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1 Introduction

In these notes, we study a mathematical structure called neural networks. These objects have recently received
much attention and have become a central concept in modern machine learning. Historically, however, they
were motivated by the functionality of the human brain. Indeed, the first neural network was devised by
McCulloch and Pitts [18] in an attempt to model a biological neuron.

A McCulloch and Pitts neuron is a function of the form

d
R? > 2 1p+ (Zwixi0>,

=1

whered € N, Ig+ : R = R, with 1z+(2) =0 for x < 0 and 1+ (z) = 1 else, and w;,0 € Rfori =1,...d. The
function 1g+ is a so-called activation function, 6 is called a threshold, and w; are weights. The McCulloch and
Pitts neuron, receives d input signals. If their combined weighted strength exceeds 6, then the neuron fires,
i.e., returns 1. Otherwise the neuron remains inactive.

A network of neurons can be constructed by linking multiple neurons together in the sense that the output
of one neuron forms an input to another. A simple model for such a network is the multilayer perceptrorf'|as
introduced by Rosenblatt [28].

Definition 1.1. Let d,L € N, L > 2 and ¢ : R — R. Then a multilayer perceptron (MLP) with d-dimensional
input, L layers, and activation function o is a function F that can be written as

x> F(x) =T, (0 Tp-1(...0(T1 (2))...))), (1.1)

where Ty(x) = Apx + by, and (Ag)k, € RNo>*Nes p, € RNt for Ny € N, Ny = d, and ¢ = 1,...,L. Here
0 : R — Ris applied coordinate-wise.

The neurons in the MLP correspond again, to the applications of ¢ : R — R even though, in contrast to
the McCulloch and Pitts neuron, we now allow arbitrary ¢. In Figure[I.T} we visualise a MLP. We should
notice that the MLP does not allow arbitrary connections between neurons, but only between those, that are
in adjacent layers, and only from lower layers to higher layers.

Ny =38 Ny =12 Ny =12 N3 =12 Ny=8 Ny=1

Figure 1.1: Illustration of a multi-layer perceptron with 5 layers. The red dots correspond to the neurons.

While the MLP or variations thereof, are probably the most widely used type of neural network in practice,
they are very different from their biological motivation. Connections only between layers and arbitrary

*We will later introduce a notion of neural networks, that differs slightly from that of a multilayer perceptron.



activation functions make for an efficient numerical scheme but are not a good representation of the biological
reality.

Nowadays, the field of neural network theory draws most of its motivation from the fact that deep neural
networks are applied in a technique called deep learning [12]. In deep learning, one is concerned with the
algorithmic identification of the most suitable deep neural network for a specific application. It is, therefore,
reasonable to search for purely mathematical arguments why and under which conditions a MLP is an
adequate architecture in practice instead of taking the motivation from the fact that biological neural networks
perform well.

In this note, we will study deep neural networks with a very narrow focus. We will exclude all algorithmic
aspects of deep learning and concentrate fully on a functional analytical and well-founded framework.
One the one hand, following this focussed approach, it must be clear that we will not be able to provide a
comprehensive answer to how deep learning methods perform in practice. For an attempt to explain the
full pipeline, see [4]. On the other hand, we will see that this restricted focus allows us to make rigorous
statements which do provide explanations and intuition as to why certain neural network architectures are
preferable over others.

Concretely, we will identify many mathematical properties of sets of MLPs which explain, to some
extent, practically observed phenomena in machine learning. For example, we will see explanations of why
deep neural networks are, in some sense, superior to shallow neural networks or why the neural network
architecture can efficiently reproduce high dimensional functions when most classical approximation schemes
cannot.

2 Classical approximation results by neural networks

The very first question that we would naturally ask ourselves is which functions we can express as a MLP.
Given that the activation function is fixed, it is conceivable that the set of functions that can be represented or
approximated could be quite small.

Example 2.1. e For linear activation functions o(x) = ax, a € R it is clear that every MLP with this activation
function is an affine linear map.

o More generally, if o is a polynomial of degree k € N, then every MLP with L layers is a polynomial of degree at
most k-1

Example[2.1{demonstrates that under some assumptions on the activation function not every function
can be represented and not even approximated by MLPs with fixed depth.

2.1 Universality

One of the most famous results in neural network theory is that, under minor conditions on the activation
function, the set of networks is very expressive, meaning that every continuous function on a compact set can
be arbitrarily well approximated by a MLP. This theorem was first shown by Hornik [14] and Cybenko [8].
To talk about approximation, we first need to define a topology on a space of functions of interest. We
define, for K c R¢
C(K):={f: K — R: f continuous}

and we equip C'(K) with the uniform norm
[flloe = sup [f ().
zeK

If K is a compact space, then the representation theorem of Riesz [30, Theorem 6.19] tells us that the
topological dual space of C'(K) is the space

M = {u: pis a signed Borel measure on K'}.

*A diligent student would probably want to verify this.



Having fixed the topology on C'(K'), we can define the concept of universality next.

Definition 2.2. Let ¢ : R — R be continuous, d, L € N and K C R® be compact. Denote by MLP (o, d, L) the set of
all MLPs with d-dimensional input, L layers, N1, = 1, and activation function o.
We say that MLP (o, d, L) is universal, if MLP (g, d, L) is dense in C(K).

Example [2.1|demonstrates that MLP(p, d, L) is not universal for every activation function.

Definition 2.3. Let d € N, K C R%, compact. A continuous function f : R — R is called discriminatory if the only
measure 1 € M such that

/ flax —b)du(x) =0, foralla c R4 bR
K
is p=0.

Theorem 2.4 (Universal approximation theorem [8]). Let d € N, K C R? compact, and o : R — R be
discriminatory. Then MLP (o, d, 2) is universal.

Proof. We start by observing that MLP (g, d, 2) is a linear subspace of C'(K). Assume towards a contradiction,
that MLP(p, d, 2) is not dense in C(K). Then there exists h € C(K) \ MLP(p, d, 2).
By the theorem of Hahn-Banach [30, Theorem 5.19] there exists a functional

0#H e C(K)
so that H = 0 on MLP(p, d, 2). Since, for a € R% b € R,
x> glax —b) = g, € MLP(p,d, 2),

we have that H(g,5) = 0 for all a € R% b € R. Finally, by the identification C(K)' = M there exists a
non-zero measure p so that

/ Oapdp =0, forallae R b e R.
K

This is a contradiction to the assumption that g is discriminatory. O

At this point, we know that all discriminatory activation functions lead to universal spaces of MLPs. Since
the property of being discriminatory seems hard to verify directly, we are now interested in identifying more
accessible sufficient conditions guaranteeing this property.

Definition 2.5. A continuous function f : R — R such that f(x) — 1 for x — oo and f(xz) — 0 for x — —o0o is
called sigmoidal.

Proposition 2.6. Let d € N, K C R? be compact. Then every sigmoidal function f : R — R is discriminatory.

Proof. Let f be sigmoidal. Then it is clear from Definition [2.5]that, for A — oo,

1 ifax—b>0
fMax—b)+0) =< fO) ifax—0=0
0 ifar — b < 0.

As fis bounded and K compact, we conclude by the dominated convergence theorem that, for every
peM,

/Kf(A(a-—b)Jre)dM%/Hm> 1du+/H F(0)dp,

a,b,=

where
Hop> ={zxeK:ax—b>0}and Hyp— = {z € K: ar —b=0}.



_—_ /\/

Figure 2.1: A sigmoidal function according to Deﬁnition

Now assume that

/ FOMa-—b) +0)du = 0
K
forall a € R% b € R. Then
/ 1dp +/ f(0)du =0
Hap,> H

a,b,=
and letting § — —oo, we conclude that fHa, . ldp =0foralla € R% b € R.
For fixed a € R? and b; < by, we have that

0:/ 1d,u—/
Ha by, > H

By linearity, we conclude that

1du= [ A pui(02)duo)
K

a,bg,>a

o:Aammm> @.1)

for every step function g. By a density argument and the dominated convergence theorem, we have that (2.1)
holds for every bounded continuous function g. Thus (2.1)) holds, in particular, for g = sin and g = cos. We
conclude that

0= / cos(az) + isin(azx)dp(z) = / e du(x).
K K
This implies that the Fourier transform of the measure p vanishes. This can only happen if ¢ = 0, [29} p.
176]. O

Remark 2.7. Universality results can be achieved under significantly weaker assumptions than sigmoidality. For
example, in [[16] it is shown that Example 2.1 already contains all continuous activation functions that do not generate
universal sets of MLPs.

2.2 Approximation rates

We saw in Theorem [2.4]that MLPs form universal approximators. However, neither the result nor the proof
of it give any indication of how ”large” MLPs need to be to achieve a certain approximation accuracy.



Before we can even begin to analyse this question, we need to introduce a precise notion of the size of a

MLP. One option could certainly be to count the number of neurons, i.e., Zle Nyin of Deﬁnition
However, since a MLP was defined as a function, it is by no means clear if there is a unique representation
with a unique number of neurons. Hence, the notion of “number of neurons” of a MLP requires some
clarification.

Definition 2.8. Lef d, L € N. A neural network (NN) with input dimension d and L layers is a sequence of
matrix-vector tuples

@ = ((A1,b1), (Ag, b2), ..., (Ap,br)),

where Ny == d and Ny, ..., Ny, € N, and where Ay € RN*Ne-1 gnd b, € RN for ¢ =1, ..., L.
For a NN ® and an activation function ¢ : R — R, we define the associated realisation of the NN ® as

R(®) : RY = RV : 2+ xp == R(®)(x),
where the output xj, € RNL yesults from
XTo =T,

Ty Z:Q(Ag$£—1+b£) forﬁzl,...,L—l, (2.2)

xr = Apxr_1+br.

Here g is understood to act component-wise.

We call N(®) = d + Z;‘:l N; the number of neurons of the NN ®, L(®) := L the number of layers or
depth, and M () = Zle M;(®) = Zle | Ajllo + ||bjllo the number of weights of ®. Here ||.||o denotes the
number of non-zero entries of a matrix or vector.

According to the notion of Definition 2.8} a MLP is the realisation of a NN.

2.3 Basic operations of networks

Before we analyse how many weights and neurons NNs need to possess so that their realisations approximate
certain functions well, we first establish a couple of elementary operations that one can perform with NNs.
This formalism was developed first in [24].

To understand the purpose of the following formalism, we start with the following question: Given two
realisations of NNs f;: R? — R? and f»: RY — RY, is it the case that the function

z— fa(f1(x))

is the realisation of a NN and how many weights, neurons, and layers does this new function need to have?

Given two functions f; : R — R% and f, : RY — R%’, where d,d’,d” € N, we denote by f; o f, the
composition of these functions, i.e., f1 o fa(z) = f1(f2(x)) forz € R?. Indeed, a similar concept is possible
for NNis.

Definition 2.9. Let Ly, Ly € Nand let ®* = ((A},b1),...,(Az,.bp,)), ®? = ((A3,b3),..., (A3, b3.)) be two
NN such that the input layer of ®1 has the same dimension as the output layer of ®2. Then ®'e ®2 denotes the
following L1 + Lo — 1 layer network:

Pre %= ((A],b7) . (AT 1 bT,1) s (MAL,, ATbE, + 1), (A2,52) - (AL, 02,))
We call ' &2 the concatenation of ®! and ®2.
It is left as an exercise to show that
R (¢'e®?) =R (®') o R (®?).

A second important operation is that of parallelisation.



Figure 2.2: Top: Two networks. Bottom: Concatenation of both networks according to Deﬁnition

Definition 2.10. Let L,d;,ds € Nand let ®' = ((A},b]),...,(AL,bL)), ®% = ((A43,b9),...,(A%,b%)) be two
NNs with L layers and with d-dimensional and dy-dimensional input, respectively. We define

1. P (0!, 82) = ((21,31) , (Az,éz) (ALjL)),ifdl — dy,
2. FP (@', 9?) = ((fll,?)l) o (AL,5L>),for arbitrary dy,ds € N,

where

—~ 1 ~ 1 _ 1 N 1
Ay(i%), by(%), and Ag:(ée ?4%>, bg:(Zé) for1 <{¢< L.

P(®!, 2) is a NN with d-dimensional input and L layers, called the parallelisation with shared inputs of ®! and
2. FP(®!, ®?) is a NN with dy + da-dimensional input and L layers, called the parallelisation without shared
inputs of ! and 2.

Figure 2.3: Top: Two networks. Bottom: Parallelisation with shared inputs of both networks according to

Definition
One readily verifies that M(P(®!,®?%)) = M(FP(®!, ®2)) = M(®!) + M(P?), and

R,(P(®%, ®?))(z) = (Ro(®) (), Ry(®?)(2)), for all z € R, (2.3)



We depict the parallelisation of two networks in Figure Using the concatenation, we can, for example,
increase the depth of networks without significantly changing their output if we can build a network that
realises the identity function. We demonstrate how to approximate the identity function below. This is our
first quantitative approximation result.

Proposition 2.11. Let d € N, K C R? compact, and o : R — R be differentiable and not constant on an open set.
Then, for every e > 0, there exists a NN ® = ((Ay1,b1), (Ag, b)) such that Ay, Ay € R¥*? by by € RY, M(®) < 4d,
and

[R(®)(x) —z[ <,

forallx € K.
Proof. Assume d = 1, the general case of d € N then follows immediately by parallelisation without shared

inputs.
Let 2* € R be such that g is differentiable on a neighbourhood of 2* and ¢’(z*) = 6 # 0. Define, for A > 0

byi=a*, Ay=1/\, b= —Xdo(x¥)/0, Ay:=MN/6.

Then we have, for all z € K,

IR(®)(z) — a| = ’AQ(‘”/HZ)_"@ ) 4. 2.4)
If z = 0, then shows that |[R(®)(z) — z| = 0. Otherwise
_ |zl Je(@/A+27) — o(a™)
R(®)(z) — z| = 9] Y 9.
By the definition of the derivative, we have that |R(®)(z) —z| - 0for A - coand allz € K. O

Remark 2.12. It follows from Proposition that under the assumptions of Theorem 2.4 and Proposition [2.11|we
have that MLP (o, d, L) is universal for every L € N, L > 2.

The operations above can be performed for quite general activation functions. If a special activation is
chosen, then different operations are possible. In Section we will, for example, introduce an exact emulation
of the identity function by realisations of networks with the so-called ReLU activation function.

24 Reapproximation of dictionaries

Approximation theory is a well-established field in applied mathematics. This field is concerned with
establishing the trade-off between the size of certain sets and their capability of approximately representing a
function. Concretely, let 7 be a normed space and (Ax) nen be a nested sequence (i.e. Ay C Any1 for every
N € N) of subsets of # and let C C H.

For N € N, we are interested in the following number

o(An,C)=sup inf |If— gllx. (2.5)
fecgEAN

Here, o(An,C) denotes the worst-case error when approximating every element of C by the closest element
in Ay. Quite often, it is not so simple to precisely compute (A, C) but instead we can only establish an
asymptotic approximation rate. If h: N — R is such that

o(An,C) = O(h(N)), for N — oo, (2.6)

then we say that (An)nen achieves an approximation rate of h for C.



Definition 2.13. A typical example of nested spaces of which we want to understand the approximation capabilities are
spaces of sparse representations in a basis or more generally in a dictionary. Let D = (f;);2, C H be a dictionary’}
We define the spaces

i=1

Here ||c|lo = #{i € N: ¢; # 0}.
With this notion of An, we call o(An,C) the best N-term approximation error of C with respect to D. Moreover, if
h satisfies (2.6) then we say that D achieves a rate of best N-term approximation error of A for C.

We can introduce a simple procedure to lift approximation theoretical results for N-term approximation
to approximation theoretical results of NNs.

Theorem 2.14. Letd € N, H C {f : R — R} beanormed space, o : R — R, and D = (f;)3°, C H be a dictionary.
Assume that there exist L, C' € N, such that, for every i € N, and for every e > 0 there exists a NN ® such that

L(®f) =1L, M(®)<C, [R(®F)—filly <e (2.8)
For every C C H, define Ay as in and
By = {R(®) : ® is a NN with d-dim input, L(®) = L, M(®) < N}.

Then, for every C C H,
O'(BCN,C) < U(AN,C).

Proof. We aim to show that there exists C' > 0 such that every element in A can be approximated by a NN
with C'N weights to arbitrary precision.

. Leta € Ay, thena = Z;V 1 €y Jij)- Let € > 0 then, by (2.8), we have that there exist NNs (®;)7_; such
that

L(®;) =L, M(®)<C, [R(®5) = fig)l,, < e/ (Nllelloo) - (2.9)

We define, ®° = (([c;(1), Ci2) - - -»Civ)],0)) and @4 1= D@ P(dy, Py, ---,Py). Now it is clear, by the
triangle inequality, that

N

IR () —a = Zcm) fiy — R(®; Z il | (figy =R (@) || <e.

Per Definition[2.9) L(®“® P(®1, Py, - ,®n)) = L(P(P1, P2, --- ,Py)) = L and it is not hard to see that

M((I)C.P((I)l,q)g,--- 7q)N)) S M(P(‘I)l,(bg,”- 7q)N)) S N . HllaXNM((I)j) S NC
Jj=1,...,

O

Remark 2.15. In words, Theorem [2.14|states that we can transfer a classical N-term approximation result to approxi-
mation by realisations of NNs if we can approximate every element from the underlying dictionary arbitrarily well by
NN . It turns out that, under the right assumptions on the activation function, Condition (2.8)) is quite often satisfied.
We will see one instance of such a result in the following subsection and another one in Proposztzon 3.3 below.

*We assume here and in the sequel that a dictionary contains only countably many elements. This assumption is not necessary, but
simplifies the notation a bit.



2.5 Approximation of smooth functions

We shall proceed by demonstrating that holds for the dictionary of multivariate B-splines. This idea,
was probably first applied by Mhaskar in [19].

Towards our first concrete approximation result, we therefore start by reviewing some approximation
properties of B-splines: The univariate cardinal B-spline on [0, k] of order k € N is given by

/=

k
Ni(z) = G i i Z(:)(—l)e (ij) (x— 0kt forz eR, (2.10)

where we adopt the convention that 0° = 0.
Fort € Rand ¢ € N, we define Ny ¢ 1 == Nj(2(- — t)). Additionally, we denote ford € N, £ € N, t € R? the
multivariate B-splines by

d
./\/Ztk(x) = H/\/gyt“k(xi), forz = (z1,...24) € R
i=1

Finally, for d € N, we define the dictionary of dyadic B-splines of order k by
B* = N}y, i €Nt €272} (2.11)

Best N-term approximation by multivariate B-splines is a well studied field. For example, we have the
following result by Oswald.

Theorem 2.16 ([22, Theorem 7]). Let d,k € N, p € (0,00], 0 < s < k. Then there exists C > 0 such that, for every
f € C*([0,1]%), we have that, for every § > 0, and every N € N there exists ¢; € R with |c¢;| < C||f||oo and B; € B*
fori=1,...,N such that

d—s
SN TS

Cs-

N
Hf —> B
=1

In particular, for C == {f € C*([0,1]¢) : || f|
error of order N®=9)/4 for every & > 0.

Lp

o= < 1}, we have that B* achieves a rate of best N-term approximation

“In [22, Theorem 7] this statement is formulated in much more generality. We cite here a simplified version so that we do not have
to introduce Besov spaces.

To obtain an approximation result by NN via Theorem we now only need to check under which
conditions every element of the B-spline dictionary can be represented arbitrarily well by a NN. In this regard,
we first fix a class of activation functions.

Definition 2.17. A function ¢ : R — R is called sigmoidal of order ¢ € N, if p € C771(R) and

@ — 0, for z — —o0, ﬂel,forx—)oo, and
x4 x4

lo(z)| < (1 + |z|), forall z € R.

Standard examples of sigmoidal functions of order k& € N are the functions « — max{0, 2}?. We have the
following proposition.

Proposition 2.18. Let k,d € N, K > 0, and ¢ : R — R be sigmoidal of order q > 2. There exists a constant C > 0
such that for every f € B¥ and every € > 0 there is a NN ®° with [logy(d)] + [max{log,(k — 1),0}] + 1 layers and
C weights, such that

||f - Rg ((I)E)HLoo([—K,K]d) < e

10



Proof. We demonstrate how to approximate a cardinal B-spline of order %, i.e., J\/}fq o by a NN @ with

activation function p. The general case, i.e., N, éft’ .- follows by observing that shifting and rescaling of the
realisation of ¢ can be done by manipulating the entries of A; and b, associated to the first layer of . Towards
this goal, we first approximate a univariate B-spline. We observe with that we first need to build
a network that approximates the function z — (x)ffl. The rest follows by taking sums and shifting the
function.

It is not hard to see (but probably a good exercise to formally show) that, for every K’ > 0,

T
a7 gogo---o o(ax) —z% | — 0 for a — oo uniformly for all z € [-K', K'].
—_————
T — times

Choosing T" := [max{log,(k — 1),0}] we have that ¢” > k — 1. We conclude that, for every K’ > 0 and ¢ > 0
there exists a NN @ with [max{log,(k —1),0}| + 1 layers such that

R (@) (x) — 2f| <, 2.12)
for every x € [-K', K'], where p > k — 1. We observe that, for all z € [-K’, K|,

R(®5) (z40) — R (®L) ()

5 — pa " for § — 0. (2.13)
ne can prove (2.13) directly with the binomial theorem, observing that
O P 2.13) d ly h the b 1 th by ob g th.
R(®%) (x+0) —R(DL) (x _ +0)E — (2)k e
(®5) ( ()5 (5)()_px€r1§25+‘(1’ )J:; ($)+_pxi1

Repeating the ‘derivative-trick” of (2.13), we can find, for every K’ > 0 and ¢ > 0 a NN ®! such that, for all
x€[-K' K],
’R((I)D(I) - xﬁ‘__1| <e.

By (2.10), it is now clear that there exists a NN @ the size of which is independent of e which approximates
a univariate cardinal B-spline up to an error of e.

As a second step, we would like to construct a network which multiplies all entries of the d-dimensional
output of the realisation of the NN FP(®), ..., ®.). Since ¢ is a sigmoidal function of order larger than 2,
we observe by the ‘derivative trick” that led to that we can also build a fixed size NN with two layers
which, for every K’ > 0 and € > 0, approximates the map « — 27 arbitrarily well for z € [-K', K'].

We have that for every z = (z1,z2) € R?

2129 = (21 4 2)? —af — 23 = (21 +22)] + (—21 —22)F — (21)] — (—21)3 — (22)] — (—22)F. (214)

Hence, we can conclude that, for every K’ > 0, we can find a fixed size NN <I>§““lt with input dimension 2
which, for every e > 0, approximates the map (1, z2) — @122 arbitrarily well for (z1,22) € [-K', K']%.
We assume for simplicity, that log,(d) € N. Then we define

q)?ult,d,d/2 — FP((I)?mlt, s q)inult).
—_—

d/2—times
It is clear that, for all z € [-K', K']¢,
’R ((I);n““’d’d”) (21,...,2q) — (102, 0324, ..., Tq_124)| < €.
Now, we set
@Znult,d,l — CI)?“ltO (I)Znult,4,2. e (I)?xult,d,d/2_ (2‘15)

11
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Figure 2.4: Setup of the multiplication network (2.15). Every red dot symbolises a multiplication network
®mul* and not a regular neuron.

We depict the hierarchical construction of (2.15) in Figure Per construction, we have that #4141 has
log,(d) + 1 layers and, for every ¢’ > 0 and K’ > 0, there exists € > 0 such that

"I)?ult’d’l(xl,-~-$d) —.’L‘1$2"'.'L‘d’ < €.

Finally, we set
P, = oIt Ale FP(DY, ..., BY).
~—_——
d—times
Per definition of ®, we have that ® has [max{log,(k — 1),0}] + log,(d) + 1 many layers. Moreover, the size of

all components of ® was independent of e. By choosing ¢ sufficiently small it is clear by construction that ®.
approximates N, , arbitrarily well on [~ K, K]? for sufficiently small e. O

As a simple consequence of Theorem and Proposition we obtain the following corollary.

Corollary 2.19. Let d € N, s > § > 0 and p € (0, 00]. Moreover let ¢ : R — R be sigmoidal of order ¢ > 2. Then
there exists a constant C' > 0 such that, for every f € C*([0,1]?) with || f||cs < 1 and every 1/2 > € > 0, there exists
a NN ® such that

If = R(®)]|» <€
and M(®) < Ce™ =5 and L(®) = [logy(d)] + [max{log,([s] — 1),0}] + 1.

Remark 2.20. Corollary [2.19)constitutes the first quantitative approximation result of these notes for a large class
of functions. There are a couple of particularly interesting features of this result. First of all, we observe that with
increasing smoothness of the functions, we need smaller networks to achieve a certain accuracy. On the other hand,
at least in the framework of this theorem, we require more layers if the smoothness s is much higher than the order of
sigmoidality of o.

Finally, the order of approximation deteriorates very quickly with increasing dimension d. Such a behaviour is often
called curse of dimension. We will later analyse to what extent NN approximation can overcome this curse.

2.6 Fast approximations with Kolmogorov

One observation that we made in the previous subsection is that some activation functions yield better
approximation rates than others. In particular, in Theorem[2.19} we see that if the activation function ¢ has a
low order of sigmoidality, then we need to use much deeper networks to obtain the same approximation
rates than with a sigmoidal function of high order.
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Naturally, we can ask ourselves if, by a smart choice of activation function, we could even improve
Corollary further. The following proposition shows how to achieve an incredible improvement if d = 1.
The idea for the following proposition and Theorem [2.24|below appeared in [17] first, but is presented in a
slightly simplified version here.

Proposition 2.21. There exists a continuous, piecewise polynomial activation function ¢ : R — R such that for every
function f € C([0,1)]) and every € > 0 there is a NN &7 with M (%) < 3, and L(®S¢) = 2 such that

If =R (27

| <e (2.16)

Proof. We denote by 119, the set of univariate polynomials with rational coefficients. It is well-known that
this set is countable and dense in C(K) for every compact set K. Hence, we have that {m g 1): 7 € 1%} isa
countable set and dense in C([0, 1]). We set (m;)icz = {m|jp,1): 7 € 1%} and define

() = mi(w — 2i), if 2 € [24,2i + 1],
O m()(2i+2—2)+ma(0)(x—2i—1), ifze(2+1,2+2).

It is clear that g is continuous and piecewise polynomial.
Finally, let us construct the network such that (2.19) holds. For f € C([0,1]) and € > 0 we have by density
of (m;);cz that there exists i € Z such that || f — ;|| < €. Hence,

1F(2) — 0w +20)| = |f(z) — 7)) < e (2.17)
The claim follows by defining ®/¢ := ((1, 2i), (1, 0)). O

Remark 2.22. It is clear that the restriction to functions defined on [0,1] is arbitrary. For every function f €
C([—K, K)) for a constant K > 0, we have that f(2K (- — 1/2)) € C([0,1]). Therefore, the result of Proposition [2.21]
holds by replacing C([0,1]) by C([—K, K]).

We will discuss to what extent the activation function g of Proposition is sensible a bit further
below. Before that, we would like to generalise this result to higher dimensions. This can be done by using
Kolmogorov’s superposition theorem.

Theorem 2.23 ([15]). For every d € N, there are 2d* + d univariate, continuous, and increasing functions ¢y, 4,
p=1,...,d,q=1,...,2d + 1 such that for every f € C([0,1]%) we have that, for all = € [0,1]%,

2d+1 d
flx) = Z 9q < ¢p,q(xp)> ) (2.18)
g=1 p=1

where g4, ¢ =1, ...2d + 1, are univariate continuous functions depending on f.

We can combine Kolmogorov’s superposition theorem and Proposition to obtain the following
approximation theorem for realisations of networks with the special activation function from Proposition

221l

Theorem 2.24. Let d € N. Then there exists a constant C(d) > 0 and a continuous activation function o, such that
for every function f € C([0,1]%) and every e > 0 there is a NN ®/:5¢ with M (®f<) < C(d), and L(®)<?) = 3
such that

|f =R (@Y <e (2.19)

Proof. Let f € C([0,1]%). Let o > 0 and let ¢ := (([1,...,1],0)) be a network with d dimensional input
and 124+ .= (([1,...,1],0)) be a network with 2d + 1 dimensional input. Let g,,¢,, forp = 1,...,d,
g=1,...,2d + 1be as in (2.18).
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We have that there exists C' € R such that
ran (¢pq) C [-C,C], forallp=1,...,d,¢g=1,...,2d + 1.
We define, with Proposition
P10 = LA FP (§Pruco pP2ao  pPaaco)

It is clear that, for x = (x1,...,24) € [0,1]¢,

R (®90) (z) = Y ¢pglap)| < deg (2.20)

and, by construction, M (®9) < 3d. Now define, for ¢; > 0,

®f = QLUTLe P (99 @921 gty o P (Gl g0 AL ) (2.21)

€0,€1

where ®91-1 is according to Remark with K =C + 1.
Per definition of ® it follows that L(®] ) < 3 and the size of ®/ is independent of ¢, and €;. We also have

that
2d+1

60,61 Z R (I)gqvel ( qu)_

We have by Proposition that, for fixed ¢, the map R (®92¢!) is uniformly continuous on [-C' — 1,C + 1]
forallg=1,...,2d+ 1and ¢y < 1.
Hence, we have that, for each € > 0, there exists 6z > 0 such that

R (890°1) (&) — R (29°0) ()] < &,

forall z,y € [-C — 1,C + 1] so that |« — y| < ¢ in particular this statement holds for € = ¢;.
It follows from the triangle inequality, (2.20), and Proposition that

d
R (®979) (R (@) — gq <Z ¢p,q>
R (89) (R (900)) — R (050 (Z ¢>

R (@9) <Z ¢p,q> —9q <Z ¢p,q>
=1 00
2d+1 ’
=3 e 10

2d+1

IR (@.c) = fll.c <Z

2d+1

<2 R

Choosing dey < d,, we have that I, ., < €;. Moreover, II < ¢; by Construction
Hence, for every 1/2 > € > 0, there exists €, ¢; such that ||R (7)) — f||_ < (2d + 1)e; < e. We define
/¢4 .= @/ _ which concludes the proof. O

€0,€1

Without knowing the details of the proof of Theorem[2.24Jthe statement that any function can be arbitrarily
well approximated by a fixed-size network is hardly believable. It seems as if the reason for this result to
hold is that we have put an immense amount of information into the activation function. At the very least,
we have now established that at least from a certain minimal size on, there is no aspect of the architecture of a
NN that fundamentally limits its approximation power. We will later develop fundamental lower bounds on
approximation capabilities. As a consequence of the theorem above, these lower bounds can only be given
for specific activation functions or under further restricting assumptions.
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3 ReLU networks

We have already seen a variety of activation functions including sigmoidal and higher-order sigmoidal
functions. In practice, a much simpler function is usually used. This function is called rectified linear unit
(ReLU). 1t is defined by

z forxz>0

0 else. (3.1)

x> or(z) = (z); = max{0,2} = {
There are various reasons why this activation function is immensely popular. Most of these reasons are based
on its practicality in the algorithms used to train NNs which we do not want to analyse in this note. One
thing that we can observe, though, is that the evaluation of pr(x) can be done much more quickly than that
of virtually any non-constant function. Indeed, only a single decision has to be made, whereas, for other
activation functions such as, e.g., arctan, the evaluation requires many numerical operations. This function is
probably the simplest function that does not belong to the class described in Example
One of the first questions that we can ask ourselves is whether the ReLU is discriminatory. We observe
the following. For a € R, b; < by and every = € R, we have that

H,(z) = or(ax — aby + 1) — or(azx — aby) — or(ax — aby) + or(ax — aby — 1) — 1y, 4,) for a — oo.

Indeed, for x < by — 1/a, we have that H,(z) = 0. If by — 1/a < x < by, then Hy(z) = a(x — by + 1/a) < 1.
If by < & < by, then H,(z) = prlax — aby + 1) — gr(ax — aby) = 1. If by < x < by + 1/a, then H,(x) =
1 — gr(ax — aby) = 1 — ax — aby < 1. Finally, if z > by + 1/a then H,(x) = 0. We depict H, in Figure[3.1]

<

T
bh—1 b
Figure 3.1: Pointwise approximation of a univariate indicator function by sums of ReLU activation functions.

The argument above shows that sums of ReLUs can pointwise approximate arbitrary indicator function.
If we had that

/ or(ax + b)du(z) =0,
K

forapu € Mandalla € R? and b € R, then this would imply

[ L s(@du() =0
K

for all a € R? and b; < bs. At this point we have the same result as in (2.1). Following the rest of the proof of
Proposition [2.6|yields that op is discriminatory.

We saw in Proposition[2.18 how higher-order sigmoidal functions can reapproximate B-splines of arbitrary
order. The idea there was that, essentially, through powers of %, we can generate arbitrarily high degrees of
polynomials. This approach does not work anymore if ¢ = 1. Moreover, the crucial multiplication operation
of Equation cannot be performed so easily with realisations of networks with the ReLU activation
function.

If we want to use the local approximation by polynomials in a similar way as in Corollary we have
two options: being content with approximation by piecewise linear functions, i.e., polynomials of degree one,
or trying to reproduce higher-order monomials by realisations of NNs with the ReLU activation function in a
different way than by simple composition.

Let us start with the first approach, which was established in [13]].
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3.1 Linear finite elements and ReLU networks

We start by recalling some basics on linear finite elements. Below, we will perform a lot of basic operations

on sets and therefore it is reasonable to recall and fix some set-theoretical notation first. For a subset A of a

topological space, we denote by co(A) the convex hull of A, i.e., the smallest convex set containing A. By A we

denote the closure of A, i.e., the smallest closed set containing A. Furthermore, int A denotes the interior of A,

which is the largest open subset of A. Finally, the boundary of A is denoted by 94 and A :== A\ int A.
Letd € N,Q C R% Aset T C P(Q) so that

Ur=2

T=(m) fﬁq, where each 7; is a d—simple and such that 7; N 7; C d7; N 75 is an n-simplex with n < d for
every i # j is called a simplicial mesh of 2. We call the 7; the cells of the mesh T and the extremal points of the

71,1 = 1..., My, the nodes of the mesh. We denote the set of nodes by (1;)2y. We will also assume that if
7; € T, for some k and ¢ then 7; is always an extremal point of 75 to prevent degenerate meshes.

(v

Ea)

Figure 3.2: A two dimensional simplicial mesh of [0, 1]?. The nodes are depicted by red z’s.

We say that a mesh 7 = (7;)M7 is locally convex, if for every n; it holds that | J{r; : 7; € 7;} is convex.
For any mesh 7 one defines the linear finite element space

Vi = {f € C(Q): fi, affine linear foralli =1,...,Mr}.

Since an affine linear function is uniquely defined through its values on d + 1 linearly independent points, it
is clear that every f € V7 is uniquely defined through the values (f(7;))2y. By the same token, for every
choice of (y;) f\iﬁ’ , there exists a function f in V7 such that f(n;) = y; foralli =1,..., My.

Fori =1,..., My we define the Courant elements ¢; 7 € Vi to be those functions that satisfy ¢; 7(n;) = 0; ;.
See Figure[3.3|for an illustration.

Proposition 3.1. Let d € Nand T be a simplicial mesh of 2 C RY, then we have that
My
F=>fm)éir
i=1

holds for every f € V.

*A d-simplex is a convex hull of d 4 1 points vo, . . ., vg such that (v1 — vg), (v2 — vo), . . ., (vqg — vo) are linearly independent.
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Figure 3.3: Visualisation of a Courant element on a mesh.

As a consequence of Proposition 3.1} we have that we can build every function f € V7 as the realisation
of a NN with ReLU activation function if we can build ¢; 7 for everyi =1,..., My.

We start by making a couple of convenient definitions and then find an alternative representation of ¢; 7.

We define, fori,j =1,... My,

FGi)={je{l,...,.Mn}:n € 75}, G(i) = U Tjs (3.2)
JEF()
H(j,i) = {m € 75,m0 # i}, (i) = {mx € G(1)} . (3.3)

Here F(i) is the set of all indices of cells that contain 7;. Moreover, G(i) is the polyhedron created from
taking the union of all these cells.

Proposition 3.2. Let d € Nand T be a locally convex simplicial mesh of Q@ C R%. Then, for every i = 1,..., My, we
have that

0T = 0, min g; o, 34
¢i.T = max { Jnin 9 } (3-4)
where g; is the unique affine linear function such that g;(ni) = 0 for all n, € H(j,1) and g;(n;) = 1.

Proof. Leti € {1,..., My}. By the local convexity assumption we have that G(:) is convex. For simplicity, we
assume that 7; € int G(i)[]
Step 1: We show that

0G(i) = | J co(H(j,1)). (3.5)
JEF(i)

The argument below is visualised in Figure We have by convexity that G (i) = co(I(7)). Since 7; lies in
the interior of G(i) we have that there exists ¢ > 0 such that B.(7;) C G(i). By convexity, we have that also the
open set co(int 7y, Be(7;)) is a subset of G (7). Itis not hard to see that 7, \ co(H (k, %)) C co(int 7%, Be(1;)) and

*The case 7; € OG(i) needs to be treated slightly differently and is left as an excercise.
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Figure 3.4: Visualisation of the argument in Step 1. The simplex 7, is coloured green. The grey ball around
7; is Be(n;). The blue x represents .

hence 7, \ co(H (k, 1)) lies in the interior of G(7). Since we also have that 0G(i) C Uy¢r(;) 07k, we conclude
that
0G(i) c | co(H(j,i)).
iEF(4)

Now assume that there is j such that co(H(j,7)) ¢ 0G(3). Since co(H(j,1)) C G(¢) this would imply that
there exist € co(H(j,1)) such that x is in the interior of G(¢). This implies that there exists ¢ > 0 such that
Bl(z) C G(i). Hence, the line from 7; to = can be extended for a distance of ¢’/2 to a point z* € G(i) \ 7;. As
«* must belong to a simplex 7;- that also contains 7;, we conclude that 7;+ intersects the interior of 7; which
cannot be by assumption on the mesh.

Step 2:

For each j, denote by #(j,4) the hyperplane through H (3, 7). The hyperplane H(j, i) splits R? into two
subsets, and we denote by H™ (5, ) the set that contains 7;.

We claim that

G(i)= () H™(.0). (3:6)

JEF (i)

This is intuitively clear and sketched in Figure

We ﬁr§t prove the case G(i) C (;cp;y H it (5 7). Assume towards a contradiction that 2’ € G(7) is a point
in RY\ H(j,4) fora j € F(i)

Since 7; does not lie in the boundary of G(i) there exists ¢ > 0 such that B.(n;) C G(¢) and therefore,
by convexity co(B.(n;),2") C G(i). Since n; and 2’ are on different sides of #(j, ), we have that there is a
point 2/ € H(j, i) and € > 0, such that B./(z"") C G(i). Therefore, co(Be (z”),int co(H (j,%))) C G(i) is open.
In particular, co(Be (z"),int co(H(j,i))) N 0G(i) = &. We conclude that int co(H(j,i)) N G (i) = @. This
constitutes a contradiction to (3.5).

Next we prove that G(i) D (\;c ) H™ (4, 7). Let 2 ¢ G(i). Next, we show that 2 lies in R* \ H™*(j, 1)
for at least one j. The line between "’ and 7; intersects G(i) and, by Step 1, it intersects co(H (j,4)) for a
j € F(i). Itis also clear that z”” is not on the same side as 7;. Hence 2" ¢ H™(j,1).

Step 3: For each n; € I(i), we have that g;(n;) > 0 for all k € F(i).
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Figure 3.5: The set G(i) and two hyperplanes 1 (j1, ), H(j2,¢). Since G(¢) is convex and H(j, 7) extends its
boundary it is intuitively clear that G(7) is only on one side of #(j, %) and that holds.

This is because, by G(1) lies fully on one side of each hyperplane #(j,), j € F(i). Since g) vanishes
on H(k, i) and equals 1 on 7; we conclude that gx(n;) > 0 for all k € F(3)

Step 4: For every k € F'(i) we have that g, < g; on 7, forall j € F(3)

If for j € F(i), g;(ne) > gi(ne) for all n, € 7, then, since 7, = co({ne : n¢ € 71 }), we conclude that g; > g.
Assume towards a contradiction that g;(n¢) < gi(ne) for at least one 1, € I(i). Clearly this assumption cannot
hold for n, = n; since there g;(n;) = 1 = gi(n;). If ne # n;, then gi(n,) = 0 implying g;(n,) < 0. Together
with Step 3 this yields a contradiction.

Step 5: For each z ¢ G(i), we have that there exists at least one k € F(i) such that g;(z) < 0.

This follows as in Step 3. Indeed, if z ¢ G(i) then, by we have that there is a hyperplane H (%, i) so
that z does not lie on the same side as 7;. Hence gx(z) < 0.

Combining Steps 1-5 yields the claim (3.4). O

Now that we have a formula for the functions ¢, 7, we proceed by building these functions as realisations
of NNs.

Proposition 3.3. Let d € N and T be a locally convex simplicial mesh of 0 C RY. Let kr denote the maximum
number of neighbouring cells of the mesh, i.e.,

kri= _max {j:nier}. (3.7)

Then, for every i =1,..., My, there exists a NN ®; with
L(®;) = [logy (k7)) ] + 2, and M(®;) < C - (k7 + d)k7 logy (k1)
for a universal constant C' > 0, and
R(®;) = i1, (3.8)

where the activation function is the ReLUL
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Proof. We now construct the network the realisation of which equals (3.4). The claim (3.8) then follows with
Proposition 3.2}
We start by observing that, for a,b € R,
atb Ja—b 1
2 22

min{a,b} = (or(a+0b) — or(—a —b) — or(a —b) — or(b—a)).

Thus, defining ®™i™2 := ((A4,0), (A2, 0)) with

1 1
-1 -1 1
Al = 1 -1 ) AQ = 5[17_17 _17_]—}7
-1 1

yields R(®™™2)(a,b) = min{a, b}, L(®™™?) = 2 and M (®™™2?) = 12. Following an idea that we saw earlier
for the construction of the multiplication network in (2.15)), we construct for p € N even, the networks

('I;min.,p — FP((I)min’2, o CDmin,Z)

p/2— times

and for p = 24
(I)min,p — &)min,2. &)min,él ...e E)min,p.

It is clear that the realisation of ®™™? is the minimum operator with p inputs. If p is not a power of two then

a small adaptation of the procedure above is necessary. We will omit this discussion here.
We see that L(®™™P) = [log,(p)] + 1. To estimate the weights, we first observe that the number of

neurons in the first layer of ®™"? is bounded by 2p. It follows that each layer of ®™"? has less than 2p
neurons. Since all affine maps in this construction are linear, we have that

QMNP — (A1, by),...,(Ap,br)) = ((A1,0),...,(AL,0)). (3.9)
We have that g, = G (+) + 0y for 6, € Rand G}, € RY%. Let

(I)aff =P (((Gl, 01)) s ((GQ, 92)) yoeoy ((G#F(i)a G#F(z)))) .

Clearly, ®* has one layer, d dimensional input, and #F (i) many output neurons.
We define, for p := #F (i), _ .
T = ((1,0), (1,0))e ™"Pe o,
Per construction and (3.4), we have that R(®"7) = ¢; 7. Moreover, L(®*7)) = L(®™™P) + 1 = [logy(p)] + 2.
Also, by construction, the number of neurons in each layer of 7 is bounded by 2p. Since, by (3.9), we have

that _
"7 = ((A1,b1), (A2,0), ..., (AL,0)),

with A, € RNexNe-1 and by € RP, we conclude that

L L

M@ T) <p+> Ao <p+ Y Ne1Ny < p+ 2dp + (2p)*([log, (p)]).-
=1 =1

Finally, per assumption p < k7 which yields the claim. O

As a consequence of Propositions [3.3|and we conclude that one can represent every continuous
piecewise linear function on a locally compact mesh with IV nodes as the realisation of a NN with CN
weights where the constant depends on the maximum number of cells neighbouring a vertex ks and the
input dimension d.
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Theorem 3.4. Let T be a locally convex partition of Q@ C R%, d € N. Let T have My and let k1 be defined as in (3.7).
Then, for every f € Vi, there exists a NN & such that

L (®7) < [logy(k7)] +2,
M (®f) < CMy - (k1 + d) k7 logy (k7)
R(®) =,

for a universal constant C' > 0.

Remark 3.5. One way to read Theorem 3.4)is the following: Whatever one can approximate by piecewise affine linear,
continuous functions with N degrees of freedom can be approximated to the same accuracy by realisations of NNs with
C' - N degrees of freedom, for a constant C'. If we consider approximation rates, then this implies that realisations of
NN achieve the same approximation rates as linear finite element spaces.

For example, for Q = [0, 1]¢, one has that there exists a sequence of locally convex simplicial meshes (T,,)2>, with
M+ (Ty) < nsuch that

. _2
o f = gl ST fllweesain @),

forall f € W224/(d+2)(Q), see, e.g., [13].

3.2 Approximation of the square function

With Theorem 3.4} we are able to reproduce approximation results of piecewise linear functions by realisations
of NNs. However, the approximation rates of piecewise affine linear functions when approximating C*
regular functions do not improve for increasing s as soon as s > 1, see, e.g., Theorem[2.16] To really benefit
from higher-order smoothness, one requires piecewise polynomials of higher degree.

Therefore, if we want to approximate smooth functions in the spirit of Corollary 2.19] then we need to be
able to efficiently approximate continuous piecewise polynomials of degree higher than 1 by realisations of
NNs.

It is clear that this emulation of polynomials cannot be performed as in Corollary [2.19} since the ReLU is
piecewise linear. However, if we allow sufficiently deep networks there is, in fact, a surprisingly effective
possibility to approximate square functions and thereby polynomials by realisations of NNs with ReL.U
activation functions.

To see this, we first consider the remarkable construction below.

Efficient construction of saw-tooth functions: Let

(b/\ = ((Alybl)) (A270))a

where
2 0
Al = 2 s b1 = -1 s A2 = [1, 72, 1]
2 -2
Then

R (®") (z) = or(22) — 20r (22 — 1) + 0r(22 — 2)
and L(®") =2, M(®") =8, Ng =1, N; = 3, N3 = 1. Itis clear that R(®") is a hat function. We depict it in
Figure3.6]
A quite interesting thing happens if we compose R(®") with itself. We have that
R(®"e .- 0d") = R(®")o--- o R(®")
————

n—times

n—times
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is a saw-tooth function with 2"~! hats of width 2!=" each. This is depicted in Figure Compositions are
notoriously hard to picture, hence it is helpful to establish the precise form of R(®"e - -- @ ") formally. We

analyse this in the following proposition.

Proposition 3.6. For n € N, we have that

F, =R(®"e ...0d")

n—times

satisfies, for x € (0, 1),

2 —a27™) forx € [127", (i + 1)27™], i even,
Fo(w) = { (i +1)2-" —2)) fora € [i2-", (i +1)2-7], i odd (3.10)
and F,, = 0 for x & (0,1). Moreover, L(®"® ---®") =n + 1 and M (P e ---ed") < 12p — 2.
——— ———
n—times n—times
Proof. The proof follows by induction. We have that, for z € [0,1/2],
R(®")(x) = or(27) = 22.
Moreover, for = € [1/2, 1] we conclude
R(®")(z) =22 —2(22 — 1) = 2 — 2u.
Finally, if = ¢ (0,1), then
or(2z) — 20r(2x — 1) + or(22 — 2) = 0.
This completes the case n = 1. We assume that we have shown (3.10) for n € N. Hence, we have that
Fn+1 =F,o0 R((I)A)7 (311)

where F,, satisfies (8.10). Let € [0,1/2] and = € [i27"71, (i + 1)27""1],i even. Then R(®")(z) = 2z €
[i27™, (i + 1)27 "], even. Hence, by (3.11), we have

Fn—i—l(z) = 2n(2x — Z'27n) = 2"+1(I _ Z'anfl).

Ifre[1/2,1]and z € [i27"7L, (i + 1)2 " !],i even, then R(®")(x) =2 - 2r € [2— (i + 1)27",2 —i27"] =
[(2ntt —4 —1)27 (2nH — )27 = [j27", (j + 1)27"] for j == (2! — i — 1) odd. We have, by (3.11),

Fpp(z) =2"(j27" - (2—22)) =2"((2-27"(1 + 1)) — (2 — 22))
=272z —27"(i+ 1)) = 2" (z — 27710 + 1)).

The cases for i odd follow similarly. If 2 ¢ (0, 1), then R(®")(x) = 0 and per (3.11) we have that F}, 1 (x) = 0.
It is clear by Definition[3.12|that L(®"'e - - - ®") = n + 1. To show that M (®"e - .- e d") < 12n — 2, we
——— ———

n—times n—times

observe with
e ... 0D = (A, by),...,(AL,bL)))

that M(q)/\. "'.(I)/\) < Z?;Lll Ny 1Ny + Ny < (n — 1)(32 +3) +NON1 + Ny + NnNn+1 +Nn+1 = 12(7’L —
1)+3+4+3+3+1=12n— 2, where we use that N, =3 forall1 < ¢ <mnand Ny = N, = 1. O]
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Figure 3.6: Top Left: Visualisation of R(®") = F;. Bottom Right: Visualisation of R(®") o R(®") = F3,
Bottom Left: F,, for n = 4.

Remark 3.7. Proposition [3.6] already shows something remarkable. Consider a two layer network ® with input
dimension 1 and N neurons. Then its realisation with ReLU activation function is given by

N
R(‘I)) = ZCJ‘,QR(GJ‘J) + b]> —d,

j=1

forcj,a;,b;,d € R. It is clear that R(®) is piecewise affine linear with at most N < M (®) pieces. We see, that with
this construction, the resulting networks have not more than M (®) pieces. However, the function F,, from Proposition

has at least 2 M

2 linear pieces.

The function F, is therefore a function that can be very efficiently represented by deep networks, but not very
efficiently by shallow networks. This was first observed in [37]].

The surprisingly high number of linear pieces of F;, is not the only remarkable thing about the construction
of Proposition[3.6] Yarotsky [40] made the following insightful observation:

Proposition 3.8 ([40]]). For every x € [0,1] and N € N, we have that

5 <272N=Z (3.12)

N
F,
-2+ E "2(:)
n=1
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Proof. We claim that

Fr
Hy =z-Y_ o (3.13)
n=1
is a piecewise linear function with breakpoints k2=~ where k = 0,...,2", and Hy(k27V) = k2272, We

prove this by induction. The result clearly holds for N = 0. Assume that the claim holds for N € N. Then we

see that
Fni

Hy —Hny1 = FPAE

Since, by Proposition Fx 1 is piecewise linear with breakpoints k2~ ~! where k = 0,...,2¥*! and Hy

is piecewise linear with breakpoints 2~V ~! where ¢ = 0, ..., 21 even, we conclude that H 1 is piecewise

linear with breakpoints k2-N-1 where k =0,...,2N*!. Moreover, by Proposition Fx 41 vanishes for all

k2=N=1 where k is even. Hence, by the induction hypothesis Hy1(k27"~1) = (k27N =1)2 for all k even.
To complete the proof, we need to show that

F
sans (k2N = Hy (k27N — (k27 VT,

for all k odd. Since Hy is linear on [(k — 1)2=N=1), (k + 1)2~V~1)], we have that

Hy(k27N7Y) — (k27N-1)2 = % (k= 1)27 V"2 4 ((k+ 1)27V"1)2) — (k27N 71)2 (3.14)

=2 2N=2 <; (k=1))*+ (k+1)%) — k2)
— 2—2(N+1) — 2_2(N+1)FN+1(1€2_N_1),

where the last step follows by Proposition This shows that Hy (k271 = (k2=V=1)2 for all k =
0,...,2Y*1 and completes the induction.
Finally, letz € (k2= (k+ 1)27V], k= 0,...,2Y — 1, then

(k+1)2 — k%) 272N

e (x —k27N) — 22, (3.15)

|Hy(2) —a?| = Hy — 2 = (k27V)* + (

where the first step is because = — 22 is convex and therefore its graph lies below that of the linear interpolant
and the second step follows by representing H y locally as the linear map that intersects = — 22 at k2=~ and
(k+1)27N,

Since (3.15) describes a continuous function on [k2~, (k + 1)27%] vanishing at the boundary, it assumes
its maximum at the critical point

1((k+1)2—k*)272N 1
2 2-N T2

for ¢ € {1,...2N%1} odd. We have already computed in (3.14) that

* .

2k +1)27N = (2k + 1)27 V" = 27N

|HN(1‘*) _ (I*)2| < 272(N+1).
This yields the claim. O

Equation and Proposition 3.6l make us optimistic that, with sufficiently deep networks, we can
approximate the square function very efficiently. Before we can do this properly, we need to enlarge our
toolbox slightly and introduce a couple of additional operations on NNs.
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Figure 3.7: Visualisation of the construction of Hy of (3.13).

ReLU specific network operations We saw in Proposition that we can approximate the identity func-
tion by realisations of NNs for many activation functions. For the ReLU, we can even go one step further and
rebuild the identity function exactly.

Lemma 3.9. Let d € N, and define
D' = ((A1,b1), (A2, b2))

with
Idga
Ay = ( > s by = 0, Ay = ( Ide —Ide ) s by := 0.
Then R(®') = Idga.
Proof. Clearly, for z € R4, R(@Id)(x) = or(x) — or(—x) = 2. O

Remark 3.10. Lemma([3.9can be generalised to yield emulations of the identity function with arbitrary numbers of
layers. For each d € N, and each L € N>, we define

Id
o, = ((_Ii‘;d) , 0) . (Idg24,0), ..., (Idgea, 0), ([Idga | —Idga] , 0)

L—2 times
For L = 1, one can simply set ®}'; := ((Idga,0)).

Our first application of the NN of Lemma 3.9]is for a redefinition of the concatentation. Before that, we
first convince ourselves that the current notion of concatenation is not adequate if we want to control the
number of parameters of the concatenated NN.

Example 3.11. Let N € Nand ® = ((A1,0), (A2,0)) with A; = [1,...,1]T € RN*!, 4y = [1,...,1] € RV,
Per definition we have that M (®) = 2N.
Moreover, we have that
Do & = ((41,0), (A142,0), (42,0)).

It holds that A1 As € RN*N and every entry of Ay As equals 1. Hence M (®® ®) = N + N2 + N,
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Example shows that the number of weights of networks behaves quite undesirably under concatenation.
Indeed, we would expect that it should be possible to construct a concatenation of networks that imple-
ments the composition of the respective realisations and the number of parameters scales linearly instead of
quadratically in the number of parameters of the individual networks.

Fortunately, Lemma 3.9 enables precisely such a construction, see also Figure 3.8/ for an illustration.

Definition 3.12. Let Ly, Ly € N, and let &' = ((A},b1),..., (AL, ,by,)) and ®* = ((A7,b3),...,(A7,,b7,)) be
two NN such that the input layer of ®' has the same dimension d as the output layer of ®2. Let ®'9 be as in Lemma
3.9
Then the sparse concatenation of ' and ®? is defined as
' 0% = dleplle @,

Remark 3.13. It is easy to see that

A? b2
q)l © (I)2:<(A§ab%) (AL2 17bL2 1) <<_AL%2/ )a(_é% >>a ([A% | _AH 7b%) a(A%7b%)7 LR} (A}llab}ll)>

has Ly + Lo layers and that R(®' ® ®2?) = R(®!) o R(®?) and M (P! © &) < 2M(®') + 2M ($2?).

Approximation of the square: We shall now build a NN that approximates the square function on [0, 1].
Of course this is based on the estimate (3.12).

Proposition 3.14 ([40, Proposition 2]). Let 1/2 > € > 0. There exists a NN ®3%€ such that, for e — 0,

L(®%) = O(log,(1/e)) (3.16)
M(®°4) = O(log3(1/e)) (3.17)
|R(€*V) () — 2°| <€, (3.18)

forall z € [0,1]. In addition, we have that R(®%%€)(0) = 0.
Proof. By (3.12), we have that, for N := [—log,(¢)/2], it holds that, for all = € [0, 1],

N
F,
ety ;‘2(5) <e. (3.19)
n=1
We define, forn =1,..., N,
P, = (Dll‘?N_n O (Do ... 0", (3.20)
n—times

Then we have that L(®,,) = N —n + L(®"e ---#®") = N + 1 by Proposition[3.6| Moreover, by Remark3.13

n—times

M(®,,) < 2M(®Ly_,) + 2M (D e --- 0 ") < 4(N —n) 4 2(12n — 2) < 24N, (3.21)

n—times

where the penultimate inequality follows from Remark and Proposition 3.6]
Next, we set
%€ = ([1,-1/4,...,-272N],0) © P (®}y 1, P1,..., D).

Per construction, we have that

N
e omn F,(x)
R (%) () = R (2} 1) Zz R (@) () = o - Y0 L),

3
it
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Figure 3.8: Top: Two neural networks, Middle: Sparse concatenation of the two networks as in Definition
3.12] Bottom: Regular concatenation as in Definition[2.9]

and, by (3.19), we conclude (3.18), for all = € [0, 1], and that R(®)(0) = 0. Moreover, we have by Remark
that

L(®%) =L (([1,-1/4,...,-272"],0)) + L (P (%41, ®1,...,®n)) = N +2 = [—log,(e) /2] + 2.
This shows (3.16). Finally, by Remark [3.13]
M (@%9¢) < 2M (([1,~1/4,...,-272N],0)) +2M (P (®}dy 1, ®1, ..., DN))

N
=2N+1)+2 (M (@) + Y M (<I>n)>

n=1
N

=2(N+1)+4(N+1)+2) M (®,)

n=1

N
<6(N+1)+2) 24N =6(N + 1) +48N?,

n=1
where we applied (3.21) in the last estimate. Clearly,
6(N +1) +48N? = O (N?), for N — oo,
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and hence
M (@°4¢) = O (log3(1/e)) , for € — 0,

which yields (3.17). O

Remark 3.15. In [31] Theorem 5], a proof of the result above is given that does not require Proposition but instead
is based on three fascinating ideas:

e Multiplication can be approximated by finitely many semi-binary multiplications: For z € [0, 1], we
write x =Y ,2, £,27*. Then

0o N
Toy= Z 2y = Z 2y + O(27N), for N — oc.
(=1 (=1

e Multiplication on [0, 1] by 0 or 1 can be build with a single ReLU: It holds that

_ 27ty ifxy =1
¢ 1y Y ¢
or(2 Tyt —1) = { 0 olse

= 2_Zacgy.

e Extraction of binary representation is efficient: We have, by Proposition that F, vanishes on all i2~* for
i=0,...,2"even and equals 1 on all i2=* for i = 0,...,2° odd. Therefore

N
Fy <Z 2_Z$g> =xy.

{=1

By a short computation this yields that for all x € [0,1] that Fy(z —27V"1) > 1/2,if oy = Land Fn(z —
27N=1) < 1/2,ifxn = 0. Hence, by building an approximate Heaviside function 1,>¢ 5 with ReLU realisations
of networks, it is clear that one can approximate the map x — x, for all £.

Building N of the binary multiplications therefore requires N bit extractors and N multipliers by 0/1. Hence, this
requires of the order of N neurons, to achieve an error of 2=,

3.3 Approximation of smooth functions

With the emulation of the square function on [0, 1] we have, in principle, a way of emulating the higher-order
sigmoidal function 22 by ReLU networks. As we have seen in Section sums and compositions of these
functions can be used to approximate smooth functions very efficiently.

Approximation of multiplication: Based on the idea, that we have already seen in the proof of Propo-
sition in particular, Equation (2.14), we show how an approximation of a square function yields an
approximation of a multiplication operator.

Proposition 3.16. Letp € N, K € N, € € (0,1/2). There exists a NN @™ sych that for € — 0

L((I)mult,p,E) = O(log,(K) - logy(1/e€)) (3.22)
M (™) = O(log,(K) - log(1/e)) (3.23)
p
R((I)mult,p,e)(x) _ H Xy § €, (324)
=1

forall z = (z1,22,...,2,) € [-K, K|P. Moreover, R(®™4P:€)(z) = 0 if 2, = 0 for at least one ¢ < p. Here the
implicit constant depends on p only.
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Proof. The crucial observation is that, by the parallelogram identity, we have that for z,y € [ K, K]
2 2
T S B e o A N s
vy=kK ((21{) (2[())

_ or(z+y)  or(-z—y)\* (er(z—y)  or(-z+y)\’
_K2<<R2K +R2K )_<R2K +R2K ))

We set
1 1
-1 -1 1 1 100
b= 1 -1 |0 ’(2}('(0 01 1)70) , and @, = (([K*,~K?],0)).
-1 1

Now we define ’
(I)mult,27e = dy O FP ((psq,e/(2[{2)’ (I)sq,e/(QKz)> oL

It is clear that, for all z,y € [ K, K] it holds that |z £+ y|/(2K) < 1 and hence
|R ((I)mult,Q,e) (x’y) — - y‘ <e

Moreover, the size of ™2 js up to a constant that of ®s®</K *. Thus (3.23)-(3.24) follow from Proposition
The construction for p > 2 follows by the now well-known stategy of building a binary tree of basic
multiplication networks as in Figure O

A direct corollary of Proposition is the following corollary that we state without proof.
Corollary 3.17. Letp € N, K € N, € € (0,1/2). There exists a NN &P such that, for e — 0,
L(®PP) = O(logy (K) - logy (1/¢))

M (P P€) = O(logy(K) - logy(1/€))
[R(®PPE) (z) — 2P| <'¢,

forall x € [ K, K|. Moreover, R(®P°VP-<)(x) = 0 if = = 0. Here the implicit constant depends on p only.

Approximation of B-splines: Now that we can build a NN the realisation of which is a multiplication of
p € N scalars, it is not hard to see with (2.10) that we can rebuild cardinal B-splines by ReLU networks.

Proposition 3.18. Letd. k.l e N, k> 2,t € R?,1/2 > € > 0. There exists a NN q»;{t,k such that fore — 0

L(d, k) = L(®7, ;) = O(log,(1/e)), (3.25)
M(d, k) = M(®f, ;) = <1og§(1/e)), (3.26)
’R(q)é,t,k)( ) — Netk )| < (3.27)

forall z € R%.
Proof. Clearly, it is sufficient to show the result for £ = 0 and ¢ = 0. We have by (2.10) that

k
_1 01 Z(—l)é(llf) (x— 05" forz eR, (3.28)

T 0=0

J\fk(x) =
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It is well known, see [33], that supp Nj, = [0, k] and || Ni||cc < 1. Leté > 0, then we set

o (€)oo

k+1—times

® ((A1,b1), (Idge+1,0)),

where
Ay =1,1,..., 17, by =—[0,1,..., kT,

and Idge+: is the identity matrix on R**!. Here K := k + 1 in the definition of ®*****~1 via Corollary[3.17}
It is now clear, that we can find §. > 0 so that

IR(®x.5,)(2) — Ni(2)| < e/(4d271), (3.29)

for z € [k — 1, k + 1]. With sufficient care, we see that, we can choose J. = Q(¢), for ¢ — 0. Hence, we can
conclude from Definition [3.12] that L% = L(®y5,) = O(L(®™6F+1.0)) = O(logy(1/¢)), and M (P 5.) =
O(@multk+1.9¢) € O(logs(1/e)), for € — 0 which yields and (3.26). At this point, R(®,s. ) only accurately
approximates N on [—k — 1,k + 1]. To make this approximation global, we multiply R(®, s.) with an
appropriate indicator function.
Let
pout = (([17 1,1,1)7 1,0, —k, —k — 1]T) (1, -1, -1,1] ,0)) .

Then R(®“*") is a piecewise linear spline with breakpoints —1,0, k, k 4+ 1. Moreover, R(®°!) is equal to 1 on
[0, k], vanishes on [—1, k + 1]°, and is non-negative and bounded by 1. We define

(AI') _ (I)mult 2,¢/(4d2771) oP ((I)k 5us (1)1de5 ,® @cmﬁ)

Since the realisation of the multiplication is 0 as soon as one of the inputs is zero by Proposition we
conclude that

’R (213,6,55) (z) Nk(x)‘ < ¢/(2d297Y), (3.30)

for all z € R. Recall that

d
)= [[Ne(z)), forz = (1,...,24) € R™.

Now we define

OF o = PP “/2OFP (D, ..., Prs,)-
d—times
We have that
d
|N(;1,O,k( R((I)dom HNk ;) H (‘I)ké) zj)| + R((I)d()ke x)*HR(&)k,&)(%‘) .
= j=1 j=1

Additionally, we have by (3.30) that

d
I1r (5k,5) (z;) - R (cimul%dﬁﬂ) oR(FP(Bps.,. .., ps))(x)] < €/2,
- S——

d—times
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for all z € R%. It is clear, by repeated applications of the triangle inequality that for a; € [0,1], b; € [-1,1],
forj=1,...,d,

d—1
Ha] H (a; +bj) §d~(1+ max b, > jnllax |bj| < d2%~ ljnpx b
Jj=1

Hence,
d d
H/\/k (Z’J H ((I)kg) J <€/2.
=1 =1
This yields (3.27). The statement on the size of &  , . follows from Remark O

Approximation of smooth functions: Having established how to approximate arbitrary B-splines with
Proposition3.18] we obtain that we can also approximate all functions that can be written as weighted sums of
B-splines with bounded coefficients. Indeed, we can conclude with Theorem[2.16|and with similar arguments
as in Theorem [2.14] the following result. Our overall argument to arrive here followed the strategy of [36].

Theorem 3.19. Letd € N, s > 0 > 0and p € (0,00]. Then there exists a constant C' > 0 such that, for every
f € C*([0,1]%) with || f||c= < 1 and every 1/2 > € > 0, there exists a NN ® such that

L(®) < Clog,(1/e), (3.31)
M(®) < Ce+5 (3.32)
1f =R(®)[1» <e (3.33)

Here the activation function is the ReLUL

Proof. Let f € C*([0,1]%) with || f||c- < 1 and let s > 6 > 0. By Theorem [2.16|there exist a constant C' > 0
and, for every N € N, ¢; € Rwith |¢;| < Cand B; € B¥ fori =1,..., N and k := [s], such that

N
Hf - ZciBz
i=1

< CONT,

p

By Proposition each of the B; can be approximated up to an error of N T /(CN) with a NN &; of
depth O(log, (N7 /(CN))) = O(logy(N)) and number of weights O(logs(N @ /(CN))) = O(logs(N)) for
N — oo.

We define

<I>§V = ([Cl,...,CN},O).P((I)l,...7<DN).

It is not hard to see that, for N — oo,
M(®7) = O(Nlog3(N)) and L(®}) = O(logy(N)).

Additionally, by the triangle inequality

|7 - Re@), <

To achieve (3.33), we, therefore, need to choose N = N, := [(e/2)%/(0=*)],
A simple estimate yields that L(<I>N ) = O(logy(1/¢)) for € — 0, i.e, (3.31). Moreover, we have that

N logi(N,) < 4d/(s — 8)(e/2)7 0= logZ(e/2) < C'e= U= Jog2(e),
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for a constant C” > 0. It holds that log3(¢) = O(¢~7) for every o > 0. Hence, for every &' > § with s > &', we

have
e 10g2(e) = O(e= =), for e — 0.

As a consequence we have that M (<I>N ) = O(e=¥ =) for € — 0. Since § was arbitrary, this yields (3.32). [

Remark 3.20. o [t was shown in [[40] that Theorem [3.19 m 9| holds with 6 = 0 but with the bound M(®) <
Ce=%logy(1/€). Moreover, it holds for f € C°([-K,K]%) for K > 0, but the constant C will then de-
pend on K.

4 The role of depth

We have seen in the previous results that NNs can efficiently emulate the approximation of classical approxi-
mation tools, such as linear finite elements or B-splines. Already in Corollary we have seen that deep
networks are sometimes more efficient at this task than shallow networks. In Remark we found that
ReLU-realisations of deep NNs can represent certain saw-tooth functions with NV linear pieces using only
O(log,(N)) many weights, whereas shallow NNs require O(N) many weights for N — oo.

In this section, we investigate further examples of representation or approximation tasks that can be
performed easily with deep networks but cannot be achieved by small shallow networks or any shallow
networks.

4.1 Representation of compactly supported functions

Below we show that compactly supported functions cannot be represented by weighted sums of functions of
the form = — pr({a, z)), but they can be represented by 3-layer networks. This result is based on [5, Section
3].

Proposition 4.1. Let d € N, d > 2. The following two statements hold for the activation function gpp:
e If L > 3, then there exists a NN ® with L layers, such that supp R(®) = B, (O)
o If L <2, then, for every NN ® with L layers, such that supp R(®) is compact, we have that R(®) = 0.

Proof. 1t is clear that, for every x € R?, we have that

d
S (on(we) + on(—ae)) = [l
=1

Moreover, the function gr(1 — ||z][1) is clearly supported on By |, (0). Moreover, we have that or(1 — ||z(|1)
can be written as the realisation of a NN with at least 3 layers.

Next we address the second part of the theorem. If L = 1, then the set of realisations of NNs contains
only affine linear functions. It is clear that the only affine linear function that vanishes on a set of non-empty
interior is 0. For L = 2, all realisations of NNs have the form

fEHZCzQR ({ai, z) + b;) + d, 4.1

for N € N, ¢;,b;,d € Rand a; € R%, fori = 1,...,N. We assume without loss of generality that all
a; # 0 otherwise pr({a;, x) + b;) would be constant and one could remove the term from (£.1) by adapting d
accordingly.

* Here ||z||5 = 3"¢_, |ax|P for p € (0, o0).
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We next show that every function of the form (4.1) with compact support vanishes everywhere. For an
index i, we have that gr({a;, ) + b;) is not continously differentiable at the hyperplane given by

Si:{ ba; +z:zJ_ai}.

lai 2

Let f be a function of the form (.1). We define i ~ j, if S; = S;. Then we have that, for J € {1,..., N}/ ~
that ;" = a; forall,j € J. Hence,

> cjor((aj, ) + b),

j€T
is constant perpendicular to a; for every j € J. And since the sum is piecewise affine linear, we have that it is
either affine linear or not continuously differentiable at every element of S;. We can write

f(z) = Z chQR(<ajax> +b;) | +d.

Je{l,....N}/~ \J€J

If i % j, then §; and S; intersect in hyperplanes of dimension d — 2. Hence, it is clear that, if for at least
oneJ € {l,...,N}/ ~, > .c;cjor({aj,x) + bj) is not linear, then f is not continuously differentiable almost
everywhere in §; for j € J. Since §; is unbounded, this contradicts the compact support assumption on f.
On the other hand, if, forall J € {1,..., N}/ ~, we have that } . ; cjor((a;, z) + b)) is affine linear, then f
is affine linear. By previous observations we have that this necessitates f = 0 to allow compact support of

f.

Remark 4.2. Proposition deals with representability only. However, a similar result is true in the framework of
approximation theory. Concretely, two layer networks are inefficient at approximating certain compactly supported
functions, that three layer networks can approximate very well, see e.g. [10].

4.2 Number of pieces

We start by estimating the number of piecewise linear pieces of the realisations of NNs with input and output
dimension 1 and L layers. This argument can be found in [37, Lemma 2.1].

Theorem 4.3. Let L € N. Let o be piecewise affine linear with p pieces. Then, for every NN ® withd = 1, N, = 1
and Ny,...,Np_1 < N, we have that R(®) has at most (pN )= =1 affine linear pieces.

Proof. The proof is given via induction over L. For L = 2, we have that

Ny

R(®) = cro({ar, ) +b;) + d,

k=1

where ¢y, ak, b;,d € R. It is not hard to see that if fi, fo are piecewise affine linear with n, ny pieces each,
then f; + f» is piecewise affine linear with at most n; + n2 pieces. Hence, R(®) has at most Np many affine
linear pieces.

Assume the statement to be proven for L € N. Let ®1,1 be a NN with L + 1 layers. We set

Qri1 = ((A1,01),...,(ALg1,b041)).

It is clear, that
R(®p41)(x) = Argafe(hi(2)),. .., o(hn, (2)]" + b1,

where for ¢ = 1,..., N, each hy is the realisation of a NN with input and output dimension 1, L layers, and
less than N neurons in each layer.
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For a piecewise affine linear function f with p pieces, we have that ¢ o f has at most p - p pieces. This is
because, for each of the p affine linear pieces of f—let us call one of those pieces A C R—we have that f is
either constant or injective on A and hence g o f has at most p linear pieces on A.

By this observation and the induction hypothesis, we conclude that ¢ o h; has at most p(pN )L~ affine
linear pieces. Hence,

Np
R(®ri1)(@) = Y (Arg1)ro(hi(z)) + brya
k=1
has at most Np(pN)L~1 = (pN)L many affine linear pieces. This completes the proof. O

For functions with input dimension more than 1 we have the following corollary.

Corollary 4.4. Let L, d € N. Let o be piecewise affine linear with p pieces. Then, for every NN ® with Ny, = 1 and
Ni,...,Np_1 < N, we have that R(®) has at most (pN)*—1 affine linear pieces along every line.

Proof. Every line in R? can be parametrized by R > ¢ — 2 + tv for zo,v € R?. For @ as in the statement of
corollary, we have that
R(®)(zo + tv) = R(P e Dy)(t),

where ® = ((v,z)), which gives the result via Theorem [4.3| O

4.3 Approximation of non-linear functions

Through the bounds on the number of pieces of a realisation of a NN with an piecewise affine linear activation
function, we can deduce a limit on approximability through NNs with bounds on the width and numbers of
layers for certain non-linear functions. This is based on the following observation, which can, e.g., be found
in [11].

Proposition 4.5. Let f € C*([a,b]), for a < b < oo so that f is not affine linear, then there exists a constant
¢ =c(f) > 0so that, for every p € N,

Hg - f”OO > Cp727

for all g which are piecewise affine linear with at most p pieces.

From this argument, we can now conclude the following lower bound to approximating functions which
are not affine linear by realisations of NNs with fixed numbers of layers.

Theorem 4.6. Let d, L, N € N, and f € C2([0,1]¢), where f is not affine linear. Let o : R — R be piecewise affine
linear with p pieces. Then for every NN with L layers and fewer than N neurons in each layer, we have that

If = R(®) oo > c(pN)~2L=D),

Proof. Let f € C2([0,1]¢) and non-linear. Then it is clear that there exists a point zy and a vector v so that
t — f(xo + tv) is non-linear in t = 0.

We have that, for every NN ¢ with d-dimensional input, one-dimensional output, L layers, and fewer
than N neurons in each layer that

If = R(®) oo > [I£ (20 + v) = R(®)(20 + 0)][o = e~ (pN) 27D,
where the last estimate is by Corollary [f.4)and Proposition 4.5 O
Remark 4.7. Theorem [4.6|shows that Theorem would not hold with a fixed, bounded number of layers L as soon
as s sufficiently large. In other words, for very smooth functions, shallow networks yield suboptimal approximation
rates.
Moreover, no twice continuously differentiable and non-linear function can be approximated with an error that

decays with a super polynomial rate in the number of neurons by NNs with a fixed number of layers. In particular, the
approximation rate of Proposition |3.14|is not achievable by sequences of NNs of fixed finite depth.
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5 High dimensional approximation

At this point we have seen two things on an abstract level. Deep NN can approximate functions as well as
basically every classical approximation scheme. Shallow NNs do not perform as well as deep NNs in many
problems. From these observations we conclude that deep networks are preferable over shallow networks,
but we do not see why we should not use a classical tool, such as B-splines in applications instead. What is it
that makes deep NNs better than classical tools?

One of the advantages will become clear in this section. As it turns out, deep NNs are quite efficient in
approximating high dimensional functions.

5.1 Curse of dimensionality

The curse of dimensionality is a term introduced by Bellman [3] which is commonly used to describe an
exponentially increasing difficulty of problems with increasing dimension. A typical example is that of
function interpolation. We define the following function class, for d € N,

Fq = {f € C*>([0,1]%): lSL‘lp ID f| < 1} .
al=1
If one defines e(n, d) as the smallest number such that there exists an algorithm reconstructing every f € F4
up to an error of e(n, d) from n point evaluations of f, then

e(n,d) =1
forall n < 2l9/2) — 1 see [21]. As a result, in any statement of the form
e(n,d) < Cy,n~",

we have that the constant (. depends exponentially on d.

Another instance of this principle can be observed when approximating non-smooth functions. For
example, in Theorem we saw that the approximation rate, when approximating functions f € C*([0, 1]¢)
deteriorates exponentially with the dimension d. In fact, the approximation rates of Theorem are, up to
the 9, optimal under some very reasonable assumptions on the approximation scheme, see [9] and discussions
later in the manuscript. Hence, there is a fundamental lower bound on approximation capabilities of any
approximation scheme that increases exponentially with the dimension.

Careful inspection of the arguments above show that these arguments also apply to approximation by
deep NNs. Hence, whenever we say below, that NNs overcome the curse of dimensionality then we mean that
under a certain additional assumption on the functions to approximate, we will not see a terrible dependence
of the approximation rate on the dimension.

5.2 Hierarchy assumptions

We have seen in Corollary and Theorem that, to approximate a C* regular function by a NN with a
higher-order sigmoidal function or a ReLU as activation function up to an accuracy € > 0, we need essentially
O(e~%*) many weights. In contrast to that, a d-dimensional function f so that f(z) = Zle gi(z;), where
all the g; are one dimensional can be approximated using essentially dO(e~'/*) many weights, which is
asymptotically much less than O(e~%/#) for € — 0.

Itis, therefore, reasonable to assume that high dimensional functions that are build from lower dimensional
functions in a way that can be emulated well with NNs, can be much more efficiently approximated than
high dimensional functions without this structure.

This observation was used in [27] to study approximation of so-called compositional functions. The
definition of these functions is based on special types of graphs.
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Definition 5.1. Let d,k, N € Nand let G(d, k, N) be the set of directed acyclic graphs with N vertices, where the
indegree of every vertex is at most k and the outdegree of all but one vertex is at least 1 and the indegree of exactly d
vertices is 0.
For G € G(d, k, N), let (n;)_; be a topological ordering of G. In other words, every edge n;n; in G satisfies i < j.
Moreover, for each i > d we denote
T; == {j: njn; is an edge of G},
and dl = #Ti < k.

With the necessary graph theoretical framework established, we can now define sets of hierarchical
functions.

Definition 5.2. Let d,k,N,s € N. Let G € G(d,k,N) and let, fori = d+ 1,...,N, f; € C5(R%) with
I fill s (masy < For x € R, we define, fori = 1,...,d, v; = x; and, fori = d+1,...,N, v;(x) =
fi(vjl($)7...,’l)jdi(l‘)), wherejh...,jdi eT; andj1 < Jo < - <jdi-

We call the function

f:0,1 - R, x = vy (z)

a compositional function associated to G with regularity s. We denote the set of compositional functions associated
to any graph in G(d, k, N') with regularity s by CF(d, k, N; s).

We present a visualisation of three types of graphs in Figure While we have argued before that it is
reasonable to expect that NN can efficiently approximate these types of functions, it is not entirely clear
why this is a relevant function class to study. In [20} 27], it is claimed that these functions are particularly
close to the functionality of the human visual cortex. In principle, the visual cortex works by first analysing
very localised features of a scene and then combining the resulting responses in more and more abstract
levels to yield more and more high-level descriptions of the scene.

If the inputs of a function correspond to spatial locations, e.g., come from several sensors, such as in
weather forecasting, then it might make sense to model this function as network of functions that first
aggregate information from spatially close inputs before sending the signal to a central processing unit.

Compositional functions can also be compared with Boolean circuits comprised of simple logic gates.

Let us now show how well functions from CF(d, k, N; s) can be approximated by ReLU NNs. Here we
are looking for an approximation rate that increases with s and, hopefully, does not depend too badly on d.

Theorem 5.3. Let d, k,N,s € N. Then there exists a constant C' > 0 such that for every f € CF(d,k, N;s) and
every 1/2 > € > 0 there exists a NN @y with

L(®;) < CN*log,(k/e) (5.1)
M(®f) < CN*(2k)" €% logy (k/e€) (5.2)
If = R(®s)llo <6 (5.3)

where the activation function is the ReLU.

Proof. Let f € CF(d,k,N;s)and let, fori =d +1,...,N, f; € C*(R%) be according to Deﬁnition By
Theorem and Remark we have that there exists a constant C' > 0 and NNs ®; such that
€
. _ f < .
R@)() = £1(0)] < G 54
for all z € [-2,2]% and L(®;) < CN log,(k/e) and

i

N kN
M(®;) < Ce=4/5(2k) ™5 Nlogy(k/e) < Ce*/5(2k)™ Nlogy(k/e).

*The restriction || ;[ s ®di) <1 could be replaced by || f; | 5« ®Rdi) S for a k > 1, and Theorem [5.3|below would still hold up to
some additional constants depending on . This would, however, significantly increase the technicalities and obfuscate the main ideas

in Theorem
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. BV NN
//p fovo

Figure 5.1: Three types of graphs that could be the basis of compositional functions. The associated functions
are composed of two or three dimensional functions only.

—~

Fori =d+1,...,N, let P; be the orthogonal projection from R*~! to the components in T3, i.e, for
T; = {j1,--,Ja; }, where j; < --- < jg,, we set P;((wx)i_}) = (xjk)zizl.
Now we define forj =d+1,...,N —1,

=P (@;‘iLL(@j), <I>jon) ,

and B
N = Pye Py.

Moreover, B _ B
oy =0V ooV o, oot

We first analyse the size of ®. It is clear that

L(®f) <N mix L (cpf) < N mdx L (®;) < CN2log,(k/e),
j=d+1 j=d+1

which yields (5.1). Additionally, since
M (E)N odN1e.. . o 5”“1) < oM ((f)N odN1o.. . o @(N”“)/ﬂ)
LoM ((’I;((N+(i+1)/21—1 ©...0 &)N+d+1/2) 7

we have that

M (@) < 202NN it M (qﬂ) < N? nitx M (cbﬂ) (5.5)
Jj=d+1 j=d+1
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Furthermore,

max M(%J) < Max M(<I> 1,L(® )> + max M(®,)
j=d+1 j=d+1 - j=d+1

N
< ; )
<2NL(®;) + jrfjfl M (2;)
< 20N?logy(k/e) + Ce*/%(2k)N*/* N log, (k/e),
where the penultimate estimate follows by Remark Therefore, by (5.5),
M(®g) S M (2k)NH* N logy (k/e),

which implies
Finally, we prove ). We claim that for N > j > d in the notation of Def1n1t1onE 5.2} for x € [0,1]9,
‘R (qﬂ ©...0 cpd+1) (@) — [v1(2), va(z), . . .,vj(x)]’ <e/ (26N (5.6)

We prove (5.6) by induction. Since the realisation of ®X! d,L(d,,,) 18 the identity, we have, by construction that
(R(®41)(2))r = v (2) for all k < d. Moreover, by (54), we have that

(@) )., st = (5 )., - et

Assume, for the induction step, that holds for N — 1 > j > d.
Again, since the identity is implemented exactly, we have by the induction hypothesis that, for all £ < j,

’(R (0. 0d) (x))k - vk(:r)‘ < e/ (2k)N

</ (k)"

Moreover, we have that v;41(z) = fj+1(Pjx1([v1(x),. .., v;(x)])). Hence,
(R (&)jH @...@%‘H‘l) (x )) —vjp1(x)
_ ‘R ®;1)o0 +1oR(q>J@ @@d“) ) — vj11(z ‘
< R (@521) 0 Py oR (8500 8H1) (1) = fii10 Pr o R (0.0 87 (2)]
| firro P o R (0. 0 8) (@) = fr11 0 Py o [ (a), | =1+

Per (54), we have that I < ¢/(2k)" (Note that Pj;1 o R (CT)J ©...0 <T>d+1) (z) C [-2,2]%+1 by the induction

hypothesis). Moreover, since every partial derivative of f;; is bounded in absolute value by 1 we have that

II < djiie/ ((2k)N79) < ¢/ (2(2k)N=7~1) by the induction assumption. Hence I + II < €/(2k)N—7~1
Finally, we compute

’R (&)N ©...0 5‘”1) x)— ’UN(.’JS))
_ ‘R((I)N) o PyoR (cp o) <I>d+1) (z) - UN(x)‘
< ‘R(@N) o PyoR (<I>N L. @«5d+1) () — fn o Py oR (5N_1 ®...@5d+1) (m)‘
n ‘fN o PyoR (<I>N71 ©...0 %d“) () — fn o Py o [01(2),. .. ,UN,l(x)]‘ — T+ 1V.
Using the exact same argument as for estimating I and II above, we conclude that

41V < e,
which yields (5.3). O
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Remark 5.4. Theorem b.3|shows what we had already conjectured earlier. The complexity of approximating a composi-
tional function depends asymptotically not on the input dimension d, but on the maximum indegree of the underlying
graph.

We also see that, while the convergence rate does not depend on d, the constants in are potentially very large.
In particular, for fixed s the constants grow superexponentially with k.

5.3 Manifold assumptions

Realisations of deep NN are, by definition, always functions on a d dimensional euclidean space. Of course,
we may only care about the values that this function takes on subsets of this space. For example, we may
only study approximation by NNs on compact subsets of R%. In this manuscript, we have mostly studied this
setup for compact subsets of the form [A4, B]¢, where A < B.

Another approach could be, that we only care about the approximation of functions that live on low
dimensional submanifolds M C R%. In applications, such as image classification, it is conceivable that the
input data, only come from the (potentially) low dimensional submanifold of natural images. In that context,
it is clear that the approximation properties of NNs are only interesting to us on that submanifold. In other
words, we would not care about the behaviour of a NN on inputs that are just unstructured combinations of

pixel values.
For a function f: M — R"™ and € > 0, we now search for a NN ® with input dimension d and output

dimension n, such that
|f(z) = R(®)(z)| <, forall z € M.

If M is a d’-dimensional manifold with d’ < d, and f € C™(M), then we would expect to be able to obtain
an approximation rate by NN, that does not depend on d but on d'.
To obtain such a result, we first make a convenient definition of certain types of submanifolds of R¢.

Definition 5.5. Let M be a smooth d'-dimensional submanifold of R%. For N € N, > 0, we say that M is
(N, d)-covered, if there exist z1,...,x N € M and such that
o UL, Bsja(ai) o M

e the projection

is injective and smooth and
Pz-_lt Pl(./\/l N Bg(l‘z)) - M
is smooth.

Here T,., M is the tangent space of M at x;. See Figure for a visualisation. We identify Ty, M with R in the
sequel.

Next, we need to define spaces of smooth functions on M. For k£ € N, a function f on M is k-times
continuously differentiable if f o p~! is k-times continuously differentiable for every coordinate chart ¢. If
M is (N, §) covered, then we can even introduce a convenient C*- norm on the space of k-times continuously
differentiable functions on M by

. —1
Iller o= _sup 1 © P oo, ey oy

i=1,...,

With this definition, we can have the following result which is similar to a number of results in the
literature, such as [34,135, 16, 32].
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Figure 5.2: One dimensional manifold embedded in 2D. For two points the tangent space is visualised in red.
The two circles describe areas where the projection onto the tangent space is invertible and smooth.

Theorem 5.6. Let d,k € N, M C R? be a (N, 6)-covered d'-dimensional manifold for an N € N and § > 0. Then
there exists a constant ¢ > 0, such that, for every e > 0, and f € C*(M,R) with || f||cr sn < 1, there exists a NN @,
such that

If = R(®)[loc <¢,
d/
M(@®)<c- (e_T 10g2(1/6)>
L(®) < c- (logy(1/e)) -
Here the activation function is the ReLUL

Proof. The proof is structured in two parts. First we show a convenient alternative representation of f, then
we construct the associated NIN.

Step 1: Since M is (N, §)-covered, there exists B > 0 such that M C [-B, B]%.

Let 7 be a simplicial mesh on [—B, B]¢ so that for all nodes n; € T we have that

G(i) < Byys(mi)-

See for the definition of G(i) and Figure[5.3|for a visualisation of 7.

By Proposition 3.1} we have that
Mp

1= oir

i=1

We denote
IM = {Z = 1,...,MN: dist(ni,./\/l) < 6/8},

where dist(a, M) = minyeaq |a — y|. Per construction, we have that

1= ¢ir(z), forallze M.

1€l
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Figure 5.3: Construction of mesh and choice of I for a given manifold M

In Figure[5.3] we highlight the cells corresponding to I 4.
Moreover, by Definition there exist 1 ...2zny € M such that Ufil Bs/a(x;) D M. Hence, n; €

U?{:l Bss)s(x;) foralli € Ix. Thus, for each 7); there exists j(i) € {1,..., N} such that Bs/s(1:) C Bss/a(;:))-
We rewrite f as follows: For x € M, we have that

f@) =" dirl(@)- f(z)

=

=Y ¢ir(a)- (f o P} o Pj(,;)(x))
=

= Y di7(@) (fiw ° Pioy () (5.7)
=

where f; : P;(M N Bs(z;)) — R has C* norm bounded by 1. We have that

PZ(M N B35/4(!L‘i)) C Pl(./\/l N 335/4(371')) C PZ(M N B75/8(.”L'Z'))

and P;(M N Bssa(w;)), Pi(M N Brs/s(x;)) are open. By a C° version of the Urysohn Lemma, there exists a

smooth function ¢ : R? — [0, 1] such that ¢ = 1 on P;(M N Bss/4(;)) and o = 0 on (P;(M N Bzs/s(x;)))".
We define

fi= of; forxz e P(MnN Bs(z;))
T 0 else.

It is not hard to see that f; € C*(R?) with || f||cx < O, where Cp is a constant depending on M only and
fi = f; on Pi(M N Ba;4(2;)). Hence, with (5.7), we have that
fl@)=>" ¢ir(z)- (fj(z’) o P (90)) : (5.8)
1€lpm

Step 2: The form of f given by suggests a simple way to construct a ReLU approximation of f.
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First of all, for every i € I, we have that P;(;) is an affine linear map from [-B, B]? to R4, We set
®F := ((A},b})), where A%, b} are such that Ajz + b} = P;(;)(z) for all z € R%.

Let K > 0 be such that P;(M) C [-K, K]? foralli € I. For every i € I, we have by Theorem
and Remarkthat for every €; > 0 there exists a NN <I>{ such that, for all z € [ K, K| d/,

Fiw@ ~R (o) @) <,
M (@) 5 e Fogy(1/e1), (5.9)

3

L (q%f) S loga(1/€1)- (5.10)
Per Proposition there exists, for every i € I, a neural network <I>fs with
R (‘P?) =¢iT, M (‘P?’) L (@f’) <1, (5.11)

with a constant depending on d.
Now we define, with Proposition for es > 0,

oI gtz o p (o). 0 07,0l 0 @f),
where L* := L(®] ® ®F) — L(®?). At this point, we assume that L* > 0. If L(®/ © ®F) < L(®?), then one
could instead extend /.
Finally, we define, for Q = |I(],
€1,€2 . ¢(fP) Fo(fP) #(fP)
o = (([1,...,1],0)) o P <<I>i1 R IOEENIN Y4 ) .

We have, by that

If = R(@2)]|, < Q max |
i€lpm

¢@T'(ﬂu)OFhﬂ)“R(¢?UPUHw
b, (J;j(i) ° Pj(i)) —-R ((I)?> R ((I){ © @f) H

+Qmax||R (@7) R (2 0 @F) —R(éj’(fP))Hoo = Q- (I+10).

i€l

< @ max ‘
1€l pm

o0

We proceed by estimating I. By (5.11) we have that ¢; - = R (@f) and hence

bi,T - (]Zj(i) ° Pj(i)) —¢ir R (CI){ © (I)f) Hoo

< max [ (i o Pwy) ~R (2 0 0F)| =a
oo

i€lpm

I = max ‘
i€ nm

Moreover, II < €; by construction. We have, for ¢ > 0 and €1 = e := €¢/(2Q), that
[f =R (@2 <e

Finally, we estimate the size of ®1>>. We have that

e $(fP)
1,€2) < ¢
M(@%) < Q max M (@Z )

<2Q- (M (@mi2e) 4 0 (ol 0 0F) + M (0] © o))

< 2Q - (caan logy(1/€) +4L7 +20M (®F) + 21 (®f) + 201 (9F)),
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for a constant ¢py1; > 0 by Proposition and Remark By (5.9), we conclude that
M(@<2) < e ¥/Flog,(1/e),

where the implicit constant depends on M and d. As the last step, we compute the depth of ®“:°2. We have
that

L(@“) = max L (#f/7)
i€lm

=L (em2e) 4 L (o] 0 of ),
S log,(1/€2) +logy(1/€1) S logy(1/€)

by (5.10). O

Remark 5.7. Theorem shows that the approximation rate when approximating C* reqular functions defined on a
manifold does not depend badly on the ambient dimension. However, at least in our construction, the constants may
still depend on d and even grow rapidly with d. For example, in the estimate in the implicit constant depends,
because of Proposition |3.3|on the maximal number of neighbouring cells of the underlying mesh. For a typical mesh on
a grid Z.% of a d dimensional space, it is not hard to see that this number grows exponentially with the dimension d.

5.4 Dimension dependent regularity assumption

The last instance of an approximation result without curse of dimension that we shall discuss in this section
is arguably the historically first result of this form. In [2], it was shown that, under suitable assumptions on
the integrability of the Fourier transform of a function, approximation rates that are (almost) independent of
the underlying dimensions are possible.

Here we demonstrate a slightly simplified result compared to that of [2]. Let, for C' > 0,

P {7 ent @) lfls <o [ ponel]it@)] ds <}

where f denotes the Fourier transform of f. By the inverse Fourier transform theorem, the condition || f||; < co
implies that every element of I' is continuous (in fact it is even continuously differentiable). We also denote
the unit ball in R? by B{ := {z € R?: |z| < 1}.

We have the following result:

Theorem 5.8 (cf. [2, Theorem 1]). Letd € N, f € I'c, o : R — R be sigmoidal and N € N. Then, for every
¢ > 4C?, there exists a NN ® with

L(®) =2,
M(®)<N-(d+2)+1,
1 2 C
B Bflf(ff)—R(@)(x)l dr < -,

where | BY| denotes the Lebesgue measure of B{.

Remark 5.9. The approximation rate above cannot be significantly improved. From [25] Proposition 4.6] it follows
that the approximation rate cannot be improved beyond N—(+d)/d,

Before we present the proof of Theorem 5.8} we show the following auxilliary result, which is sometimes
called Approximate Caratheodory theorem, [39, Theorem 0.0.2].
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Lemma 5.10 ([2} 26]]). Let G be a subset of a Hilbert space and let G be such that the norm of each element of G is
bounded by B > 0. Let f € ¢o(G). Then, for every N € Nand ¢’ > B? there exist (g;)Y., C G and (¢;)¥., C [0,1]

with YN | ¢; = 1 such that
N
IS
i=1

Proof. Let f € ©o(G). For every § > 0, there exists f* € co(G) so that
If = fl <.

/

< N (5.12)

Since f* € co(QG), there exists m € N so that

m
* /o
f —E Ci9;
i=1

for some (g/)™, C G, (¢})™, C [0,1], with >"7" ¢} = 1.

At this pomt there exists an at most m dimensional linear space L,, such that (¢;)/>; C L., which is
isometrically isomorphic to R™. Hence, we can think of g}, and f* to be elements of R™ in the sequel[|

Let o be a probability distribution on {1,...,m} with P, (k) = ¢} for k € {1,...,m}. Let (g;)$2, be i.i.d

random variable with g; = g; , where i; ~ 0. We have that

m

E(g;) =E(gq1) = > cigi = 7,

i=1
and therefore we can find (X;)52, = g;; — f*, for i; ~ 0, are ii.d random variables with E(X;) = 0. Since
the X; are independent random variables, we have that

2

N N
1 1 2 * * |12
E N;Xj NQZE 1%51%) N—E:j o (1951 = 2 (g, £) + 15°]1%)
N
B2
Z e (lgll?) = 17717 < S5 (5.13)

The first identity above follows from Bienaymé’s identity whereas the rest of the argument is, of course,
commonly known as the weak law of large numbers. Because of (5.13) there exists at least one event w such

that
2

and hence

By the triangle inequality, we have that

1« © o
Nzgij(w)—fH <y To
i=1

Since § was arbitrary this yields the result. O

*This simplification is not necessary at all, but some people might find it easier to think of real-valued random variables instead of
Hilbert-space-valued.
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We can have a more intuitive and elementary argument yielding Lemma if G = (¢;)52, is an
orthonormal basis. This is based on an argument usually referred to as Stechkin’s estimate, see e.g. [7, Lemma
3.6]. Let f € ©o(G), then

oo

f= Zm i = alf)e (5.14)

i=1

with ||¢;]|1 = 1. We have now that if A,, corresponds the indices of the n largest of (|¢;(f)|)$2; in (5.14), then

2

F="cilhos|| =D ¢iNss|| =D lei(HP (5.15)

JEA, JEAn JEAR
by Parseval’s identity. Let (¢ (f))72, be a non-increasing rearrangement of (|c;(f)|)32;. We have that

DN = D &)’ <énn(f) D &l(f) < e (), (5.16)

J€An k>n+1 k>n+1

Since (n + 1)ép41 < Z;’ill ¢; <1, wehave that é,41 < (n+ 1)~! and hence, the estimate
2

F=Y ci(Hesl| <mn+1)~"

JEA,

follows. Therefore, in the case that G is an orthogonal basis, we can explicitly construct the g; and ¢; of

Lemmal5.10

Remark 5.11. Lemmab.10|allows a quite powerful procedure. Indeed, to achieve an approximation rate of 1/N for a
function f by superpositions of N elements of a set G, it suffices to show that any convex combination of elements of G
approximates f.

In the language of NNs, we could say that every function that can be represented by an arbitrary wide two-layer
NN with bounded activation function and where the weights in the last layer are positive and sum to one can also be
approximated with a network with only N neurons in the first layer and an error proportional to 1/N.

In view of Lemma to show Theorem [5.8] we only need to demonstrate that each function in I'¢ is in
the convex hull of functions representable by superpositions of sigmoidal NNs with few weights. Before we
prove this, we show that each function f € I'¢ is in the convex hull of functions of the set

Ge={B{ >z~ 1g+((a,2) +b): a e R, bR, |y| < 2C}.

Lemma 5.12. Let f € I'c. Then figs — f(0) € €0(Gc). Here the closure is taken with respect to the norm ||-|| 2.0 4,

defined by
/2
lgll 2o sy = <|Bd| / |2do:> .

Proof. Since f € T'¢ is continuous and f € L'(R?), we have by the inverse Fourier transform that
£~ 10) = [ o) (9 - 1) ag
R4
/ f(é)‘ ( 2mi(w,€)+in(E) _ 6m(5)> de

[ 1) costenta. &)+ 5(6) = cos(u(c)) de.
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where k(€) is the phase of f(¢) and the last inequality follows since f is real-valued. Moreover, we have that

/ (cos(2m(z, §) + K(£)) — cos(k(£)))
R R4 |27Tf|

Since f € 'c, we have [, [27¢] |f(€)|d¢ < C, and thus A such that

F(©)| (cos(2m(z,€) + K(€)) — cos(x(£))) d€ = j2me] | £(6)| de

1 .
dA(§) = F[2mE]lF(€)]de
is a finite measure with A(RY) = fRd dA(€) < 1. In this notion, we have

(cos(2m(z, ) + () — cos(x(£))
2ne] A

Since (cos(2m(x, &) + k(£)) — cos(k(£)))/|2m€| is continuous and bounded by 1 by the Lipschitz continuity of
cos, and hence integrable with respect to dA(¢) we have by the dominated convergence theorem that, for
n — 0o,

flx) = f(0)=C

(&)

o[ (ol2nlr &)+ KO) —eoslu(E) g (cosl2re.d) 4 1(0) —eosts @)y |
Rd |27¢] 270
fcizd
(5.17)
where Iy = [0,1/n]¢ + 6. Since f(z) — f(0) is continuous and thus bounded on B{ and
(cos(2m(x, 0) + x(0)) — cos(k(0)))
. <
cl > 20] AIp)| < C,
A
we have by the dominated convergence theorem that
2
1 (cos(2m{x, 0) + k(0)) — cos(k(6)))
— —-C - A(Ip)| dz — 0. (5.18)
|BY| Jpg (@) QGZZd |26 (Zo)

Since Y yc 14 A(lp) = A(R?) < 1, we conclude that f(z) — f(0) is in the L?°(B{) closure of convex combi-
nations of functions of the form
cos(27m(x,0) + k(0)) — cos(k(0))

|276| ’

x> go(x) =y

for 8 € R?and 0 < ay < C. The result follows, if we can show that each of the functions gy is in o (Go).
Setting z = (x,0/|0]), it suffices to show that the map

cos(2m|0|z + k(0)) — cos(k(6))

[—1,1] 5 2z — 1270] =: go(2),

can be approximated arbitrarily well by convex combinations of functions of the form
[-1,1] 3 2z - 1g+ (a'z2+ V), (5.19)

where ¢/, b’ € Rand |y| < 2C.
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Per definition, we have that ||gy|| < C. We define, for 7' € N,

T ~ /. ~ .
gry = S 0T =50l = DTN o0 im (5 i/ T) — o (i — 1)/T)) - g (& — §/T))
=1

2C
gr, = Y0 D =00 (00 sign(gy(~4/T) — Go((1 ~ )/T) - T (- +/T)

Clearly, (g7, ) + (g7,+) converges to gs for T — oo and since

T |~ /. ~ . T |~ . ~ . T
) 1G0(i/T) —gg(@ ~)/7)| ) 190(—i/T) f;zoe((l “IIN <93 |ghlloe/2CT) <1

=1

we have that gy can be arbitrarily well approximated by convex combinations of the form (5.19). Therefore,
we have that gy € €6(G¢) and by (5.18) this yields that f — f(0) € ¢6(G¢). O

Proof of Theorem Let f € ¢, then, by Lemma we have that
fipg — 1(0) € ©o(Go).

Moreover, for every element g € G¢ we have that [|g|| 2. g4y < 2C. Therefore, by Lemma applied to the
Hilbert space L?°(B¢{), we get that for every N € N, there exist |;| < 2C, a; € R%, b; € R, fori=1,...,N,

1 /
|B 1 | Bli

Since p(Az) — 1g+(z) for A — oo almost everywhere, it is clear that, for every 6 > 0, there exist a;, b;,
i=1,...,N,so that

iz ).
|Bf| Jpa

The result follows by observing that

2
4C?
de < —.
TS

N
fpa(z) — f(0) — Z%]lw((ai, z) +b;)

2
4C?
der < — 4.
T < N +

fpa(z) — f(0) — iv:%@ ((dz’,fl?> + Bz’)

N
Z%‘Q ((51‘790) + bi) + f(0)
i=1
is the realisation of a network ® with L(®) = 2 and M(®) < N - (d + 3). This is clear by setting

@ = (-], £0))) o P ((@rs5))s - (b)) ) -
O

Remark 5.13. The fact, that the approximation rate of Theorem[5.8is independent from the dimension is quite surprising
at first. Howeuver, the following observation might render Theorem |5.8more plausible. The assumption of having a
finite Fourier moment is comparable to a certain dimension dependent regularity assumption. In other words, the
condition of having a finite Fourier moment becomes more restrictive in higher dimensions, meaning that the complexity
of the function class does not, or only mildly grow with the dimension. Indeed, while this type of reqularity is not
directly expressible in terms of classical orders of smoothness, Barron notes that a necessary condition for f € I'c, for
some C > 0, is that f has bounded first-order derivatives. A sufficient condition is that all derivatives of order up to
|d/2] + 2 are square-integrable, [2l][ Section I1]. The sufficient condition amounts to f € WL#/21+2:2(R9) which would
also imply an approximation rate of N~ in the squared L? norm by sums of at most N B-splines, see [22}[9].
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Example 5.14. A natural question, especially in view of Remark is which well known and relevant functions are
contained in I'c. In [2} Section IX], a long list with properties of this set and elements thereof is presented. Among
others, we have that

1. If g € T, then
a~ % (a(- — b)) €T,

for every a € RT, b € RY.

2. Forg; €T¢,i=1,...,mand c = (¢;)1, it holds that
m
Zcigi €L o
i=1

3. The Gaussian function: z — e~1*I°/2 is in T for C = O(d"/?).

4. Functions of high smoothness. If the first [d/2] + 2 derivatives of a function g are square integrable on RY, then
g € T'c, where the constant C depends linearly on || g\ 1a/25+2.2.

The last three examples show quite nicely how the assumption g € T'¢ includes an indirect dependence on the dimension.

6 Complexity of sets of networks

Until this point, we have mostly tried understanding the capabilities of NNs through the lens of approximation
theory. This analysis is based on two pillars: First, we are interested in asymptotic performance, i.e., we are
aiming to understand the behaviour of NNs for increasing sizes. Second, we measure our success over a
continuum by studying L? norms for p € [1, c0].

This point of view is certainly not the only possible, and different applications require a different analysis
of the capabilities of NNs. Consider, for example, a binary classification task, i.e., a process, where values
(z;), should be classified as either 0 or 1. In this scenario, it is interesting to establish if for every possible
classification of the values (z;)Y ; as 0 or 1 there exists a NN the realisation of which is a function performing
this classification.

This question, in contrast to the point of view of approximation theory, is non-asymptotic and only studies
the success of networks on a finite, discrete set of samples. Nonetheless, we will later see, that the complexity
measures that we will introduce below are also closely related to some questions in approximation theory
and can be used to establish lower bounds on approximation rates.

The following sections are strongly inspired by [1, Sections 3-8].

6.1 The growth function and the VC dimension

We now introduce two notions of the capability of a class of functions to perform binary classification of
points: Let X be a space, H C {h: X — {0,1}} and S C X be finite. We define by

Hg = {h|52 h e H},
the restriction of H to S. We define, the growth function of H by
Gu(m) =max{|Hg|: S C X,|S|=m}, formeN.

The growth function counts the number of functions that result from restricting H to the best possible set S
with m elements. Intuitively, in the framework of binary classification, the growth function tells us in how
many ways we can classify the elements of the best possible sets S of any cardinality by functions in H.

It is clear that for every set S with |S| = m, we have that |Hg| < 2™ and hence Gy (m) < 2™. We say that
a set S with |S| = m for which |Hg| = 2™ is shattered by H.
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A second, more compressed notion of complexity in the context of binary classification is that of the
Vapnik—Chervonenkis dimension (VC Dimension), [38]. We define VCdim(H) to be the largest integer m such
that there exists S C X with |S| = m that is shattered by H. In other words,

VCdim(H) := max {m € N: Gg(m) =2"}.
Example 6.1. Let X = R2.
1. Let H := {0, 1}, then Gy (m) = 2 for all m > 1. Hence, VCdim(H) = 1.

2. Let H == {0, xq, Xa¢, 1} for some fixed non-empty set Q C R2. Then, choosing S = (z1,x2) withz; € Q, x5 €
Q°, we have G (2) = 4 for all m > 2. Hence, VCdim(H ) = 2.

T
H = {h&t ;:h<<c9se> ~—t> 2 0 € —m, ], tERQ}.
sin 6

Then H is the set of all linear classifiers. It is not hard to see, that if S contains 3 points in general position, then
|H\s| =8, see Pigure Hence, these sets S are shattered by H. We will later see that H does not shatter any
set of points with at least 4 elements. Hence VCdim(H) = 3. This is intuitively clear when considering Figure
6.2]

3. Let h := xg+ and

o (@] X X

Figure 6.1: Three points shattered by a set of linear classifiers.

As a first step to familiarise ourselves with the new notions, we study the growth function and VC
dimension of realisations of NNs with one neuron and the Heaviside function as activation function. This
situation was discussed before in the third point of Example

We have the following theorem:

Theorem 6.2 ([1, Theorem 3.4]). Let d € Nand o = Lg+. Let SN(d) be the set of realisations of neural networks
with two layers, d-dimensional input, one neuron in the first layer and one dimensional output and the weights in the
second layer satisfy (Aa, by) = (1,0). Then SN (d) shatters a set of points (z;)™, C R if and only if

(z1,1), (x2,1),.. ., (T, 1) (6.1)

are linearly independent points. In particular, VCdim(SN (d)) = d + 1.
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X

Figure 6.2: Four points which cannot be classified in every possible way by a single linear classifier. The
classification sketched above requires at least sums of two linear classifiers.

Proof. Assume first, that (z;)7, is such that it is shattered by SA/(d) and assume towards a contradiction
that (6.1) are not linearly independent.
Then we have that for every v € {0,1}™ there exists a neural network ®v, such that, forall j € {1,...,m},

R(®%)(z;) = vj.
Moreover, since are not linearly independent there exist (;)j2; C R such that, without loss of generality,
[z x
5 (0)-(7)
Let v € {0,1}™ be such that, for j € {1,...,m — 1}, v; =1 — Ig+(¢;) and v,,, = 1. Then,

R(®") (wm) =0 ([ A7 b )[ 2m 1])

1
=o| > ;- A%z + ) | =0,
j=1

where the last equality is because g+ (Ajx;+b7) = v; = 1—1g+ (¢ ). This produces the desired contradiction.
If, on the other hand (6.1)) are linearly independent, then the matrix

X 1

X2 1
X =

|

has rank m. Hence, for every v € {0,1}™ there exists a vector [ A} b} | € Rb* ! such that X[ AV Y T =
v. Setting ®¥ := ((AY,b}), (1,0)) yields the claim. O

In establishing bounds on the VC dimension of a set of neural networks, the activation function plays a
major role. For example, we have the following lemma.

Lemma 6.3 ([1, Lemma 7.2]). Let H := {z — 1+ (sin(az)): a € R}. Then VCdim(H) = oc.

Proof. Let x; := 2", for i € N. Next, we will show that, for every k € N, the set {z1, ...,z } is shattered by
H.
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The argument is based on the following bit-extraction technique: Let b := Z?Zl b;277 +27k~1 Setting
a = 27b, we have that

k
Lg+(sin(az;)) = Lg+ | sin 27TZ bj2_jxi + 2727k 1y,

j=1
1—1 k

=lg+ [sin 270 02772 + 21 Y b2 0w 4272 Ky | | = ().
j=1 j=i

Since 23;11 b;279z; € N, we have by the 27 periodicity of sin that

k
I(z;) = Ig+ | sin 27> ;27 w; + 20274 1y
Jj=t

k
= lg+ | sin | bym + 7 - Z b 2iH=d 4 gitk
j=i+1

Since (Z?:H—l b 20177 4 21'*’“) € (0,1), we have that

I(Ii):{ 0 ifb; =1,

1 else.
Since b was chosen arbitrary, this shows that VCdim(H) > k for all £k € N. O

In the previous two results (Theorem Lemma [6.3), we observed that the VC dimension of sets of
realisations of NNs depends on their size and also on the associated activation function. We have the
following result, that we state without proof:

Denote, d, L, M € Nby NN 4 1 the set of neural networks with d dimensional input, L layers and at
most M weights.

Theorem 6.4 ([1, Theorem 8.8]). Let d,¢,p € N, and o : R — R be a piecewise polynomial with at most ¢ pieces of
degree at most p. Let, for L, M € N,

H = {lg+ oR(®): & €NNd,L7M}ﬂ

Then, forall L, M € N,
VCdim(H) < M Llog, (M) + ML?.

?We are a bit sloppy with the notation here. In [1, Theorem 8.8] the result only applies to sets of neural networks that all have the
same M indices of weights potentially non-zero.

6.2 Lower bounds on approximation rates

We will see next that the bound on the VC dimension of sets of neural networks of Theorem [6.4]implies a
lower bound on the approximation capabilities of neural networks. The argument below follows [41}, Section
4.2].

We first show the following auxiliary result.

Lemma 6.5. Let d,k € N, K C RY, H C {h : K — R} be such that, for e > 0, {z1,..., 21} C K and every
b € {0, 1}*, there exists h € H such that

h({L‘Z) = Ebi, fOTﬂlli = 1,...,/€. (62)
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Let G C {g : K — R} be such that for every h € H, there exists a g € G satisfying

sup |g(z) — h(z)] < €/2. (6.3)
reK
Then
VCdim({lg+ o (g —€/2): g € G}) > k. (6.4)

Proof. Choose for any b € {0, 1}"* an associated h;, € H according to (6.2) and g, according to (6.3).
Then |gy(z;) — bi| < €/2 and therefore gy(x;) — €/2 > 0if b; = 1 and gy (x;) — €/2 < 0 otherwise. Hence

L+ (g0 — €/2) () = bi,
which yields the claim. ]

Remark 6.6. Lemmal6.5|and Theorem [6.4]allow an interesting observation about approximation by NNs. Indeed,
if a set of functions H is sufficiently large so that (6.2) holds, and NNs with M weights and L layers achieve an
approximation error less than € > 0 for every function in H, then M Llogy(M) + ML? > k.

We would now like to establish a lower bound on the size of neural networks that approximate regular
functions well. Considering functions f € C*([0,1]%) with || f||cs < 1, we we would, in view of Remark
like to find out which value of k is achievable for any given e.

We begin by constructing one bump function with a finite C™ norm.

Lemma 6.7. For every n,d € N, there exists a constant C' > 0, such that, for every ¢ > 0, there exists a smooth
function f. € C™(R?) with

supp fe C [=Ce'/", Cel/me, (65)
such that f.(0) = eand || f||cn@ey < 1.
Proof. The function
2o e/l for lz] < 1,
J) = { 0 else.

is smooth and supported in [~1,1]% and f(0) = 1. We set

o) = f ()
A

Then £.(0) = ¢, supp fo € [=(1 + ||fllcn)e /™, (1 + || fllcn)e~ /™%, and || fe||c» < 1 by the chain rule. O

Adding up multiple, shifted versions of the function of Lemma 6.7 yields sets of functions that satisfy
(6:2). Concretely, we have the following lemma.

Lemma 6.8. Let n,d € N. There exists C > 0 such that, for every ¢ > 0, there are {z1, ...,z } with k > Ced/n
such that, for every b € {0,1}* there is f, € C™([0,1]%) with || f||c» < 1 and

fb(l’z) = Gbi.

Proof. Let, for C > 0asin (65), {z1,...,zx} = 20e*/"Z4 N[0, 1]%. Clearly, k > C’¢~%/" for a constant C’ > 0.
Let b € {0,1}*. Now set, for f. asin Lemma

k
fo=Y bife(- —x)).
=1
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Figure 6.3: Illustration of f; from Lemmaon [0, 1]2.

By the properties of f., we have that f.(- — x;) vanishes on every z; for j # ¢ and hence
fo(x;) = eby, foralli=1,... k.

The construction of fj, is depicted in Figure Moreover, since supp fe(- — x;) C x; + [-Ce'/™ Ce'/"]4, we
have that supp f(- — x;) Nsupp fc(- — x;) = @ ifi # j. Hence || fy|lcn = sup,—y 4 [Ife(- —z)[|C" < 1. O

Combining all observations until here, yields the following result.

Theorem 6.9. Let n,d € N. Let o : R — R be piecewise polynomial. Assume that, for all € > 0, there exist
M(e), L(e) € N such that

sup inf If = R(®)ll < €/2,
Fecn([0,119),[fllon <1 PENN (o). 21(0)

then
(M (€) +1)L(e) logy (M(€) + 1) + (M(e) + 1)L(€)? = e/,

Proof. Let H = {h € C™((0,1]%: |hflcn < 1) and G = {R(): & € NN 100 a100))-
H satisfies with k > Ce%/" due to Lemmal6.8|and G satisfies by assumption. Hence,

VCdim({1g+ o (g — €/2) : g € G}) > k. (6.6)
Moreover,
{g—€/2: g€ G} C{R(P): ® € NNd,L(e),M(e)+1}~
Hence
VCdim ({]IR+ o R(‘I’) (S NNd,L(e),]W(e)+1}) > CG_d/n.
An application of Theorem|[6.4]yields the result. O

Remark 6.10. Theorem [6.9shows that to achieve a uniform error of € > 0 over sets of C™ regular functions requires a
number of weights M and layers L such that

MLlogy(M) + ML? > e/,

If we require L to only grow like log, (€) then this demonstrates that the rate of Theorem Remark is optimal.
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For the case, that L is arbitrary, [1, Theorem 8.7] yields an upper bound on the VC dimension of

H = {]IR+ oR(®): @ € U NNd,Z,]W} . (6.7)
=1
of the form
VCdim (f{r) < M2 (6.8)

Using yields the following result:

Theorem 6.11. Letn,d € N. Let o : R — R be piecewise polynomial. Assume that, for all e > 0, there exist M (e) € N
such that

sup i f-R@). <2
Fecm((0,1]), ) fllon <1 REUZL NN aem(o)
then
M(e) 2 e/,
Proof. The proof is the same as for Theorem [6.9) using instead of Theorem [6.4] O

Remark 6.12. Comparing Theoren [6.9)and Theorem we see that approximation by NNs with arbitrarily many
layers can potentially achieve double the rate of that with restricted or only slowly growing number of layers.

Indeed, at least for the ReLU activation function, the lower bound of Theorem |6.11|is sharp. It could be shown in
[41]], that ReLU realisations of NNs with unrestricted numbers of layers achieve approximation fidelity e > 0 using
only O (e~ ™)) many weights, uniformly over the unit ball of C™([0, 1]%).

7 Spaces of realisations of neural networks

As a final step of our analysis of deep neural networks from a functional analytical point of view, we would
like to understand set-topological aspects of sets of realisations of NNs. What we are analysing in this section
are sets of neural networks of a fixed architecture. We first define the notion of an architecture.

Definition 7.1. A vector S = (Ngy, Ny,...,Nz) € NL*!is called architecture of a neural network & =
((A1,b1),..., (AL, br)) if Ay € RNeXNe=L forall ¢ = 1,..., L. We denote by NN (S) the set of neural networks
with architecture S and, for an activation function ¢ : R — R, we denote by

RNN,(S) = {R(®): ® € NN(5)}
the set of realisations of neural networks with architecture S.

For any architecture S, NN () is a finite dimensional vector space on which we use the norm
L L
||(I)||tota1 = ‘¢)|sca1ing + |(I)‘shift = Iil:alX ||A€||oo + I?:af{ ||b€||<x>

Now we have that, for a given architecture S = (d, N1,...,Np) € NL+L a compact set K C R4, and for a
continuous activation function ¢ : R — R:

RNN () C LP(K),

for all p € [1, 00]. In this context, we can ask ourselves about the properties of RNV N ,(S) as a subset of the
normed linear spaces LP(K).
The results below are based on the following observation about the realisation map:
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Theorem 7.2 ([23, Proposition 4]). Let Q@ C R? be compact and let S = (d, Ny, ...,Nr) € NE*L be a neural
network architecture. If the activation function o : R — R is continuous, then the map

R: NN(S) = L=(Q)
d s R(D)

is continuous. Moreover, if o is locally Lipschitz continuous, then R is locally Lipschitz continuous.

7.1 Network spaces are not convex

We begin by analysing the simple question if, for a given architecture S, the set RNV , () is star-shaped.
We start by fixing the notion of a centre and of star-shapedness.

Definition 7.3. Let Z be a subset of a linear space. A point x € Z is called a centre of Z if, for every y € Z it holds
that
{tz+ (1 -t)y:t€[0,1]} C Z.

A set is called star-shaped if it has at least one centre.
The following proposition follows directly from the definition of a neural network:

Proposition 7.4. Let S = (d, N1,...,Ny) € NETL Then RNN ,(S) is scaling invariant, i.e. for every A € R it
holds that A\f € RNN ,(S) if f € RNN ,(S), and hence 0 € RNN ,(S) is a centre of RNN ,(S).

Knowing that RAVN,(S) is star-shaped with centre 0, we can also ask ourselves if RAVA,(S) has more
than this one centre. It is not hard to see that also every constant function is a centre. The following theorem
yields an upper bound on the number of centres.

Theorem 7.5 ([23, Proposition C.4]). Let S = (No, N1, ..., N1) be a neural network architecture, let Q C R™o, and

let o : R — R be Lipschitz continuous. Then RN'N ,(S) contains at most Zle(Ng,l + 1) N linearly independent
centres, where Ny = d.

Proof. Let M* :== "1 (Ny_; + 1)N,. We first observe that M* = dim(NN(S)).
Assume towards a contradiction, that there are functions (g;)M, "1 ¢ RNN,(S) € L?(Q) that are linearly
independent.

By the Theorem of Hahn-Banach, there exist (g/)M ™' < (L2(Q))’ such that g}(g,) = &, foralli,j €
{1,...,L + 1}. We define

91(9)
. 92(9)
T:L2(Q) 5 RM+L g 2
Irr11(9)
Since T is continuous and linear, we have that 7' o R is locally Lipschitz continuous by Theorem|7.2} Moreover,
M*+1

since the (g;);—," " are linearly independent, they span an M* + 1 dimensional linear space V and T'(V)) =
RM™+1,

Next we would like to establish that RAVAN,(S) D V. Let g € V then

M*+1

9= Z ae9ge,
{=1
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for some (ag)},t € R. We show by induction that g™ == S"7" | asgr € RNN ,(S) for every m < M* + 1.
This is obviously true for m = 1. Moreover, we have that G = a1 9ma1 + §. Hence the induction
step holds true if a,,+1 = 0. If a1 # 0, then we have that

1 1
9" = 20011 ( S gmir + g™, (7.1)
2 2am+1

By Proposition 3™ /(amy1) € V. Additionally, g,,+1 is a centre of RNN ,(S). Therefore, we have
that $g,41 + Gr— g™ € RNN,(S). By Proposition 7.4, we conclude that g™ € RN N ,(S). Hence
V C RNN ,(S). Therefore, T o R(NN(S)) D T(V) = RM +1,

It is a well known fact of basic analysis that there does not exist a surjective and locally Lipschitz continuous
map from R™ to R"*! for any n € N. This yields the contradiction. O

For a convex set X, the line between any two points of X is a subset of X. Hence, every point of a convex
set is a centre. This yields the following corollary.

Corollary 7.6. Let S = (No, N1, ..., Ny) be a neural network architecture, let @ C RNo, and let o : R — R be
Lipschitz continuous. If RN'N ,(S) contains more than 2521(]\71%—1 + 1) Ny linearly independent functions, then
RNN ,(S) is not convex.

Remark 7.7. It was shown in [23, Theorem 2.1] that the only Lipschitz continuous activation functions such that

RNN ,(S) contains not more than Ele (N¢—1 + 1)Ny linearly independent functions are affine linear functions.
Additionally, it can be shown that Corollary[7.6|holds for locally Lipschitz functions as well. In this case, RN'N ,(S)

necessarily contains more than Zle (Ne—1 + 1) Ny linearly independent functions if the activation function is not a
polynomial.

In addition to the non-convexity of RNN,(.S), we will now show that, under mild assumptions on the
activation function, RN N ,(S) is also very non-convex. Let us first make the notion of convexity quantitative.

Definition 7.8. A subset X of a metric space is called r-convex, if | J . x B (x) is convex.

By Proposition[7.4} it is clear that RN N ,(S) + B,.(0) = r (RNN,(S) + B1(0)). Hence,
RNN,(S) + B.(0) =r/r" - (RNN,(S) + B (0)),

for every r,r’ > 0. Therefore, RN N ,(S) is r-convex for one r > 0 if and only if RNN ,(5) is r-convex for
every r > 0.
With this observation we can now prove the following result.

Proposition 7.9 ([23, Theorem 2.2.]). Let S € NL1 O C RNo be compact, and o € C*! be discriminatory and such
that RN'N ,(S) is not dense in C(S2). Then there does not exist an r > 0 such that RN N ,(S) is r-convex.

Proof. By the discussion leading up to Proposition[7.9|we can assume, towards a contradiction that RAVN,(5)
is r-convex for every r > 0.
We have that

0(RNN ,(8)) C [J(RNN,(S) + B.(0)) C (| (RNN(S) + B,(0)) € RNN,(S).

r>0 >0

Therefore co(RNN ,(S)) = co(RNN ,(S)) C RNN ,(S) and thus we conclude that RNV N, (S) is convex.

We now aim at producing a contradiction by showing that RNV ,(S) = C(Q2). We show this for L = 2,
and N, = 1 only, the general case is demonstrated in [23) Theorem 2.2.] (there also the differentiability of ¢ is
used).

Per assumption, for every a € RM ¢t eR,

x— olax —t) € RNN,(S).
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Figure 7.1: Sketch of the set of realisations of neural networks with a fixed architecture. This set is star-shaped,
having 0 in the centre. It is not r-convex for any r and hence we see multiple holes between different rays. It
is not closed, which means that there are limit points outside of the set.

By the same argument applied in the proof of Theorem [7.5]in (7.I), we have that for all sequences
(ae)2, C RN, (be)32, C R, and ()32, C R the function

g™ (@) =) " beo(ar — ty)
=1

satisfies (™) € RNN,(S) for all m € N.
By Theorem 2.4] we have that

{be@(af —te): (an)i2y CRM, (be)iy, (8032 C R} =Cc©
{=1

and hence C(2) C RNN,(S) which yields the desired contradiction. O

7.2 Network spaces are not closed

The second property that we would like to understand is closedness. To make this more precise, we need to
decide on a norm first. We will now study closedness in the uniform norm.

Theorem 7.10. Let L € N, S = (No, N1,...,Np_1,1) € NEFL where Ny > 2, Q € R? compact with nonempty
interior, and o € C*\ C*°. Then RNN ,(S) is not closed in L.
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Proof. Since o € C?\ C™, we have that there exists k € N such that o € C* and ¢ ¢ C**1. It is not hard to
see that therefore RNVN ,(S) C C*(2) and the map

F:RY S R:z— Fz) =o' (z1)

is not in C*(R?). Therefore, since {2 has non-empty interior, there exists ¢t € R so that F(- — t) ¢ C*(Q2) and
thus F(- — t) € RNN,(S).

Assume for now that S = (Ny, 2,1). The general statement follows by extending the networks below
to neural networks with architecture (Ny,2,1,...,1,1) by concatenating with the neural networks from
Proposition]2.11} To artificially increase the width of the networks and produce neural networks of architecture
S one can simply zero-pad the weight and shift matrices without altering the associated realisations.

We define the neural network

o= (3 a5 ) (") o),

and observe that for every = €

IR(®n) () — ' (21)| = In(e(w1 + 1/n) — o(21)) — &' (z1)] < e |"(2)I/n,

by the mean value theorem, where B > 0 is such that Q C [-B, B]?. Therefore, R(®,) — F in L>(2) and
hence RNN, () is not closed. O

Remark 7.11. Theorem holds in much more generality. In fact, a similar statement holds for various types of
activation functions, see [23, Theorem 3.3]. Surprisingly, the statement does not hold for the ReLU activation function,
[23, Theorem 3.8].

Theorem should be contrasted to the following result that shows that subsets of the set of realisations
of neural networks with bounded weights are always closed.

Proposition 7.12. Let S € N+ O € RN be compact, and o be continuous. For C' > 0, we denote by
RNNC = {R(®): @ € NN(5), [|®|ltotar < C}
the set of realisations of neural networks with weights bounded by C. Then RN'N is a closed subset of C ().
Proof. By the Theorem of Heine-Borel, we have that
{2 € NN(S): [|®]tota < C}
is compact. Hence the result follows by Theorem[7.2} O
Combining Theorem[7.10|and Proposition [7.12]yields the following observation: Consider a function

g € RNN,(S)\ RNN,(S) and a sequence ®,, € NN (S) so that
R(®,) — g.
Then ||®,|[total — 00 since if ||®,, |total Would remain bounded, then g € RNN,(S)C = RNN,(S)¢ C
RNN ,(S).
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