the nonzero weights being contained in I is also clearly satisfied.

Case 2: If Ny =1, but £ > 1, then we have A, =0 and by = 0. We set A =0¢ Rle,Bl =0€R.

If ¢ < L we set o
' = ((A1,01), (Aes1,0e41); -5 (AL, L))

By construction and because of ¢(0) = 0, we have R,(®') = R,(®) and N(®') < N(®), as well as
M(®") < M(®) and L(®') < L(P®). The statement regarding the values of the nonzero weights being
contained in [ is also clearly satisfied.
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If ¢ = L, then Rp(®) = 0. In this case, set
(I)/ = ((/11,?)1))

We then have N(®') = d+1 < M(®)+d+1 < N(®), aswellas M (®') =0 < M(®) and L(P') =1 < L(D).
Finally, since ® only has weights with value zero, the statement regarding the values of the nonzero
weights being contained in [ is trivially satisfied.

Case 3: If / =1 and N; = 1, then Ay = b; = 0. Thus we have

L L L
SN =Y N 1=N@) —d—1>M®) =Y (|Acllw + [belleo),

=2 /=1 (=2

and therefore there exists some ¢’ € {2,..., L} and some j € {1,..., Ny} such that the j-th row of Ay
and the j-th entry of by vanish. This contradicts the maximality of ¢, so that this case cannot occur. [l
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