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ON THE BANACH SPACES ASSOCIATED WITH MULTI-LAYER RELU
NETWORKS
FUNCTION REPRESENTATION, APPROXIMATION THEORY AND GRADIENT
DESCENT DYNAMICS

WEINAN E AND STEPHAN WOJTOWYTSCH

ABSTRACT. We develop Banach spaces for ReLU neural networks of finite depth L and infinite
width. The spaces contain all finite fully connected L-layer networks and their L2-limiting
objects under bounds on the natural path-norm. Under this norm, the unit ball in the space for
L-layer networks has low Rademacher complexity and thus favorable generalization properties.
Functions in these spaces can be approximated by multi-layer neural networks with dimension-
independent convergence rates.

The key to this work is a new way of representing functions in some form of expectations,
motivated by multi-layer neural networks. This representation allows us to define a new class
of continuous models for machine learning. We show that the gradient flow defined this way is
the natural continuous analog of the gradient descent dynamics for the associated multi-layer
neural networks. We show that the path-norm increases at most polynomially under this
continuous gradient flow dynamics.
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1. INTRODUCTION

It is well-known that neural networks can approximate any continuous function on a compact
set arbitrarily well in the uniform topology as the number of trainable parameters increase
[Hor91l [LLPS93). However, the number and magnitude of the parameters required may
make this result unfeasible for practical applications. Indeed it has been shown to be the case
when two-layer neural networks are used to approximate general Lipschitz continuous functions
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[EW20a]. It is therefore necessary to ask which functions can be approximated well by neural
networks, by which we mean that as the number of parameters goes to infinity, the convergence
rate should not suffer from the curse of dimensionality.

In classical approximation theory, the role of neural networks was taken by (piecewise) poly-
nomials or Fourier series and the natural function spaces were Holder spaces, (fractional) Sobolev
spaces, or generalized versions thereof [Lor66]. In the high-dimensional theories characteristic
for machine learning, these spaces appear inappropriate (for example, approximation results of
the kind discussed above do not hold for these spaces) and other concepts have emerged, such
as reproducing kernel Hilbert spaces for random feature models [RR08], Barron spaces for two-
layer neural networks [EMW19al [Bac17, [EW20bl, [EMW19bl, [EW20al, [EMW18|, [KB16], and the
flow-induced space for residual neural network models [EMW19a].

In this article, we extend these ideas to networks with several hidden (infinitely wide) layers.
The key is to find how functions in these spaces should be represented and what the right norm
should be. Our most important results are:

(1) There exists a class of Banach spaces associated to multi-layer neural networks which
has low Rademacher complexity (i.e. multi-layer functions in these spaces are easily
learnable).

(2) The neural tree spaces introduced here are the appropriate function spaces for the cor-
responding multi-layer neural networks in terms of direct and inverse approximation
theorems.

(3) The gradient flow dynamics is well defined in a much simpler subspace of the correspond-
ing neural tree space. Functions in this space admit an intuitive representation in terms
of compositions of expectations. The path norm increases at most polynomially in time
under the natural gradient flow dynamics.

These results justify our choice of function representation and the norm.

Neural networks are parametrized by weight matrices which share indices only between ad-
jacent layers. To understand the approximation power of neural networks, we rearrange the
index structure of weights in a tree-like fashion and show that the approximation problem un-
der path-norm bounds remains unchanged. This approach makes the problem more linear and
easier to handle from the approximation perspective, but is unsuitable when describing training
dynamics. To address this discrepancy, we introduce a subspace of the natural function spaces
for very wide multi-layer neural networks (or neural trees) which automatically incorporates the
structure of neural networks. For this subspace, we investigate the natural training dynamics
and demonstrate that the path-norm increases at most polynomially during training.

Although the function representation and function spaces are motivated by developing an
approximation theory for multi-layer neural network models, once we have them, we can use
them as our starting point for developing alternative machine learning models and algorithms.
In particular, we can extend the program proposed in [EMWI19b] on continuous formulations
of machine learning to function representations developed here. As an example, we show that
gradient descent training for multi-layer neural networks can be recovered as the discretization
of a natural continuous gradient flow.

The article is organized as follows. In the remainder of the introduction, we discuss the
philosophy behind this study and the continuous approach to machine learning. In Section 2]
we motivate the ‘neural tree’ approach, introduce an abstract class of function spaces and study
their first properties. A special instance of this class tailored to multi-layer networks is studied
in greater detail in Section Bl A class of function families with an explicit network structure is
introduced in Sectiondl While Sections P and [ are written from the approximation perspective,
Section [l is devoted to the study of gradient flow optimization of multi-layer networks and its
relation to the function spaces we introduce. We conclude the article with a brief discussion of
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our results and some open questions in Section [6l Technical results from measure theory which
are needed in the article are gathered in the appendix.

1.1. Conventions and notation. Let K C R? be a compact set. Then we denote by C°(K) the
space of continuous functions on K and by C%“(K) the space of a-Hélder continuous functions
for a € (0,1]. In particular C%! is the space of Lipschitz-continuous functions. The norms are
denoted as

Iflovan = sup [£@)] [flovoy = sup DTNy g + o
€K eyeKazy |T—yl*

Since all norms on R are equivalent, the space of Holder- or Lipschitz-continuous functions does
not depend on the choice of norm on R%. The Holder constant [-]co.« however does depend on it,
and using different ¢P-norms leads to a dimension-dependent factor. In this article, we consider
always consider R¢ equipped with the ¢>°-norm.

Let X be a Banach space. Then we denote by BX the closed unit ball in X. Furthermore,
a review of notations, terminologies and results relating to measure theory can be found in the
appendix.

Frequently and without comment, we identify = € R? with (x,1) € R4+L. This allows us to
simplify notation and treat affine maps as linear. In particular, for x € R? and w € R4 we

simply write w!z = 2?21 WiT; + Wd1.
2. GENERALIZED BARRON SPACES
We begin by reviewing multi-layer neural networks.

2.1. Neural networks and neural trees. A fully connected L-layer neural network is a func-
tion of the type

mr, mr—1 d+1
_ L L—1 0 ,
(2.1) f(z) = E a; o E ai i O E E aml E gy iy Tio
1,=1 ir,-1=1 12 11=1 io=1

where the parameters afj are referred to as the weights of the neural network, m, is the width of

the ¢-th layer, and ¢ : R — R is a non-polynomial activation function. For the purposes of this
article, we take o to be the rectifiable linear unit o(z) = ReLU(2z) = max{z, 0}.

Deep neural networks are complicated functions of both their input = and their weights, where
the weights of one layers only share an index with neighbouring layers, leading to parameter reuse.
For simplicity, consider a network with two hidden layers

d+1
0 )
a/7/2 o a’Zz 11 a’ilig :CZO
10=1 1= i0=1

and note that f can also be expressed as

mo mi d+1
_ 2 1
- Z a;, o0 Z Aipiy O Z bl21110

1o=1 11=1 io=1

with b9 ; ;= af ;. In this way, an index in the outermost layer gets its own set of parameters
for deeper layers, eliminating parameter sharing. The function parameters are arranged in a
tree-like structure rather than a network with many cross-connections. On the other hand, a

function of the form

d+1
0 )
alza alQll aiQilio :CZO

19=1 11=1 i0=1
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can equivalently be expressed as

mimse d+1
S (Y (zbm )

i2=1 J1=1 ip=1

with

1
b12]1

. e ) .
Ay i g1 if (i — 1)my < j1 <dgmy 0
= {012 J1—(iz=1)m; > bj1i0 = Qg1 /ma |+1,51—j1/m ] io"

else

The cost of rearranging a three-dimensional index set into a two-dimensional one is listing a
number of zero-elements explicitly in the preceding layer instead of implicitly. Conversely, if we
rearrange a two-dimensional index set into a three-dimensional one, we need to repeat the same
weight multiple times. For deeper trees, the index sets become even higher-dimensional, and the
re-arrangement introduces even more trivial branches or redundancies. Nevertheless, we note
that the space of finite neural networks of depth L

%) o d+1

L L L—-1 0 )

oo T Z aiLO— Z aiLiL—la Z Z a’b211 Z a’ilio 1"10
iLzl ’L‘L71:1 iL 2 ’Ll— ig:l

al; =0 for all but finitely many 4, j, l}

]

and the space of finite neural trees of depth L

:{iaiLLa > oY (Z“ (§a ))

ir=1 irp—1=1 iL—2 i1=1 io=1

i1k

al . =0 forallbutﬁnitelymanyl,il,...,iL}

are identical.

Remark 2.1. We note that this perspective is only admissible concerning approximation theory.
For gradient flow-based training algorithms, it makes a huge difference

e whether parameters are reused or not,
e which set of weights that induces a certain function is chosen, and
e how the magnitude of the weights is distributed across the layers (using the invariance
o(z) = A lo(Az) for A > 0).
A perspective more adapted to the training of neural networks is presented in Section

l

For given weights a? or a;, we consider the path-norm prozy, which is defined as

TR

£ llprp = - Z L S S [ Z lak, .. a?, ]
1L L
respectively. Knowing the weights, the sum is easy to compute and it naturally controls the
Lipschitz norm of the function f.

When we train a function f to approximate values y; = f*(z;) at data points z;, the path-
norm proxy controls the generalization error, as we will show below. If the path-norm proxy of f
is very large, the function values f(z;) heavily depend on cancellations between the partial sums
with positive and negative weights in the outermost layer. In the extreme case, these partial
sums may be several orders of magnitude larger than f(x;). In that situation, the function values
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f*(z) and f(x) may be entirely different for unseen data points x, even if they are close on the
training sample {z;}~ ;. On the other hand, we will show below that functions with low path-
norm proxy generalize well. Thus controlling the path-norm proxy effectively means controlling
the generalization error, either directly or indirectly. We will make this more precise below.

While the path-norm proxy is easy to compute from the weights of a network, it is a quantity
related to the parameterization of a function, not the function itself. The map from the weights
aﬁj to the realization f of the network as in (2] is highly non-injective. The path-norm of a
function f is the infimum of the path-norm proxies over all sets of weights of an L-layer neural
network which have the realization f.

2.2. Definition of Generalized Barron Spaces. Let o be the rectified linear unit, i.e. o(z) =
max{z,0}. ReLU is a popular activation function for neural networks and has two useful prop-
erties for us: It is positively one-homogeneous and Lipschitz continuous with Lipschitz constant
1.

Let K C R? be a compact set and X be a Banach space such that

(1) X embeds continuously into the space C%!(K) of Lipschitz-functions on K and
(2) the closed unit ball BX in X is closed in the topology of C°(K).

Recall the following corollary to the Arzela-Ascoli theorem.

Lemma 2.2. [Dobl10, Satz 2.42] Let u,, : K — R be a sequence of functions such that [|u,||co.r(xy <
1. Then there exists u € COY(K) and a subsequence wy, such that u,, — u strongly in C%%(K)
for all a <1 and

ullcorx) < 1%“35.3“'“%"@*1%) <1.

Thus BX is pre-compact in the separable Banach space C°(K). Since BX is C°-closed, it is
compact, so in particular a Polish space. A brief review of measure theory in Polish spaces and
related topics used throughout the article is given in Appendix [Al

Let 4 be a finite signed measure on the Borel o-algebra of BX (with respect to the C°-norm).
Then p is a signed Radon measure. The vector-valued function

BX — CY(K), g—o(g)

is continuous and thus p-integrable in the sense of Bochner integrals. We define

fu= /BX o(g(-)) n(dg)

(2.2) £ x5 = inf {ullmesx) = p€ M(BY)st. f=f.onK}
Bxx = {f € COK):||fllxx < o}

Here M(B™) denotes the space of (signed) Radon measures on BX. The first integral can
equivalently be considered as a Lebesgue integral pointwise for every x € K or as a Bochner
integral. We will show below that Bx x is a normed vector space of (Lipschitz-)continuous
functions on K. We call Bx i the generalized Barron space modelled on X.

Remark 2.3. The construction of the function space Bx x above resembles the approach to Bar-
ron spaces for two-layer networks [BacI7, [EW20b, [EMWT9al EMWTIS]. Note that Barron spaces
are distinct from the class of functions considered by Barron in [Bar93], which is sometimes
referred to as Barron class. While Barron spaces are specifically designed for applications con-
cerning neural networks, the Barron class is defined in terms of spectral properties and a subset
of Barron space for almost every activation function of practical importance.
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Example 2.4. If X is the space of affine functions from R to R (which is isomorphic to R?*1), the
Bx ki is the usual Barron space for two-layer neural networks as described in [EMWI8| [EMW19a,
EW20b].

Due to Lemma 2] we may choose X = C%1(K).

Ezample 2.5. If X = C%1(K), then Bx x = C%!(K) and the norms are equivalent to within a
factor of two. For f € C%'(K), we represent

= 0,1 4) 0,1 (L)
f ||f||c,<K>o<|f|Cm(K) I leec0 o\ e

= | olg) (Ifllcor -6 —[lfllcor-o__+ ) (dg).
fyoo ( )

Il zo,1 TFlco,1

These examples are on opposite sides of the spectrum with X being either the least complex
non-trivial space or the largest admissible space. Spaces of deep neural networks lie somewhere
between those extremes.

Remark 2.6. For the classical Barron space, we usually consider measures supported on the unit
sphere in the finite-dimensional space X. If X is infinite-dimensional, typically only the unit ball
in X is closed (and thus compact) in C°, but not the unit sphere. For mathematical convenience,
we choose the compact setting.

2.3. Properties. Let us establish some first properties of generalized Barron spaces.

Theorem 2.7. The following are true.

(1) Bx k is a Banach-space.
(2) X — Bx,k and || flBx . < 2| fllx-
(3) Bx,x — CY%Y(K) and the closed unit ball of Bx ki is a closed subset of C°(K).

Proof. Since X — C%1(K), we know that there exist C;,Cy > 0 such that
lgllcorey < Crllgllx,  [gleoam) < Callgllx  VgeX.

Banach space. By construction, By k is isometric to the quotient space M(B*)/Nx where
Nk = {u € M(B¥) ‘ / o(g(z)) p(dg) =0V z € K}
BX
In particular, Bx x is a normed vector space with the norm || - || x x. The map

M(BX) = K)o fu= [ olg)utdg)

is continuous as

by the properties of Bochner spaces. Thus N is the kernel of a continuous linear map, i.e. a
closed closed subspace. We conclude that Bx g is a Banach space [Brelll Proposition 11.8].
X embeds into Bx k. For g € X with ||g||x =1 consider y = §, — d_,4 and observe that

/B . olg) nldg)

< [ lgllooue 1(d9) < Ca il
co(k) JBX

fu=0o(g)—o(=9) =9,  llulmpzx) =2

The general case follows by homogeneity.
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Bx,x embeds into C%!. We have already shown that || f,llcox) < C1 ||l pmpx)- By taking
the infimum over y, we find that || f|lcox)y < R|f|lBy. - Furthermore, for any z # y € K we
have

140 = @) < [ [ola@) = o(gla')|Inldg)
< [ lot) = o) (a0
< [ Jslenale =/l ul(d)

< Oy |lpllmesxy |z — 2|

We can now take the infimum over p.

Now assume that (f,)nen is a sequence such that || f,||x,x < 1 for all n € N. Choose a
sequence of measures j,, such that f, = f., and ||u,|| < 1+ 2 for all n € N. By the compactness
theorem for Radon measures (see Theorem [AT1] in the appendix), there exists a subsequence
pin, and a Radon measure p on BX such that u,, — u as Radon measures and ||p| < 1.

By definition, the weak convergence of Radon measures implies that

/BX F(g)unk(dg)+/3X F(g9)u(dg) V¥ FeC(BY).

Using F(g) = o(g(x)), we find that fun, — [u pointwise. In particular, if f,, converges to a
limit f uniformly, then f = f € BBX.% i.e. the unit ball of Bx i is closed in the C%-topology. O

The last property establishes that By i satisfies the same properties which we imposed on
X, i.e. we can repeat the construction and consider Bgy . K-

Remark 2.8. We have shown in [EW20b|] that if K is an infinite set, Barron space is generally
neither separable nor reflexive. In particular, Bx x is not expected to have either of these
properties in the more general case.

2.4. Rademacher complexities. We show that generalized Barron spaces have a favorable
property from the perspective of statistical learning theory.

A convenient (and sometimes realistic) assumption is that all data samples accessible to a
statistical learner are drawn from a distribution P independently. The pointwise Monte-Carlo
error estimate follows from the law of large numbers which shows that for a fixed function f and
data distribution P, we have

<Y

Ex,,....Xn)~rN [Zf(Xi) —/f(w)]P(dw)} N

Typically, the uniform error over a function class is much larger than the pointwise error. For
example for the class of one-Lipschitz functions

N 1N
E ~xN SU X;) — z)P(dx)| | =E/x, N [ Wi [P, — Ox,

(1) W&J;ﬂ)tﬁﬂ() (1) [« N;xﬂ
is the expected 1-Wasserstein distance between P and the empirical measure of N independent
sample points drawn from it. If P is the uniform distribution on [0, 1]¢, this decays like N—1/¢
and thus much slower than N—1/2 [FG15, [EW20a].

For Barron-type spaces, the Monte-Carlo error rate may be attained uniformly on the unit ball
of Bx k. This is established using the Rademacher complexity of a function class. Rademacher
complexities essentially decouple the sign and magnitude of oscillations around the mean by
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introducing additional randomness in a problem. For general information on Rademacher com-
plexities, see [SSBD14] Chapter 26].

Definition 2.9. Let S = {z1,...,zn5} be a set of points in K. The Rademacher complexity of
H C C%Y(K) on S is defined as

N

1
sup — » & h(z;
heHN; (&)

(2.3) Rad(H; 5) = Ee

where the ¢; are iid random variables which take the values 1 and —1 with probability 1/2 each.

The &; are either referred to as symmetric Bernoulli or Rademacher variables, depending on
the author.

Theorem 2.10. Denote by F the unit ball of Bx rc. Let S be any sample set in RY. Then
Rad(F;S) < 2 Rad(B*, 9).

Proof. Define the function classes H1 = {o(g) : ¢ € BX}, Ho = {-0(g9) : ¢ € BX} and
H = Hi UHs. All three are compact in C°.

We decompose 1 = u™ — p~ in its mutually singular positive and negative parts and write
f = f# in BX,K as

fu@) = [ otate) @)+ [ ~ola@) i (0

X

_ T +  + T u
_/th( ) (o )(dh)+/ h(x) (py p~)(dh)

Ho
- / h(x) a(dh)
H

where p* : BX

v is a non-negative measure and ||| = ||u||. We conclude that the closed unit ball in By x is
the closed convex hull of H.
Since o is 1-Lipschitz, the contraction Lemma [SSBD14, Lemma 26.9] implies that Rad(#1; S) <
Rad(B*X;S). Due to [SSBD14, Lemma 26.7], we find that
Rad(BBx%; ) = Rad(H; S)

= Rad(’Hl U (*’Hl); S)

< Rad(H1; 8) + Rad(—H,; S)

= 2 Rad(H1; S)

=2 Rad(B*;S)

— H is given by g — +0(g) and i = p;;ﬁ + py 1~ - In particular, we note that

since for any £, the supremum is non-negative. O

For a priori estimates, it suffices to bound the expected Rademacher complexity. However, the
use of randomness in the problem is complicated, and most known bounds work on any suitably
bounded sample set.

Ezxample 2.11. If Hy;, is the class of linear functions on R? with ¢!-norm smaller or equal to 1
and S is any sample set of N elements in [—1,1]%, then

2 log(2d)

Rad(Hin; S) < N
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see [SSBD14, Lemma 26.11]. If H,s¢ is the unit ball in the class of affine functions z + wlz +b
with the norm |w|e + |b|, we can simply extend z to (x,1) and see that
2 log(2d + 2)

; <\ ——.
Rad(Haff,S) > N

We show that Monte-Carlo rate decay is the best possible result for Rademacher complexities
under very weak conditions.

Example 2.12. Let F be a function class which contains the constant functions f = —1 and
f=1for a,8 € R. Then there exists ¢ > 0 such that
Rad(F; §) > ¢/ @0

VN

for any sample set S with N elements. Up to scaling and a constant shift (which does not affect
the complexity), we may assume that 5 =1,a = —1. Then

Rad(F;S) > Egi sup Zfif(mi)

m f=41 i1

&
=1

1
—E,—
f7’7’L

1

2mm

by the central limit theorem.

3. BANACH SPACES FOR MULTI-LAYER NEURAL NETWORKS

3.1. neural tree spaces. In this section, we discuss feed-forward neural networks of infinite
width and finite depth L. Let K C R? be a fixed compact set. Consider the following sequence
of spaces.

(1) WO(K) = (RY)* @ R = R*! is the space of affine functions from R? to R (restricted to
(2) For L > 1, we set WH(K) = Byyr-1(x) k-
Since we consider R? to be equipped with the £>°-norm, we take W° to be equipped with its
dual, the ¢'-norm. Up to a dimension-dependent normalization constant, this does not affect the
analysis.

Thus W¥ is the function space for L + 1-layer networks (i.e. networks with L hidden lay-
ers/nonlinearities). Here we use inductively that W embeds into C%'(K) continuously and
that the unit ball of W is C?-closed because the same properties held true for WX~!. Due to
the tree-like recursive construction, we refer to W’ as neural tree space (with L layers).

Here and in the following, we often assume that K is a fixed set and will suppress it in the
notation WX = WL (K).

Remark 3.1. For a network with one hidden layer, by construction the coefficients in the inner
layer are £>°-bounded, while the outer layer is bounded in ¢! (namely as a measure). Due to
the homogeneity of the ReLU activation function, the bounds can be easily achieved and the
function space is not reduced compared to just requiring the path-norm proxy to be finite.

For other activation functions, an £°°-bound on the coefficients in the inner layer may restrict
the space of functions which can be approximated. In particular, if o is C*-smooth, then = —
ac(wlz) is CF-smooth uniformly in w € Br(0) C R¥*L. As a consequence, the space of o-
activated two-layer networks whose inner layer coefficients are £°°-bounded embeds continuously
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into C*. At least if k > d/2, it follows from [Bar93] that this space is smaller than the space of
functions which can be approximated by o-activated two-layer networks with uniformly bounded
path-norm (see also [EW20b, Theorem 3.1]).

It is likely that neural tree spaces with more general activation require parametrization by
Radon measures on entire Banach spaces of functions. For networks with a single hidden layer,
some results in this direction were presented in the appendix of [EW20a]. While Radon measures
on R4+2 are less convenient than those on S9!, many results can be carried over since R%*2 is
locally compact.

The situation is very different for networks with two hidden layers. The space X = W! on
which W? = Bx is modelled is infinite-dimensional, dense in C°, and not locally compact in the
CP-topology. The restriction to the compact set BX simplifies the analysis considerably.

3

3.2. Embedding of finite networks. The space W' contains all finite networks with L > 1
hidden layers.

Theorem 3.2. Let

mr mp—1 d+1
(3.1) f(z) = Z aiLLa Z aiLL;L1710 Z (Z aml (Z a?lio xi()))

1r,=1 i, -1=1 112 11=1 ip=1

Then f € WX and

my d+1
L L-1
(32) ||f||WL < Z Z Z ‘a’ lLlL 1 "'a’?ﬂlo
ZL 1 11 110 1

Proof. The statement is obvious for L =1 as

ma d+1 m
= Z a;, o (Z ail,iozm) = / O’(’LUTZL') (Z az|wz| . 5w1/w1|> (dw)
i=1 io=1 54 i=1
is a classical Barron function, where we simplified notation by setting w; = (a1, ..., ai(d+1)) €

R4+, We proceed by induction.
Let f be like in (8]). By the induction hypothesis, for any fixed 1 < iy < mp, the function

mr—1 d+1
g1, () = Z a322710 Z (Zaml (Za?ﬂoxm))

ir—1=1 iL—2 i1=1 i0=1

lies in WX~ with the appropriate norm bound. We note that

mr, mr
= E aiLU(giL (:C)) = E diLJ(giL (:L'))
ir=1 ir,=1
where
Gi, = Gip,
LT mr d+1 L—-1 0
Zi[‘,l_ E’Ll—l Z’LO 1 ’aZL 1 a/’L'Lfl’L'sz e ailig‘
mi1 d+1
E E E 0
a/ZL - a/ZL ‘alL 1 zL 1’LL 2 "'ailio"
i, —1=1 11=110=1

It follows that f € W’ with appropriate norm bounds. d
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3.3. Inverse Approximation. We show that YW does not only contain all finite ReLU net-
works with L hidden layers, but also their limiting objects.

Theorem 3.3 (Compactness Theorem). Let f, be a sequence of functions in WY such that
CL = liminf, o || fullwe < 0o. Then there exists f € WY and a subsequence f,, such that
I fllwe < CE and fn, — f strongly in CO%(K) for all a < 1.

Proof. The result is trivial for L = 0 since W is a finite-dimensional linear space. Using the third
property from Theorem [Z7 inductively, we find that W’ embeds continuously into C%!, thus
compactly into C%¢ for all a < 1. This establishes the existence of a convergent subsequence.
Since BW" is C°-closed, it follows that the limit lies in WE. O

Corollary 3.4 (Inverse Approximation Theorem). Let

M, L Mn,L—1 Mn, 1 d+1
f ( ) _ n,L n,L—1 n,l n,0
nlT) = aiL o aiLiL710’ .. O aizil o am-o T

ip=1 ir—1=1 iL—2 i1=1 io=1

be finite L-layer network functions such that

Mn, L Mn,1 d+1
. n,L n,L—1 n,0 <
sup lai™aly aly | < oo
neN T Sig=1

If P is a compactly supported probability measure and f € L*(P) such that f, — f in L'(P), then
f € WE(sptP) and

Mn, L mMn,1 d+1
N n,L n,L—1 n,0
(3.3) 1 llw(spt ) < lim inf ST aptani Tt aly .
ir=1  i1=1ip=1
Proof. Follows from Theorems [3.3] and a

In particular, we make no assumption whether the width of any layer goes to infinity, or at
what rate. The path-norm does not control the number of (non-zero) weights of a network.

3.4. Direct Approximation. In Sections and B3] we showed that W' is large enough
to contain all finite ReLU networks with L hidden layers and their limiting objects, even in
weak topologies. In this section, we prove conversely that W’ is small enough such that every
function can be approximated by finite networks with L hidden layers (with rate independent of
the dimensionality), i.e. W’ is the smallest suitable space for these objects.

In fact, we prove a stronger result with an approximation rate in a reasonably weak topology.
The rate however depends on the number of layers. Recall the following result on convex sets in
Hilbert spaces.

Lemma 3.5. [Bar93| Lemma 1] Let G be a set in a Hilbert space H such that ||g||g < R for all
g € G. If f is in the closed convexr hull of G, then for every m € N and ¢ > 0, there exist m
elements g1,...,9m € G such that

(3.4) Hf - % >

The result is attributed to Maurey in [Bar93] and proved using the law of large numbers.

R+c¢

<

H

3



12 WEINAN E AND STEPHAN WOJTOWYTSCH

Theorem 3.6. Let P be a probability measure with compact support spt(P) C Bgr(0). Then for
any L > 1, f € W¥ and m € N, there exists a finite L-layer ReLU network

m m?2 m?3 mb d+1
(3.5)  fm(x)= Z aiLLJ Z aiLL;iilo Z .o Z azlzi1 o (Z agﬂ-o xi0>
ir=1 ip_1=1 ip_a=1 i1=1 io=1
such that
(1)
L2+ R f L
(3.6) Vo — Fliacey < 2R e

vm
(2) the norm bound

(3.7) >

ir=1

d+1

‘aiLL a7:LL,_7;271 Tt agli()’ S ||f||WL

+

%

lip=1

Il
-
Il

~

1

holds.

Remark 3.7. Note that the width of deep layers increases rapidly. This is due to the fact that
we construct an approximating network inductively. The procedure leads to a tree-like structure
where parameters are not shared, but every neuron in the ¢-th layer has its own set of parameters
in the £+1-th layer and a;,;,_, = 0 for all other parameter pairings. This is equivalent to standard
architectures from the perspective of approximation theory under path-norm bounds, since the
path norm does not control the number of neurons.

The total number of parameters in the network of the direct approximation theorem is

M=m+m-m*+ - +mE "V .ml +ml(d+1)
L—1
m2€+1+mL(d+1>

£=0
1— 2L I
~ m?Lfl

by the geometric sum. Thus the decay rate in the direct approximation theorem is of the order
M~ 7@=1 . This recovers the Monte-Carlo rate M~/2 in the case L = 1 [EMW19a, Theorem
4], but quickly degenerates as L increases. Part of the problem is that the rapidly branching
structure combined with neural network indexing induces explicitly listed zeros in the set of
weights as explained in Section Il A neural tree expressing the same function would require
only ~ (d + L)Ym* weights.

Note, however, that the approximation rate is independent of dimension d. In this sense, we
are not facing a curse of dimensionality, but a curse of depth.

It is unclear whether this rate can be improved in the general setting. Functions in Barron
space are described as the expectation of a suitable quantity, while multi-layer functions are
described as iterated conditional expectations and non-linearities. In this setting, it is not obvious
whether the Monte-Carlo rate should be expected.

Proof of Theorem [T8. Without loss of generality || f|yyz = 1. Since WL — C%! with constant
1, we find that || f||z 2y < (14 R) [|f[we for all f € WE.

Recall from the proof of Theorem 10 that the unit ball of W is the closed convex hull of
the class H = {£o(g) : |lgllwr-1 < 1}. Thus by Lemma 3.7 there exist g1,...gm € WE™! and
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g; € {—1,1} such that

1 2+ R
f==> ciolgi(x)) <—=
H mi= L2(P) vm
If L =1, g; is an affine linear map and f,(z) = >" | £ 0(g;(x)) is a finite neural network. Thus

the Theorem is established for L = 1.
We proceed by induction. Assume that the theorem has been proved for L — 1 > 1. Then we
note that || g;|lywr-1 <1, so for 1 < i < m we can find a finite L — 1-layer network g; such that

m M m
1 - 1 1 -
f—= E i o(gi(w)) <|\f-—= E gio(gi(w)) +—= E lgi — Gill L2 (w)
m 4 m “ m 4
=1 L2(P) =1 L2(P) =1
< 2+R+T(L—1)(2+R)

vmoomo mo

We merge the m trees associated with g; into a single tree, increasing the width of each layer by
a factor of m, and add an outer layer of width m with coeflicients a;, = E;f . O

Remark 3.8. Let p € [2,00). Then by interpolation

2 1—2 _
1F = Fnll oy < 1F = Finll Fagey If = Finll pocizy < CNLflhwe m=H7.

Corollary 3.9. For every compact set K and f € WL (K), there exists a sequence of finite
neural networks with L hidden layers

M, L Mn,L—1 Mn, 1 d+1
f ( ) _ n,L n,L—1 n,l n,0
nlT) = aiL o ai”-hla .. O aizil o am-o L

ip=1 ip_1=1 ip—2 =1 io=1
such that || follwe < |fllwe and fr, — f in CO*(K) for every a < 1.

Proof. We take R > 0 such that K C Bpg(0) and take P to be the uniform distribution on
Bpr(0). Fix € > 0 and p such that f = f, on K and H;LHM(BBL,I) < || fllwe +¢e. Then we can
approximate f, in L?(P) by Theorem 3.6 with the norm bound || f,|lwe < ||fllwe +e.

By compactness, we find that f,, converges to a limit in C%%(Bg(0)) for all a < 1, which
coincides with the L?(P)-limit f. In particular, f, converges in C*%(K). We can eliminate the
€ in the norm bound by a diagonal sequence argument. 0

Remark 3.10. The direct and indirect approximation theorems show that neural tree spaces are
the correct function spaces for neural networks under path-norm bounds. The construction of
vector spaces and proofs made ample use of the equivalence between neural networks and neural
trees. It is tempting to try to force more classical neural network structures by prescribing
that the width of all layers tends to infinity at the same rate. However, this does not change
the approximation spaces since in the direct approximation theorem, we can repeat a function
from the approximating sequence multiple times until the width of the most restrictive layer is
sufficiently large to pass to the next element in the sequence. A more successful approach is
discussed in Section [l

3.5. Composition of multi-layer functions. Let f € (WY (K))" be an L-layer function with
values in R¥. Since K is compact and f is continuous, f(K) is also compact. Let g € W!(f(K))
be an ¢-layer function on f(K).

Lemma 3.11. go f € WIHY(K) and
(3.8) llgo f||wL+E(K) < llgllsecrxy élz%lgk I fill B2 (k-
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Proof. We proceed by induction. First consider the case £ = 0. Then g(z) = w” f(x), so
wl f(x) = Zle w; fi(x) is a (weighted) sum of L-layer functions, i.e. an L-layer function. By
the triangle inequality we have

k

lgo flwe <Y lwil | fillwe < llwlle sup | fillwe = llglhwo sup || fillywe
Pl 1<i<k 1<i<k

Now assume that the theorem has been proved for £ —1 with £ > 1. To avoid double superscripts,
denote by B’ the closed unit ball in WY(K). Let g(z) = [z, 0(h(z)) u(dh). Then

@o )= [ _ ollho ) utan)

ho
_ < sup ||fz-||BL> / o(—f )mdh)
1<i<k pe-1 \Supj<<y |1 fill s

- ( i ”fi“BL) L o) (Fa)

1<i<

where
hof

F:B" ! & BEL p(h) =
SUPj<i<k HfiHWL

is well-defined by the induction hypothesis. By definition, g o f € WX+ with the appropriate
norm bound. U

For generalized Barron spaces, we showed that | f|lx x < 2| f|]lx for all f € X, thus by
induction || f|lyyerr < 28| f|lwe for L > 1. We show that this naive bound can be improved to
be independent of the number of additional layers.

Lemma 3.12. Let {,L > 1 and f € WH(K). Then f € WHE(K) and ||f|lwesrir) <
2| fllwex)-
Proof. Without loss of generality, || f|lyz(x) < 1. We note that g1 = o(f) and g2 = o(—f) are
both in the unit ball of WL and non-negative, i.e. g1 = o(g1) and go = o(g2). Thus g1, g2
are also in the unit ball of WX*2. By induction, we observe that [|g;|[yyz+e(x) < 1 for all £ > 1,
i =1,2 and thus
(3.9) I fllwerecxy = g1 + g2llwevery < llgrlbwerecry + lg2llwe ey < 2.

]

3.6. Rademacher complexity. Considering statistical learning theory, neural tree spaces in-
herit the convenient properties of the space of affine functions. These convenient properties are
one of the reasons why we study the path-norm in the first place. Recall the definition and
discussion of Rademacher complexities from Section [2.4]

Lemma 3.13. For every L, and every set of N points S C [—1,1]%, the hypothesis class H
given by the closed unit ball in W¥* satisfies the Rademacher complexity bound

2 log(2d + 2
(3.10) Rad (H%; 5) < 2F %.

Proof. This follows directly from Example [2Z.17] and Theorem by induction. O

The complexity bound has an immediate application in statistical learning theory.
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Corollary 3.14 (Generalization gap). Let P be any probability distribution supported on [—1,1]%x
R and (X1,Y1)...,(Xn,Yn) be éid random variables with law P. Consider the hypothesis space
H={h e WHK) : ||hllwex) < 1}. Assume that £ : R x R — [0,¢] is a bounded loss function.
Then, with probability at least 1 — & over the choice of data points X1, ..., Xy, the estimate

(3.11)

2 log(2d+2) = _ [2log(2/9)
sup ((h / ((h(z),y) P(dz @ dy)| < 281/ ==~ 22 4 &) —=2 7
new | N Z [—1,1]9xR ( ) N N
holds.
Proof. This follows directly from Lemma and [SSBD14, Theorem 26.5]. O

Thus it is easy to “learn” a multi-layer function with low path norm in the sense that a
relatively small size of sample data points is sufficient to understand whether the function has
low population risk or not. More sophisticated methods can provide dimension-dependent decay
rates 1/2 4 1/(2d + 2) of the generalization error at the expense of constants scaling like v/d
instead of log(d) [BK18, Remark 1].

3.7. Generalization error estimates for regularized model. As an application, we prove
that empirical risk minimization with explicit regularization is a successful strategy in learning
multi-layer functions. For technical reasons, we work with a bounded modification of L2-risk
instead of the mean squared error functional.

Let P be a probability measure on [~1,1]% and S = {1,...,zx5} be a set of samples drawn
iid from P. Denote

N
RR,WESR R = [ o @R, Ru(f) =5 3 How Fw)

where the loss function ¢ satisfies
((z,y) <min {e, |y — f*(z)]*}.
For finite neural networks with weights (a”,...,a%) € R™ x ... x R™*4 we denote
RN(aLa s ,aO) = RN(faL,...,ao)
mr—1 miy d+1
1 0
@ =Yoo [T <z ol o (z z>>
ZL 1 ’LL 1= 1 iL72 i1:1 io:l

Theorem 3.15 (Generalization error). Assume that the target function satisfies f* € WE.
Let F,, be the class of neural networks with architecture like in Theorem [3.8. The minimizer
fm € Fm of the regularized risk functional

N 9L2 mr, d+1 2
Ranla®, ... a% Z Z‘aL zLinl"'a?ﬂo|]
ZL =1 10 1
satisfies the risk bound
18 L2 f*]|? . 2log(2d+2) _ [2log(2/6
(312) R < e gz gy 21OSCAED) G [2 082/0)

The first term comes from the direct approximation theorem. The explicit scaling in L looks
unproblematic, but recall that the network re quires ~ m2?L~! parameters. The second term
stems from the Rademacher bound and is subject to the ‘curse of depth’. An improvement in
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either term would lead to better a priori estimates. The third term is purely probabilistic and
unproblematic.

Proof of Theorem[Z15. Denote A = A, = 9L2m ™! and let f,, = far....ao be like in Theorem
B4 i.e.
7 3L Hf*HWL L 0
[fm = L2,y < —F=—, > af a1 lhwe
\/ﬁ L ,--50
Then by definition
2

R mr, d+1
Ro(abernd®) e A | 55037 [k bt 0\]
1r,=1 10=1
=R mr, d+1 2
<R i) A S S i \]
’LL 1 ’Lo 1
9L2 f* 2
< %HW*H%L.

In particular

d+1 2 2
N
Vel = | 3ttty < 220y,

io=1

The Rademacher complexity is the supremum of linear random variables, so Rad(B%;S) =
R-Rad(Bf; S) where Bf denotes the ball of radius R centered at the origin in W%. We conclude
that, with probability at least 1 — § over the draw of the training sample, we have

21 2d 2 21 2(5
Rfata) € Rosfutar) + 252 g E2) 2 1082/0)

18 L?
_ (B LB \/2 10g(2d+2 +C\/21og(2/(5 _
m N N

O

Remark 3.16. Since || f|l < (1 + sup,eg |z|)[|fllwe for all f € WE(K), we can repeat the
argument for the loss function £(z,y) = |y — f*(x)|?, which is a priori unbounded, but can be
modified outside of the interval which f,,, f* take values in due to the a priori norm bound. The
constant ¢ in (B12) in this case is

c=4 ||f*|\$/vb([—1,1]d)-

Remark 3.17. For large L, these bounds degenerate rapidly. In [BK1S§|, the authors show that
under the stronger condition that a balanced version of the path-norm (which measures the
average weights of incoming and outcoming paths at all nodes in all layers), a better bound
on the Rademacher complexity is available. The balanced path norm achieves control over
cancellations and the balancing of weights at different layers.

Heuristically, the proof proceeds as follows: Let S = {z1,...,2x} be a sample set in [~1,1]¢
and the hypothesis space H be given by the unit ball in W%. By the direct approximation
theorem, there exists a network with O(m?L) weights which approximates f with || f|l,yz <1 to

accuracy ~ ﬁ in L2 (Py) where Py is the uniform measure on S. Thus the covering number

N r2py)(H) of H in the L?(Py)-distance should scale like Le =4~
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Since f(x1),... f(zn) C B 4 (0) € RY (with respect to the Euclidean distance), the Rademacher
complexity can be bounded by

-
Rad(#;S) <

Kym 6V s~ =
\/ﬁ + m ;2 \/10g(N2—im,L2(PN))

K
<2 K 4 % > 2—i\/1og (Lm—2L 24iL))
i=1

for any K € N using [SSBD14, Lemma 27.1]. Taking K — oo, only v/L enters in the estimate.
The point in the proof that needs to be made rigorous is the connection between covering the
parameter space with an e-fine net and covering the function class with an e-fine net. For a

neural network
1
__ 2 -
flz)=¢“0c <€x)

the path-norm is bounded, but an e-small change in the outer layer would lead to a large change
in the function space. Thus a balanced version of the path-norm is needed. In some cases, this
may be possible through rescaling layers, but see Remark [£.12] for a possible obstruction. Similar
ideas are explored below in Section 2] although we do not estimate the Rademacher complexity
explicitly.

The ability to obtain Rademacher estimates from covering also suggests that improvements
in the direct approximation theorem may not be possible, since the complexity of the function
classes should increase with increasing depth.

Unfortunately, the convenience in learning functions comes at a price when considering the
approximation power of neural tree spaces as described in [EW20al, Corollary 3.4] for general
function classes of low complexity.

Corollary 3.18. For any d > 3 ewists a 1-Lipschitz function ¢ on [0,1]¢ such that

t—00 lfllx <t

(3.13) lim sup (t” inf_ ¢ — f||L2(Q)) = oo

for all v > ﬁ.

Thus to approximate even relatively regular functions in a fairly weak topology up to accuracy
g, the path-norm of a network with L hidden layers may have to grow (almost) as quickly as

e independently of L. In particular, increasing the depth of an infinitely wide network does
not increase the approximation power sufficiently to approximate general Lipschitz functions
(while the path norm remains bounded by the same constant).

3.8. Countably wide neural networks. Let us briefly comment on another natural concept
of infinitely wide neural networks. The space of countably wide networks

o o %) d+1
_ L L1 1 0 ,
f(z) = E a;, o E a; . o g ...O Qiyi, O g ag io Tig
1

1,=1 1, —1=1 11,2 1= io=1

equipped with the path-norm

Il =nf D> fal - aly,|
’LL io
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is a subspace of W’ by the same reasoning as Theorem and the fact that the cross-product
of a finite number of countable sets is countable. Like in the introduction, we can show that the
spaces of countably wide neural networks and neural trees coincide.

Unlike finite neural networks, countable networks form a vector space. The space of countably
wide networks is a proper subspace of W’ which contains all finite neural networks. The direct
approximation theorem implies that the unit ball in the space of countably wide neural networks
is not closed in weaker topologies like C%® or LP. Thus the space of countably wide neural
networks is not suitable from the perspective of variational analysis.

Intuitively, any convergent infinite sum contains a finite number of macroscopic terms and
an infinite tail of rapidly decaying terms. Thus at initialization and throughout training, a
scale difference would exist in a countable neural network between leading order neurons and
tail neurons. This is not a useful way to think of neural networks where parameters in a fixed
layer are typically chosen randomly from the same distribution and then optimized by gradient
flow-type algorithms. It should be noted however that common schemes like Xavier initialization
[GB10] choose the weights in a fashion which makes the path-norm grows beyond all bounds as
the number of neurons goes to infinity.

4. INDEXED REPRESENTATION OF ARBITRARILY WIDE NEURAL NETWORKS

4.1. Neural networks with general index sets. The spaces considered above are a bit ab-
stract. In this section, we discuss a more concrete representation for a subspace of WE. As
we show below, this subspace is invariant under the gradient flow dynamics. For all practical
purposes, it might just be the right set of functions that we need to consider.

In [EW20b, Section 2.8], we showed that f: R? — R is a Barron function if and only if there
exist measurable maps a,b: (0,1) — R and w : (0,1) — R? such that

1
£@) = Fans@) = [ ano(uwf o+ b0) 0
0
Furthermore
1
1 llsc) = int { / laf [Jto] + [6/] (0) 40 | £ = furp on K} |

Thus we can think of Barron space as replacing the finite sum over neurons by an integral and
replacing the index set {1,...,m} by the (continuous) unit interval. We extend the approach to
multi-layer networks in some generality.

Definition 4.1. For 0 < i < L, let (€;, A;,7") be probability spaces where Qo = {0,...,d}
and 70 is the normalized counting measure. Consider measurable functions a” : Q7 — R and

ai:QH_l x Q; — R for 0 <i<L—1. Then define
(4.1)

faL,m,aU (z) = / aéi) o </ ..o (/ aé%elo’ (/ a81790 J:eoﬂ—o(dG())) nl(del)) n(L—l)(d9L1)> WL(dGL).
Qr, Qr_q Q7 Qo

Consider the norm
(4.2)

[ fller,... 00K = inf{/ . lag? . afy | (PP @ @ 7°)(d0L @ - @ dby)

=0 "fi

f = faL,...,a0 on K}

As usual, we set
(4.3) Xay,.00k = {f € CONE) ¢ || fllay,...00x < 00}

We call Xq, .. 0.k the class of neural networks over K modeled on the index spaces §}; =
(€, As, ).
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The representation in (I can also be written as:

L
(4.4) f(X) = Eopn, 0, 0 (Bay sy -0 (B, mmyaf, 9,0(af, X)) ... )

Representing functions as some form of expectations is the starting point for the continuous
formulation of machine learning.

As we mentioned above, W!(K) = X(0,1),40,....ay Where the unit interval is equipped with
Lebesgue measure. The collection of finite neural networks is realized when all sigma-algebras
A; contain only finitely many sets (in particular, if all probability spaces are finite). In this
situation, Xq, . o, is not even a vector space.

Lemma 4.2. (1) For L > 2 and any selection of probability spaces Q. .., 1, the space of
neuronal embeddings Xq, ... 0.k 5 a subset of the neural tree space wil (K).
(2) If Q; = (0,1) and 7 is Lebesgue measure for alli > 1, then Xq, .. ..k 15 a vector-space

.....

.....

_____ QoK contains all
finite neural networks with L hidden layers. In particular, Xq, . . o,k 5 a subspace of
WE(K) which is dense in WY (K) with respect to the C%-topology for all a < 1 and
consequently in LP(P) for any probability measure on K, p € [1,00].

(4) X(0,1),(0,1),40,....dy;k contains Barron space WHK) and

I1f1l0,1),00,1).70,...a3:x < 2 I f[lwr (k) vV f e WHK).

(5) Let f € (WHK))® be a vector-valued Barron function and g € W*(R*) a scalar-valued
Barron function. Then the composition g o f lies in X 1),(0,1),{0,....d};x and

k
(4.5) g0 £1l0.1).(0,1). 0 ndpiic < lgllwresy Y fillwr(xc)-
i=1
In particular, this includes
o the absolute value/positive part/negative of a Barron function
e the pointwise maximum/minimum of two Barron functions,
e the product of two Barron functions.

Proof. First claim. This can be proved exactly like Theorem
Second claim. For any choice of parameter spaces (;, the set of functions Xq, .. o,k isa
balanced cone, i.e. if f € Xq, 0.k then Af € Xq, .k for all A € R. It remains to show

that X, .. qq;x is closed under function addition. Let
v 1 L ;o
f(z) :/o ag, o </0 ..o (/0 agp, O (meoz_:laeleoxeo>>>
- 1 ' ;o
g(x) = /0 by, o </0 ..o </0 bg,0, O <m Goz_:lbglgoxe(,))) )
Then

d+1

(f + 9)(2) :/Olcha</01...a</01052910<ﬁ Z 02190x90>>>

go=1
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where
4ab,, 0,¢€(0,1/2)
ck = 2a5, 0€(0,1/2) b= 4" N 0,6 € (1/2,1)
0 2bL 1/2.1 ’ 0¢ 20—-1,26—1 ) ) :
20—1 ( / ) ) 0 else

Essentially, we construct two parallel networks that are added in the final layer and otherwise

do not interact. The pre-factors stem from the fact that we re-arrange a mean-field index set

and could be eliminated if we chose more general measure spaces (e.g. Z or R) as index sets.
Third claim. Any finite neural network can be written as a mean field neural network

mr, mr—1 mi d+1
f(z) = L ak o ! all o o) L al, o L al . x;
mp o=\ me-, AL, T my i P \d+l io=1 e

Define the functions

Lo0,1) =R, a(s) =aF for - <s< p
a®:(0,1)2 > R, al(r,s):afj for — §7’<L A e
Mpy1 mr my my

for 0 <€ < L. Then f = for  g0.
Fourth claim. Let f be a Barron function. Then, according to [EW20b| Section 2.8], f can

be written as
1 1 d+1
flz) = /0 apo (m i_zlagﬁi:m) do

For a',a’ € L?(0,1). In particular,

1 1 d+1
f(z):/o a320</0 aéwlo(d_’_lz%ﬂ >d91>d92

where
a§{2 0 <1/2 aée{agl b2 <1/2
2 -2 60y>1/2 2 —ag, 02 >1/2
Fifth claim. Let fr11 = 1. For 1 <i <k, let
1 1 d+1 )
fi(z) :/0 ay o m;b;jxj ds

1 1 k+1
= e d dt.
g(y) /o cto <k+1 ; t,lyl>

Then
k+1 1 d+1
/ Zl /a o d+1Zb ds | dt
Jr
/ / ts O Z 5T | ds | dt
=1
where

—d for Lt g 0 bej =0 "
Qts = Gt Q (k+1)(7k+1) Ork+1—8—k+1’ 83 (kJrl)(S*ti;l)wj k+1




BANACH SPACES OF WIDE MULTI-LAYER NEURAL NETWORKS 21

For the special cases observe that
9(z) = o(2), g(z1,22) = max{z1, 22} = 21 + 0(22 — 21)

are Barron functions, thus the first two claims are immediate. Furthermore

§(z) = max{0, z}* = / lo,020(z —€)dE
R
is a Barron function on bounded intervals, and so is z — z2. The Barron functions fi, fo are
continuous on a compact set K and hence bounded. It follows that

fife = i {(f1 + f2)2 —(fi— f2)2} € X(0,1),(0,1),{0,....d}; K
(|

In particular, X 1),(0,1),{0,...,d};x contains many functions which are not in Barron space
(compare [EW20b, Remark 5.12]).

Remark 4.3. The unit interval with Lebesgue measure is a probability space with two convenient
properties for our purposes:

(1) For any finite collection of numbers 0 < aq,...,an < 1 such that sz\; ao; = 1, there
exist disjoint measurable subsets I; C (0, 1) such that £(I;) = «; for all 1 <4 < N. This
allows us to embed finite networks of arbitrary width (and can be extended to countable
sums).

(2) There exist measurable bijections between the unit interval and many index sets which
appear larger at first sight. By rearranging decimal representations, we may for exam-
ple construct a measurable bijection between (0,1) and (0,1)¢ for any d > 1. Using
a hyperbolic tangent or similar for rescaling, we can further show that a measurable
bijection between (0,1) and R? exists. Furthermore, using the characteristic function of
a probability measure 7 on (0, 1), we can find a measurable map ¢ : (0,1) — (0,1) such
that ¢y is Lebesgue measure. For details, see e.g. [EW20b|, Section 2.8].

The entire analysis remains valid for any index set with these two properties. We describe a
more natural (but also more complicated) approach in Section F4l

Remark 4.4. Let (Q, Ay, ), (ﬁg,ﬂg,%e) be families of probability spaces for 0 < ¢ < Qp and
#* : Qy — Q measurable maps such that 7¢ = (bﬁwe. Then the spaces

Xa,..00K =Wy . po(K)
coincide and the norms induced by network representations with the different index spaces agree.

Remark 4.5. We never used that the measures 7 are probability measures (or even finite). More
general measures could be used on the index set. In particular, the analysis of this section also
applies to the space of countably wide neural networks (which corresponds to the integers with
the counting measure).

There currently seems little gain in pursuing that generality, and we will remain in the natural
mean field setting of networks indexed by probability spaces.

4.2. Networks with Hilbert weights. We can bound the path-norm by a more convenient
expression. At first glance, it looks as though the weight functions a’ are required to satisfy a
restrictive integrability condition like a* € LET! (7l ®- - -@7Y). This can be weakened significantly
by using the neural-network structure in which indices for layers separated by one intermediate
layer are independent.
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Lemma 4.6. For any f, the path-norm is bounded by
L—1

4.6) N fllax,...00x Sinf{llale(ﬂL) LT laillze ity
=0

al st f= fak,. a0 ON K}
Proof. To simplify notation, we denote 7(df;) = df; as in the case of the unit interval. The

proof goes through in the general case. We quickly observe that for a network with two hidden
layers, we can easily bound

2 1 0 _ 2 0 1
/ ‘aez 0/0201 aeleo |d92 d91 d90 = / ‘a02a0100| |a0291 ‘d92 d91 d90
Qo x Q1 X0 Qo x Q1 X0

3
< ( / 2,08, .| 462 46, deo) ( / lad, . | d62 6, dGO)
Q2 X0 X Q2 X0 X

— 2 2 % 1 2 % 0 2 %
= |ag,|” d6 |ag,e, | d02d0; |ag, 9, |~ d61dbo
Q3 Q2 X Q1 xQ0o

In the general case, we set Q711 = {0} to simplify notation. the argument follows as above by

L 0
||faL,...,aU|QL,...,Qo;K§/1_1L+1 . a‘(gL)H@L...aél)eo‘dOL...dGO

2

=0 K
[L/2] [(L-1)/2]
_ 2 2i+1
_ / VT | T a2, | aon . a0,
ITSo €| =0 i=0
1
1L/2] 2 : \L—1/2] 2 2
2i 2i+1
< /HL+1 0 H A9y 100; dfy, ...dbg /HL+1 5 H Q00011 |dfy, ...d6
i=0 % | =0 i=0 "4 =0
L—1
= ||aLHL2(7rL) H HGZHL?(lemi)-
i=0
We may now take the infimum over all coefficient functions. O

The lemma allows us to analyze networks in a convenient fashion using only L2-norms. In
numerical simulations, explicit regularization by penalizing L?-norms provides a smoother alter-
native to penalizing the path-norm directly. Note that the proof is built on the network index
structure and does not extend to neural trees.

Lemma 4.7. The realization map

(4.7) F:L*(a") x LA(z* @ oY) x L2 (n! @ %) — CY(K), Flar,...,a0) = far. a0
18 locally Lipschitz-continuous.

Proof. For L =1 and x € K, note that

. T,
1 0 -1 =0 1
_— E — —_— E do
/Ql g, 0 <d—|—1 09190$00> Qg, O (d—i—l a9190$60> 7 (db)

‘fal,ao('r) - f&l,&o(z)’ =

90:1 00:1
1 d+1
< 1 -1 0
B /szl a5, = o <d+ I (,Zl ael‘)“xe”)‘
-
1 d+1 1 d+1
+ a0 <d+ 1 > “3190‘”90> I <d+1 > a(e)leoweo) ' (d6y)
6p=1 6p=1
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< lla' = a2 lla’ 2@, xao) sup 2] +[|at || 2oy lla® = @°[ L2(9, x0,) sup |z
zeK rzeK
The general case follows analogously by induction. 0

We define a third class of spaces for the L2-approach.

Definition 4.8. For 0 <i < L, let (£;, A;, ) be a probability space where Qo = {0,...,d} and
70 is the normalized counting measure. Let al e L2 (7TL) and o’ € L2(71'i‘|r1 ®7Ti) for0<i< L-1.
Then define like in (@T])

for . qo(x) = / aéi) o / ..o (/ a(192,01‘7 (/ agm% zeoﬂ—o(deo)) ﬂl(del)) oA,y | wE(dey).
T Qr Qr_1 Q1 Qo

We define the class of neural networks over K with Hilbert weights over the index spaces €); =
(2, A;, ) as the image of L2(wX) x - - - x L?(n! @ 7°) under the realization map (&7) and denote
it by

Wiee  n0(K) = {f K —>R ‘ Jal e L*(7h), a* € L*(r* @ 7*) st f = far, . 40 0D K}

The function class is equipped with the measure of complexity

L—-1

(48) Qe nox(f) = mf{||aL||L2(,rL) I le'lze(riergm

ai S.t. f = faL7...,a0 on K} .
i=0
We declare a notion of convergence on W, 0 (K) by the convergence of the weight functions
in the L2-strong topology. To avoid pathological cases, we normalize the weights across layers.
Using the homogeneity of o, note that f,z .0 = fy,at. xga0 € Wyr . po(K) for A; > 0 such
that HZ.L:O A; = 1. In particular, we may assume without loss of generality that

1

L L+1
a2 = <Hllai||m>
=0

for all ¢ > 1.

Definition 4.9. We say that a sequence of functions f,, € Wy 0(K) converges weakly to a
limit f € Wyr _o(K) if there exist coefficient functions a®",...,a"" for n € N and a”, ..., a"
such that

(1) fu = farm, qom foralln e Nand f = f,o 4.
1
2) [lab"]| = (Hf:o Hai,n”LZ) " forallneNand 0< £ < L.

2)
(3) limsup,,_, |:HiL:O la"™||z> — Q(fn)} = 0.
(4)

a®™ — a’ in the L?-strong topology for all 0 < ¢ < n.

To evaluate the notion of convergence, consider the case L = 1 and write (a,w) for (a',a®).
We interpret a® as an R%*!-valued function on (0,1) rather than a scalar function on (0, 1) x

{0,...,d}. Then it is easy to see that
a’,w")— (a,w) strongly in , = a’,w — (a,w in Wasserstein.
™ gly in L*(0,1 mw™)y L 4L in W i

The inverse statement holds up to a rearrangement of the index set. The Wasserstein distance
is associated with the weak convergence of measures, while the topology of Barron space is
associated with the the norm topology for the total variation norm (strong convergence). This
justifies the terminology of ‘weak convergence’ of arbitrarily wide neural networks.
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Weak convergence is locally metrizable, but not induced by a norm. A relaxed version of
convergence described above is metrizable by the distance function

L 0
a ’f, o0 st f=fors g0, 9= faL,g,___,aO,g and

.....

L
duw(f,g) = inf { >l = ab9| ey
=0

L e
(4.9) la®"|| = (H |ai’h|L2> <2Q(h)T for he {f,g}}-
=0

The third condition has been weakened from [T~ [la"™[| 2= Q(fn) = 0to Q(fn) < [T, lla®™|| 12 <
2Q(fn). The normalization is required to ensure that functions in which one layer can be cho-
sen identical do not have zero distance by shifting all weight to the one layer. Which mode of
convergence is superior to another remains to be seen. Equipped with the Hilbert weight metric
drw, the spaces W, o(K) are complete.

To avoid the unwieldy terminology of arbitrarily wide neural networks with Hilbert weights,
we introduce the following simpler terminology.

Definition 4.10. The metric spaces W,z r0(K),d) equipped with the metric dgw from ({@3)
are called multi-layer spaces for short.

Remark 4.11. As seen in Lemma[£.6] the inclusions

(410) WTrL,...,TrO(K) C XQL,...,QO;K - WL(K)

hold. The last three points of Lemma hold with W, .o(K) in place of Xqor  qo.x. We
note however that the functions
2 L 0 c (0 1/2) 40‘%0,25 975 S (05 1/2)
G aph e (1) Ce= \Aboaaca 0.6€(1/2.1)
20-1 ’ 0 else

satisfy
120 = 2 [IeBaon + 1051200) 1l 0e) = 4 |19 0ne) *+ 10 o)
In particular, if Qf = (0,1) and «* is Lebesgue measure for all 1 < ¢ < L, then W,z __0(K) is

a linear space, but both Q. 0.k and dgw generally fail to be a norm.

Remark 4.12. Tt is not clear whether the inclusions in (£I0) are necessarily strict. In the case
of Barron space, it is easily possible to normalize by replacing
1
a
1 9 0 0
ag, = —, g, 0, — PO1 09,0,
P61

such that both layers have the same magnitude in L?(0, 1), even if they are only assumed to be
measurable with finite path-norm a priori. For multiple layers, this may not be possible. Let

(4.11) as =1, bst = f(s—1t), =1

where f is a one-periodic function on R which is in L'(0,1), but not L?(0,1). Then any normal-

ization

~ Ct

ag — —, bsthsptbst; Ct — —
ps pt

fails to make b L2-integrable. Whether or not this can be compensated by choosing other weights
with the same realization remains an open question.
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4.3. Networks with two hidden layers. We investigate the space X(o,1),(0,1),{0,...,d};x and
Wet g1 qo(K) more closely where 79 denotes counting measure and £' is the Lebesgue measure
on (0,1). In general, any network modelled on probability spaces Qa,Q1,Qy can be written as

d+1

f(z) :/Q azz o (/Q aé%(,l o <Z a21190z90> ﬂl(d91)> 7r2(d92)

6p=1

aj. o lwe, T
:/ ag,po, 0 / o1t |°’ T (2,1) | 7 (d6)) | 72(d02)
Qo Q4 PO |w91|
= / ag, po, © </ ao(wlz) (¥(0s, )ym)(da @ dﬁ))) 72 (d6s)
) RxS9

— (0 0
where wp = (ag, 1,.-.,ag, 441) and

0/1 w,
\IIZQQXQlﬁRXSd, \11(92,91): Ma = .
P02 |’LU91|

Since the second component of ¥ does not depend on 6,, the marginal T of ¥(6,, ')ti”l on the
sphere is independent of 5. We can therefore write

/ ao(wlz) (¥(0s, )ym')(da @ dw) = / a% (w) o(w? z) 7T(dw)

RxS9 Sd

by integrating in the a-direction and making @ a function of w (see [EW20b], Section 2.3] for the
technical details). Thus

10 = [ aboono ([ awatTa) waw) ) #a)

We can in particular choose p > 0 such that

_0, _ |a5291 | |’LU91 | 1 _ 1 1 1
|a%(w)| 7(dw) < [ —F———7'(d1) = . |ag,o, | lwe, |7 (d61) <1
Sd o}t

Q1 P62 02
for all 65 € Q5. Then the map

F:Qy — BY, Oy — f2 = / a% (w) o (w” z) 7(dw)
Sd
is well-defined and Bochner integrable. In particular

fm:Lag%dﬁwwﬁWﬁ

:/ o(9(z)) p(dg)
BX

where pu = Fﬁ((a@)p) . 71'2). By construction, p is concentrated on the subspace Yz of Barron
functions which can be represented with an L'-density with respect to the measure 7, by which
we mean that |u|(BX \ Yz) = 0. This equation can be sensibly interpreted since any measure
can be extended to a potentially larger o-algebra containing all null sets.

Thus general functions in W?(K) and X(0,1),(0,1),40.....d};k both take the form

.....

fla) = [ olow) nidg)

where B¥ is the unit ball in Barron space, but in the second case, x is concentrated on a subspace
Y. This space is a quotient of L!(7) by a closed subspace and thus closed in Barron space, but
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may be dense in CY(K). If 7 is the uniform distribution on S¢, then Yz is dense in C° since
L!(7) is dense in the space of Radon measures on S¢ with respect to the weak topology.

Claim: There is no distribution 7 on S¢ such that every Barron function can be expressed
with an L'-density with respect to 7 if K is the closure of an open set.

Proof of claim: Barron space is not separable since

lo(w] ) — o(wg g1 x) > lo(w] ) — o(wg)]corx) > 1
if one of the hyperplanes {z : wlT/Qz = 0} intersects the interior of K. This is the case for

uncountably many w € S¢. On the other hand, L'(7) (and also its quotient by the kernel of the
realization map) is separable for any Radon measure. Thus the two spaces cannot coincide. [J

The claim can be phrased and proved in greater generality if K is a manifold or similar. We
note that for fixed 7, the space Yz embeds continuously into C%*(K), but its unit ball is not
closed in CY(K). Nevertheless, we may consider the space

By, k= {fu(x) = /mec a(g(x)) pu(dg) ’ i admissible}

where admissible measures are finite (signed) Radon measures for which Yz is measurable. Every
distribution 7 on S¢ can be obtained as the push-forward of Lebesgue measure on the unit interval
along a measurable map ¢ : (0,1) — S¢, see e.g. [EW20b, Section 2.8]. Thus the associated space
of neural networks with two hidden layers is

X(0,1),(0,1),{0,....d}; K = UBYﬁ,K =: WQ(K)

where the union is over all probability distributions # on S¢. Thus the first layer of f € W?
is wide enough to contain the entire unit ball of W, while the first layer of f € W2 can only
express a separable subset of the unit ball in W'. The question whether this reduces expressivity
or whether in fact W2 = W? remains open.

Finally, consider the space W, 1 £1 -0 (K) where the weights of a function satisfy

a®> € L*(0,1), a' € L?((0,1)%), a°€ L*((0,1) x {0,...,d}) = L*((0,1); RY).

We proceed as before, but normalize with respect to L? rather than L'/L>°. Again, we can
consider the maps

U :(0,1) x (0,1) — R4F2, (02,01) — (ag,g,,af,)

and note as before that

d+1

1
/ aé2791 o (Z a21,90x90> do, :/ af2 (w) a(wa)ﬁ(dw)
0 Rd+1

0o=1

where this time a € L?(7) for almost all 6, € (0,1). Thus the first layer of f € We1 1 50 takes
values in a single reproducing kernel Hilbert space Hz associated to the kernel

kr(x,2') = /]Rd+1 o(w?z) o(whz") 7(dw)

while the first layer of f € W? may be wide enough to contain every function in the unit ball of
Barron space. Again, the relationship between the function spaces remains open.
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4.4. Natural index sets. In this section, we focus on the natural index set for Wy o (K).
Above, we allowed the index spaces €); to be generic or focused on the case ; = (0,1). While
(0,1) is simple and mathematically convenient, it is not a natural choice. First consider the
simpler case of neural networks with a single hidden layer. The classical representation in this
case is

f(z) = /]R . ac(w’z)n(da ® dw)

for some distribution 7 on R4t2 see [EW20b] and the sources cited therein. Using the scaling
invariance o(-) = A"l (\-) if necessary, we may assume that

/ la]? + |w|? 7(da ® dw) < oo.
Rd+2

Then we set ; = R™*2 Qg = {0,...,d} and
aél = (91)17 0’21,90 = (91)1+905

i.e. we index R9+2 by itself. In this equation, (f;); denotes the i-the component of the vector
01 € RA+2,

For networks with more than one hidden layer, the output of the first layer is vector-valued.
The preceding analysis determined that the first hidden layer takes values in the reproducing
kernel Hilbert space Hz. It thus seems reasonable at first glance to choose Hz as an index space
for the second hidden layer. This intuition is flawed since the output of the first hidden layer is
an RKHS function of x, a variable which is fixed when calculating the output of the network and
inaccessible to the second hidden layer. The previous observation has no bearing on the inner
workings of neural networks, but only on the approximation power of functions described by a
given neural network architecture.

Pursuing a different route, we note that 7 is a Radon measure on R x R¥*! where R is the
output and R4+ the input layer (interpreting = as (z,1)). For networks with two hidden layers,
we note that

H/ aéZOl o (/ aglgox‘goﬂ-o(d%)) 7' (déy)
o Q0
< / </ ’aé291]27r1(d91)) (/ / ‘aglgo‘QWO(deo)ﬂl(d91)> 72 (dfs) sup |z|?
Q2 Q Q JQo zeK

= ||a1HL2(7r2®7r1) ||aOHL2(7r1®7r“) Sup |$|2
reK

2

L2(m2)

for all x € K. We can thus view a neural network with two hidden layers and parameter functions

a?,a',a’ as a composition of linear and non-linear maps in the following way:

(1) Let ' be the distribution of vectors w := (af) 4 )g-2; on R¥*! and A : R? — L(x!) is
the affine map described by

d+1

1
1 _ 0 _ 0
(A 1')91 */ Ag,0,L60 = d+1 E g0, -
o fo=1

We may use R4 as its own index set, i.e. agI: = 0. To emphasize the fact that index
#91, T = 7T1 .

e non-linearity o acts on T olntwise application.
(2) Th li ity L?(m!) by pointwi pplicati

set and distribution are natural, we denote w =
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(3) Let (Q2,A2,72) be a general probability space used as an index set. The linear map
A% L2(nt) — L*(7?) is given by

(AQf)92 - /Q aé291 f01 7T1(d91> = <aézi’ Z>L2(7"1)

where aj_,(01) = ag,, -
(4) The non-linearity o acts on L?(7?) by pointwise application.
(5) The map A3 : L?(7?) — R is given by

Agf:/ a%Z f92 7T2(d92).
QQ

Then
f(@) = (A% 00042000 AV ()
1
— 2 1 y - 7,0 y do
/(22 a’92 g <<a92. a <d +1 <a’01. z>]Rd+1> >L2(ﬂ.1)> 7T( 2)
_ / a0 (b o(we) 2 ) (Hyr?)(da @ d)
Rx L2(7)
where

H:Qy — R x L*(7), 92r—>(a32,aé2:).
Thus we may in a natural way interpret

e Qg =1{0,...,d} with the normalized counting measure.

e O = R = [2(Qy). @ = 7! can be any probability distribution on Q; with finite
second moments.

e Oy =R x L?(7) and 72 is a probability distribution with finite second moments.

More generally, we set

e Q9 ={0,...,d} with the normalized counting measure 7°.

e Oy = L2(7'"') and a measure 7* with finite second moments on €, for 1 </ < L — 1.
e O, =R x LQ(ﬁ'L_l) and a measure 7~ with finite second moments on ;.

The outermost index space €27, has the additional factor R compared to €2y because both the first
and the last operations in a neural network are linear. Note that €2, is a Polish space for every
¢ by induction.

All considerations above were for fixed x. As x varies, a neural network with L hidden layers
takes the form f(x) = (2% 0.0 21)(z) where

(1) 2t € CY(sptP,82y), 2%(w, 2) = wl'@ = By, wm,wiz; where we interpret w € 3 = L?(7).

(2) z € C%(sptP, Q1) is defined by 2%(y, f) = (f, 0(y))xe—1 where y € 7¢~! is the output
of the previous layer and f € 7¢~1 is the natural index of z*. Thus z¢(-,y) € L*(z*71) =
Q.

(3) 24(y) = fo, a0 ((fo9)mrr) 7 (da® df).

All natural index spaces above are separable Hilbert spaces and therefore isomorphic to each
other (for all ¢ for which € if infinite-dimensional) and to both L2(0,1) and ¢2. However, the
application of the non-linearity o in L? and ¢2 is not invariant under Hilbert-space isomorphisms.
It makes a big difference whether we take the positive part of a function f € L?(0,1) set all
negative Fourier-coefficients of a function to zero. Luckily, natural isomorphisms preserve the
structure of continuous neural network models as in Remark 441



BANACH SPACES OF WIDE MULTI-LAYER NEURAL NETWORKS 29

5. OPTIMIZATION OF THE CONTINUOUS NETWORK MODEL

We now study gradient flows for the risk functionals in the continuous setting. We will
restrict ourselves to the indexed representation with L2-weights. The most natural optimization
algorithm for weight-functions a* € L2((0,1)?) is the L%-gradient flow. We show that the usual
gradient descent dynamics of neural network training can be recovered as discretizations of
the continuous optimization algorithm. In this sense, we follow the philosophy of designing
optimization algorithms for continuous models and discretizing them later which was put forth
in [EMW19h]. We present our findings in the simplest possible setting.

5.1. Discretizations of the continuous gradient flow. We now show that a natural dis-
cretization of the continuous gradient flow recovers the gradient descent dynamics for the usual
multi-layer neural networks with the “mean-field” scaling. This is a general feature of Vlasov
type dynamics.

The following computations are purely formal, assuming that solutions to all ODEs proposed
below exist — the issue of existence and uniqueness of solutions is briefly discussed in Appendix
[Bl The arguments however are based on an identity and energy dissipation property which are
expected to be stable when considering generalized solutions. For smooth activation functions
o, all computations can be made rigorous and solutions exist.

Lemma 5.1. Consider a discretized version of the continuous indexed representation:

1 mr, 1 mr—1 1 mi 1 d+1
_ L L—1 1 0
f(z) = mL Z a;;, 0 — Z Qirip O < -0 (m_1 Z Aiyiy O <—d+1 Ao 9%)))

1, =1 ir—1=1 11=1 i0=1
Define functions

I I I 1—1 )

a”:(0,1) >R, a“(s) =g for <s < —
mrp, mry,
i —1 ) j— 1 )

a®:(0,1) = R, aé(r,s):afj for <r<—, J <s < —.
me+1 mr mye mye

for 0 <€ < L. Then f = fyu . 40 and the coefficient functions al,...,a" evolve by the L?-
gradient flow of

R(a”,...,a"%) = /Rd E(faL,___@o(x),y) P(dz ® dy)

if and only if the parameters a, at

i a;; evolve by the time-rescaled gradient flows

— L 0
=-mr 8,11;72((1“, cag)

:—mg+1mgaae_R(aL o a? ) 0<i<L-1
ij

L
A
14
1L’ 210

a
(5.1) at;

where the risk of finitely many weights is defined accordingly.
Passing to a single index set (0,1) for all layers, we lose the information about the scaling

of the width and compensate by prescribing layer-wise learning rates which lead to balanced
training velocities.

Proof. The proof for networks with one hidden layer can be found in [EW20a, Lemma 2.8]. To
simplify the presentation, we focus on the case of two hidden layers. The general case follows
the same way. Consider the network

1 M 1 m 1 d+1
flx) = M;aia Ezbija (d——l—lzcjkxk>

j=1 k=1
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and compute the gradient
v@i7bij7cij(a’ b, C) = vdi7bij7cjk /d f(fa,b,c(x)a y) P(dl‘ 0 dy)
R
= /Rd (alﬂ) (fa,b,c(x)a y) v@iabijacjk fthb,c,(x) P(dl‘ ® dy)
m d
15[0’ (&5 b o (2 Ekﬂ%wk))
= /Rd(alg)(fa,b,c(x)ay) ( Zl le( )) % (d+1 Zk 1Clk.’L'k) ]P)(dZC@dQ)
d
M Zz 1ai0'(..) % o’ (d%_l Zz;l lezl) m Lk

- [@0Uuetarn) | | o <fbi;,7<5c>

where
1 m d+1 d+1
Foivela) = — > by < ank$k> and  fe, ( d+ 1 anlwz
j=1
Equally, we can compute the L?-gradient by taking variations

6(1' R(a, b, C) = lim R(a + h¢’ b’ C) - R(a, b, C)
0 h—0 A

/ lim E(faJrhqs,b,c(x)v y) - g(fa,b,C(z>’ y) IP(dw ® dy)
R

d h—0 h

(5.2)

= /R L@ (fap.e(x)y) Jim Jarhobe(®) = fobel@) P(dz ® dy)

h—0 h

=/Rd( )(fapele /¢ o (i, o(x)) ds P(de & dy)
- /0 1 < /R (D) Jae(w)s8) o (fo o)) Pl ®dy>> o(s) ds

since fap. is linear in a. Thus the L2-gradient is of R with respect to a is represented by the
L2-function

daR(a,b,c;s) = /Rd (010) (faﬁbyc(z), y) J(fbs”c(:c)) P(dz ® dy)

1 1 d+1
c = bs ) iz | dt.
o) = [ t<d+1;w>

Using the chain rule instead of linearity, we compute

where again

h—0 h

_ / @0(...) /1 a. lim g (fo (bs,i + hs,t) o (fe.. (z));lt) -0 (fo1 bs,t 0 (fer. (2)) dt) dsP(dz ® dy)
Rd 0

5o R(a,b,c) = / (O00) (fapo(),y) lim Jottotel® — Jabel@) pgy o 4,
R

h—0

= [ @00 [ aotcta)) [ ourotse @)dsdarpzeay
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[ o (Looe [ adtimot, @) s

and obtain

0wR(a,b,c;s,t) = / (010) (faybﬁc(:c), y) aso/(fbszc(x)) 0 (fe,.(2)) P(dz ® dy)

Rd

SR(ab.cit) = [ (O0) Func@)) [ al0)a U ole) W) (e (2) 7 APl ).

We can now see by comparing the terms that the gradient flow of a finite number of weights,
interpreted as a step function, is a solution to the L?-gradient flow under the appropriate time-
scaling.

The general case for deep neural networks follows the same way, in which case

SaeR(al, ... a% 00 1,00) = / (010) (faL7...,a0 (x), y) / agL O'/(faL—ll.“aO (x)) .. .agj;llee
R4 (0,1)L—¢-1 or:
7 (Fr oot @)0(Ft 1 o(w)) doy . By a Pl © ).
. »

O

If the learning rates are not adapted to the layer width, the weights of different layers may
move at different rates. In the natural time scaling, some layers would evolve at positive speed
while others would remain frozen at their initial position in the limit. In particular, if the
width of the two outermost layers goes to infinity, the index set of the second layer has size
mrmr—1 > mr, meaning that the outermost layer would move much faster. In [AOYT9], the
authors consider the opposite extreme where the coefficients of the first and last layers are frozen
and only intermediate layers evolve (with m, = m for all ¢).

Remark 5.2. Alternative proposals for multi-layer network training in mean field scaling [AOY19,
Ngul9, INP20, [SS19]. In this article, we opted for a particularly simple description of wide multi-
layer networks and the natural extension of gradient descent dynamics. All results proved here
hold for networks with finite layers of any width and therefore should remain valid more generally
for another description of the parameter distribution associated to infinitely wide multi-layer
networks.

5.2. Growth of the path norm. Assuming existence of the gradient-flow evolution for the
moment, we prove that the path-norm of an arbitrarily wide neural network increases at most
polynomially in time under natural training dynamics. First, we consider the second moments.

Lemma 5.3. Consider the risk functional
Riat.oa®) = [ E(fus,. o)) Pl )
Rd

where £ : R x R — [0,00) is a sufficiently smooth loss function and P is a compactly supported
data distribution. Then

(5.3) Hai(t)HLz(w”l@wi) < Hai(o)HLQ(WMW) + \/R(aL(o), ...a%(0)) £1/2
Proof. We calculate
d i 2 i+l i i daéiﬂei (t)
E Q41 % (a9i+19i (t)) (7T Qm )(d9i+1 ® del) =2 /QH1><QZ' @0, 110, (t) T d9i+1 do;

1 1
2 2 2
i 2 d ;
S 2 </ (a9i+19i (t)) d9i+1 d91> </ (Ea9i+19i (t)) d9i+1 d91>
Qi1 xQ; Qi1 X8
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SO

W=

d

d
d E|‘ai||%2(ﬂ-i+l®ﬂ-i) < |2
| dt

E Hai||L2(,ri+1®,ri) =

IS]

R(a*,...ad"%

< iai
|| dt

2 ||aill L2 (rit10mi) L2 (rit1i@mi)

since the L?-gradient flow naturally satisfies the energy dissipation identity

d L
L 0y _
ZR(a",...a%) = —;:Oj

2

4 i
dt

L2(mitl@mnt) '
Thus
) ) td
Hal(t)Hm(wm@m) < Hal(O)HL%wi*l@wi) +/O EHai(S)HLz(wi“mi) ds

1
2

LR (a(s),.. .ao(s))‘ ds)

. ' % t d
< |[|a (0)HL2<wi+1®wi>+(/o 1d8) (/0 d

s
S Hai(O)HLQ(ﬂ—iJrl(@ﬂ.i) + \/R(GL (0), .. _GO(O)) ¢/

since the risk is monotone decreasing and bounded from below by zero. g

Remark 5.4. Like in [Wo0j20, Lemma 3.3], a more careful analysis shows that the increase in the
L?-norm actually satisfies the stronger estimate

o la* @z _
A e =0
The proof of this result is based on the energy dissipation identity which characterizes weak

solutions to gradient flows.

Corollary 5.5. Assume that [|a’(0)|| p2(ri+19) < Co for all i = 0,...,L and some constant
Co > 0. Then
L+1
(5.4) I far(o),....a0)ll2n ... 00K < (Co + \/R(GL(O), ...a%(0)) t1/2)
for allt > 0.
Proof. Follows from Lemmas and .31 O

As such, neural tree spaces are also the relevant class of function spaces for suitably initialized
neural networks which are trained by a gradient descent algorithm. Like in [WE20, Theorem 2],
the slow increase of the norm together with the poor approximation property from Corollary .18
implies that the training of multi-layer networks may be subject to the curse of dimensionality
when trying to approximate general Lipschitz functions in L?(P) for a truly high-dimensional
data-distribution P.

Corollary 5.6. Consider population and empirical risk functionals

n

D (e = ) ()

i=1

1

R(aL,...,aO):—/ (far mao—f*)Q(x)dz, ’Rn(aL,...,aO):—
2 [0,1]4 e 2n

where f* is a Lipschitz-continuous target function and the points x; are iid samples from the
uniform distribution on [0,1]%. There exists f* satisfying
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such that the weight functions of a”, ..., a° evolving by L?-gradient flow of either R,, or R satisfy
lim sup [¢” R(a"(t),... ,a(t))] = o0

t—o0

for all v > dQ—fQ.

6. CONCLUSION

The classical function spaces which have been proved very successful in low-dimensional anal-
ysis (Sobolev, BV, BD, ...) seem ill-equipped to tackle problems in machine learning. The
situation has been partially remedied in some cases by introducing the function spaces asso-
ciated to different models, like reproducing kernel Hilbert spaces for random feature models,
Barron space for two-layer neural networks or the flow-induced function space for infinitely deep
ResNets [EMW19al.

In this article, we introduced several function classes for fully connected multi-layer feed-
forward networks:

(1) The neural tree spaces WL (K) for questions related to approximation theory and varia-
tional analysis,

(2) the classes of arbitrarily wide neural networks modelled on general index spaces Qy,, ..., Qo,
which we denoted by Xq, .. q.x, and

(3) the classes of arbitrarily wide neural networks modelled on general index spaces with
Hilbert weights (or multi-layer spaces), which we denoted by W,z 0 (K).

The key to the definition of these spaces is the representation of functions.

Neural tree spaces are built using a tree-like index structure, and network weights have no
natural meaning. This point of view thus cannot encompass training algorithms which operate
on network weights. By analogy with classical approximation theory, we can think of finite neural
networks as polynomials (finitely parametrized functions) and of neural tree spaces as Sobolev
or Besov classes obtained as the closure under a weak norm, but too general for classical Taylor
series. We denoted these by W for ‘wide’ structures.

The classes of arbitrarily wide neural networks are introduced as very general function classes
which exhibit the natural neural network structure via generalized index spaces. In the general
class of arbitrarily wide networks, weight functions are assumed to be merely measurable with
integrable products, which is a too large space to study training dynamics. The restriction of
the multi-layer norm to this space is a natural norm, and the closure of the unit ball in the space
of arbitrarily wide neural networks and neural tree space coincides.

To study training dynamics, we consider the space of arbitrarily wide neural networks with
Hilbert weights, where the L?-inner product induces a gradient flow in the natural way. The
restriction of the path norm does not control the L?-magnitude of the weight functions, so we
studied a different measure of complexity on this function space (which is not usually a norm).
The complexity measure was seen to bound the path-norm from above and to grow at most like
%" in time under gradient flow training.

It is immediate that W, o (K) C Xa,,. 00Kk C WL(K) with inclusions that are strict if
the index spaces are finite. Whether the inclusions are strict in the general case, is not clear.
In the case of three-layer networks, they can be interpreted as the spaces in which the first
hidden layer is wide enough to output Barron space, a separable subspace of Barron space and a
reproducing kernel Hilbert space respectively. All three spaces contain all Barron functions and
their compositions.

One naturally asks which one of these spaces is most suited for describing multi-layer neural
networks. An ideal space should (1) be complete, (2) have a nice approximation theory, (3) have
a low Rademacher complexity, and (4) most importantly, be concrete enough so that one can
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make use of the function representation for practical purposes. At this point, we cannot prove
any of the spaces introduced here satisfies all these requirements. Our feeling is that the space
Wit 0(K) for sufficiently large index spaces (¢, A¢, 7°) might be the most promising one,
even though at this point it is only a metric vector space, not a normed space (see Definitions
and [ T0 and the surrounding paragraphs.). However, it seems to be the most relevant space
for practical purposes.

A number of questions remain open.

(1)

Beyond first observations, the relationship between the neural tree spaces WX (K) and
its subspace W,z o (K) for sufficiently expressive index sets remains unexplored. The
first space is suited for variational and approximation problems, while the second is a
natural object for mean-field training. It is an important question how much of the
hypothesis space we can explore using natural training dynamics.

Even for networks with two hidden layers, only heuristic observations about W?(K)
and its subspaces W, o 0. and W? = X(0,1),(0,1),{0.....dy; k¢ of network-like functions are
available. Whether the two can be treated in a unified perspective remains to be seen.
The direct approximation theorem holds for neural tree spaces, but not with the Monte-
Carlo rate(in terms of free parameters). Whether a better rate can be achieved for
functions in neural tree space for L > 1 (or at least a space of arbitrarily wide neural
networks) remains an important open problem.

The properties of the complete metric vector spaces W, o(K) have not been studied
yet.

We defined a monotonically increasing sequence of spaces W' for L € N. Examples [Z.4]
and show that Bx g may much larger than X or exactly the same, depending on X.
Concerning neural networks, it is clear that W* is much larger than W°. In [EW20D],
we give give an easy to check criterion which implies that a function is not in W' and
provide examples of functions which are in Wy ¢ 0 (K) C W2, but not W'. Beyond this,
the relationship between the spaces W* and W for ¢ < L is largely unexplored.

In this paper, we considered the minimization of an integral risk functional. A more
classical problem in numerical analysis concerns the discretization of variational prob-
lems and partial differential equations. In both applications, a key component is the
approximation of a solution f* of the problem by functions f,, in a finitely parameter-
ized hypothesis class (Galerkin spaces or neural networks). Often, the approximation
rate || fm — f*]] < m~ of solutions f,,, of the discretized problem to the true solution
depends on the properties of f* (as well as the choice of norm).

For many variational problems and partial differential equations, a priori estimates on
the solutions in Sobolev or Hélder spaces are available. The regularity of f* is therefore
understood, as well as the expected rate of convergence f,, — f.

In machine learning, a regularity theory of this type is generally missing. It is often
unclear in which function space the minimizer of a well-posed risk functional should lie,
and thus equally unclear what type of machine learning model to use (random feature
model, shallow neural network, deep neural network, ResNet, ...). A regularity theory
which bounds the necessary number of layers in a neural network from above or below
even for specific learning applications is not yet available.

As shown in Corollary (£.0] gradient descent may converge very slowly if the target
function does not lie in the correct target space and % < 1
Even assuming that the solution to a variational problem is known explicitly, it remains
difficult to decide whether it lies in W’ for a given L. Only for L = 1 a positive criterion
is given in [Bar93] and a negative criterion following [EW20b, Theorem 5.4]. In general,
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it remains hard to check whether a function can be expressed as a neural network of
depth L.

In this article, we focused on fully connected networks with infinitely wide layers. The
theory for other types of neural networks (convolutional, recurrent, residual) will be the
subject of future work.

Starting with the articles [HR17, [E17, [LCTWI7, [EHL18], deep ResNets have been
modeled as discretizations of an ODE flow (sometimes referred to as ‘neural ODEs’).
A function space for infinitely deep residual networks with skip-connections after every
layer has been proposed in [EMW19a]. In this model, the width of incremented layers
is constant, but the width of the residual block may go to infinity. The case of ResNets
which are both very wide and very deep and have skip-connections every ¢ > 1 layers is
currently unexplored.

As demonstrated in Example2.12] Rademacher complexity cannot give a significantly
better generalization bound for the space of convolutional networks than for the space of
fully connected networks. Despite many heuristic explanations, the factors contributing
to the success of convolutional networks in image processing have not been understood
rigorously (for non-linear activation functions).

Even for finite neural networks with ReLLU activation and more than one hidden layer,
we are not aware of rigorous results for the existence of solutions to the gradient flow
equations in any strong or weak formulation.

In many applications, neural networks are initialized with parameters that scale in such
a way that the path-norm grows beyond all bounds as the number of neurons increases.
Learning rates may not be adapted to the width of the layers in applications, and the
scaling invariance o(z) = Ao(A712) for A > 0 may lead to coefficients which are of very
different magnitude on different layers. In this situation, our analysis does not apply,
and it can be shown rigorously in some cases that very wide networks of fixed depth may
behave like linear models [ADH™19, [DZPSIR, IDLL ™18, [EMWWT9, [EMWT19d, [TGHTS].

These analyses typically make use of over-parametrization by assuming that the net-
work has many more neurons than the data set has training samples. In this scaling
regime, the correct function spaces and training dynamics for wide networks under pop-
ulation risk are generally unexplored.

REFERENCES

[ADH*19] S. Arora, S. S. Du, W. Hu, Z. Li, R. R. Salakhutdinov, and R. Wang. On exact computation with an

[AFPO0]
[AOY19]
[Bacl7]
[Bar93]
[BK18
[Brell]
[CB20]

[Cyb89]

infinitely wide neural net. In Advances in Neural Information Processing Systems, pages 8139-8148,
2019.

L. Ambrosio, N. Fusco, and D. Pallara. Functions of bounded variation and free discontinuity prob-
lems, volume 254. Clarendon Press Oxford, 2000.

D. Aratujo, R. I. Oliveira, and D. Yukimura. A mean-field limit for certain deep neural networks.
arXiv:1906.00193 [math.ST], 2019.

F. Bach. Breaking the curse of dimensionality with convex neural networks. The Journal of Machine
Learning Research, 18(1):629-681, 2017.

A. R. Barron. Universal approximation bounds for superpositions of a sigmoidal function. IEEE
Transactions on Information theory, 39(3):930-945, 1993.

A. R. Barron and J. M. Klusowski. Approximation and estimation for high-dimensional deep learning
networks. arXiv preprint arXiv:1809.03090, 2018.

H. Brezis. Functional analysis, Sobolev spaces and partial differential equations. Universitext.
Springer, New York, 2011.

L. Chizat and F. Bach. Implicit bias of gradient descent for wide two-layer neural networks trained
with the logistic loss. arziv:2002.04486 [math.OC], 2020.

G. Cybenko. Approximation by superpositions of a sigmoidal function. Mathematics of control,
signals and systems, 2(4):303-314, 1989.



36

[DLL*18]
[Dob10]
[DZPS18]
[E17]

[EG15]
[EHL18)

[Els96]
[EMW18]

[EMW19a]
[EMW19b]

[EMW19¢]

[EMWW19)

[EW20a]

[EW20b)]
[FG15)

[GB10]

[Hor91]
[HR17]
[JGH18]
[KB16]

[K1e06]
[LCTW17]

[LLPS93]
[Lor66]
[Mun74]
[Ngul9]
[NP20]
[RROS]

[Ri1z06]
[SS19]

WEINAN E AND STEPHAN WOJTOWYTSCH

S. S. Du, J. D. Lee, H. Li, L. Wang, and X. Zhai. Gradient descent finds global minima of deep
neural networks. arXiv:1811.08804 [cs.LG], 2018.

M. Dobrowolski. Angewandte Funktionalanalysis: Funktionalanalysis, Sobolev-Rdume und elliptis-
che Differentialgleichungen. Springer-Verlag, 2010.

S. S. Du, X. Zhai, B. Poczos, and A. Singh. Gradient descent provably optimizes over-parameterized
neural networks. arXiv:1810.02054 [cs.LG], 2018.

W. E. A proposal on machine learning via dynamical systems. Communications in Mathematics and
Statistics, 5(1):1-11, 2017.

L. C. Evans and R. F. Gariepy. Measure theory and fine properties of functions. CRC press, 2015.
W. E, J. Han, and Q. Li. A mean-field optimal control formulation of deep learning. Research in the
Mathematical Sciences, 6:, arXiv:1807.01083 [math.OC], 07 2018.

J. Elstrodt. Maf$-und Integrationstheorie, volume 7. Springer, 1996.

W. E, C. Ma, and L. Wu. A priori estimates of the population risk for two-layer neural networks.
Comm. Math. Sci., 17(5):1407 — 1425 (2019), arxiv:1810.06397 [cs.LG] (2018).

W. E, C. Ma, and L. Wu. Barron spaces and the compositional function spaces for neural network
models. arXiv:1906.08039 [cs.LG], 2019.

W. E, C. Ma, and L. Wu. Machine learning from a continuous viewpoint. arxziv:1912.12777
[math.NAJ, 2019.

W. E, C. Ma, and L. Wu. A comparative analysis of optimization and generalization properties of
two-layer neural network and random feature models under gradient descent dynamics. Sci. China
Maith., https://doi.org/10.1007/s11425-019-1628-5, arXiv:1904.04326 [cs.LG] (2019).

W. E, C. Ma, Q. Wang, and L. Wu. Analysis of the gradient descent algorithm for a deep neural
network model with skip-connections. arXiv:1904.05268 [cs.LG], 2019.

W. E and S. Wojtowytsch. Kolmogorov width decay and poor approximators in machine learn-
ing: Shallow neural networks, random feature models and neural tangent kernels. arXiv:2005.10807
[math.FA], 2020.

W. E and S. Wojtowytsch. Representation formulas and pointwise properties for barron functions.
In preparation, 2020.

N. Fournier and A. Guillin. On the rate of convergence in Wasserstein distance of the empirical
measure. Probability Theory and Related Fields, 162(3-4):707-738, 2015.

X. Glorot and Y. Bengio. Understanding the difficulty of training deep feedforward neural networks.
In Proceedings of the thirteenth international conference on artificial intelligence and statistics,
pages 249-256, 2010.

K. Hornik. Approximation capabilities of multilayer feedforward networks. Neural networks,
4(2):251-257, 1991.

E. Haber and L. Ruthotto. Stable architectures for deep neural networks. Inverse Problems,
34(1):014004, 2017.

A. Jacot, F. Gabriel, and C. Hongler. Neural tangent kernel: Convergence and generalization in
neural networks. In Advances in neural information processing systems, pages 8571-8580, 2018.

J. M. Klusowski and A. R. Barron. Risk bounds for high-dimensional ridge function combinations
including neural networks. arXiv preprint arXiv:1607.01434, 2016.

A. Klenke. Wahrscheinlichkeitstheorie, volume 1. Springer, 2006.

Q. Li, L. Chen, C. Tai, and E. Weinan. Maximum principle based algorithms for deep learning. The
Journal of Machine Learning Research, 18(1):5998-6026, 2017.

M. Leshno, V. Y. Lin, A. Pinkus, and S. Schocken. Multilayer feedforward networks with a nonpoly-
nomial activation function can approximate any function. Neural networks, 6(6):861-867, 1993.

G. Lorentz. Approximation of Functions. Holt, Rinehart and Winston, New York, 1966.

J. R. Munkres. Topology: a First Course. Prentice-Hall, 1974.

P.-M. Nguyen. Mean field limit of the learning dynamics of multilayer neural networks.
arXiv:1902.02880 [cs.LG], 2019.

P.-M. Nguyen and H. T. Pham. A rigorous framework for the mean field limit of multilayer neural
networks. arXiw:2001.11443 [es.LG], 2020.

A. Rahimi and B. Recht. Uniform approximation of functions with random bases. In 2008 46th
Annual Allerton Conference on Communication, Control, and Computing, pages 555-561. IEEE,
2008.

M. Ruzicka. Nichtlineare Funktionalanalysis: Eine Einfiihrung. Springer-Verlag, 2006.

J. Sirignano and K. Spiliopoulos. Mean field analysis of deep neural networks. arXiv:1903.04440
[math.PR], 2019.



BANACH SPACES OF WIDE MULTI-LAYER NEURAL NETWORKS 37

[SSBD14] S. Shalev-Shwartz and S. Ben-David. Understanding machine learning: From theory to algorithms.
Cambridge university press, 2014.

[WE20] S. Wojtowytsch and W. E. Can shallow neural networks beat the curse of dimensionality? A mean
field training perspective. arXiv:2005.10815 [cs.LG], 2020.

[Woj20] S. Wojtowytsch. On the global convergence of gradient descent training for two-layer Relu networks
in the mean field regime. arXiv:2005.13530 [math.AP], 2020.

[Yos12] K. Yosida. Functional analysis. Springer Science & Business Media, 2012.

APPENDIX A. A BRIEF REVIEW OF MEASURE THEORY

We briefly review some notions of measure theory used throughout the article. We assume
familiarity with the basic notions of topology, measure theory, and functional analysis (metrics,
topologies, o-algebras, measures, Banach spaces, dual spaces, weak topologies, ...). Further
background material can be found e.g. in [Brelll [EIs96, Mun74l [Yos12| [Kle06].

A.1. General measure theory. Let (X,.A) be a measurable space. A signed measure is a map
A — RU{—00,00} such that for any collection {4;};cz of measurable disjoint sets we have

K (U Ai) = Z,U(Ai)

(0-additivity), assuming that the right hand side is defined. A signed measure p admits a Hahn
decomposition g = py™ — p~ where u*, = are mutually singular (non-negative) measures. All
proofs for this section can be found in [Kle06, Chapter 7.5] for proofs in this section. Being
mutually singular means that there exist measurable sets A, , A_ such that

pr(AY) = pt(X), p(AT)=0, pT(AT)=0, p (A7) =p"(X),
i.e. pi, p— “live” on different subset of X. The (non-negative) measure |u| = p™ + p~ is called
the total variation measure of . The total variation norm of u is defined as

el = |ul(X) = " (AT) + = (A7) = sup pu(A) — pu(4).
AA'€A

Let X,Y be measurable spaces, ¢ : X — Y a measurable map and p a (signed) measure on X.
Then we define the push-forward ¢sp of p along ¢ by (¢gu)(A) = u(¢~(A)) for all measurable
A CY. Note that by definition

/X F(6()) p(de) = /Y f@) (Gu)(dy) Y[ Y SR

Furthermore, ||| < ||u| (since the images ¢p(A1) and ¢(A~) may intersect non-trivially) and
llosell = || el if g is & (non-negative) measure (since no cancellations can occur).

A.2. Measure theory and topology. All measurable spaces considered in this article have
compatible topological and measure theoretic structures. The following kind of spaces have
proved to be well suited for many applications.

Definition A.1. A Polish space is a second countable topological space X such that there exists
a metric d on X which induces the topology of X and such that (X,d) is a complete metric
space.

In particular, compact metric spaces are Polish. Since Polish spaces are metrizable, being
second countable and separable is equivalent here.
Lemma A.2. [Els96, Appendix A.22] Let X, Y be Polish spaces. The following are Polish spaces.

(1) An open subset U C X with the subspace topology.
(2) A closed subset U C X with the subspace topology.
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(3) X x'Y with the product topology.

All but the first point are trivial. If U is a non-empty open set, note that the metric

1

; fu(x) = dist(z,00)

dy(z,2') = d(x,2") + ’fU(:c) — fu(d)

induces the same topology as d on U and is complete if d is complete on X. There are various
compatibility notions between the topological structure and measure theoretic structure of a
space X.

Definition A.3. Let X be a Hausdorff space (so that compact sets are closed = Borel).

(1) The Borel o-algebra is the o-algebra generated by the collection of open subsets of X.
We will always assume that measures are defined on a the Borel o-algebra.

(2) A measure p is called locally finite if every set x € X has a neighbourhood U such that
w(U) < oo. Locally finite measures are also referred to as Borel measures.

(3) A measure p is called inner regular if

w(A) =sup{p(K) | K C A, K is compact}

for all measurable sets A. An inner regular Borel measure is called a Radon measure.
(4) A measure pu is called outer regular if

w(U) =inf{u(U)| ACU, U is open}

for all measurable sets A. A measure is called regular if it is both inner and outer regular.
(5) A measure yu is called moderate if X = J;-, Ux where the Uy are open sets of finite
measure.

On Polish spaces, most measures of importance are Radon measures. The following result is
due to Ulam.

Theorem A.4. [Els96, Kapitel VIII, Satz 1.16] Let X be a Polish space. Then every Borel
measure p on X is moderate and reqular (in particular, a Radon measure).

For Radon measures, we can define the analogue of the support of a function to capture the
set the measure ‘sees’.

Definition A.5. Let p be a Radon measure. We set
spt(u) = ﬂ K.

K closed, p(X\K)=0

The support of a measure is closed. Note that the measure y = >":, a; d,, has support R if
a; is a summable sequence of positive numbers and ¢; is an enumeration of @. We say that
concentrates on Q since u(R \ Q) = 0. The support of a measure p can be significantly larger
than a set on which p concentrates.

A.3. Continuous functions on metric spaces. In many analysis classes, the space of contin-
uous functions on [0, 1] is shown to be separable as a corollary to the Stone-Weierstrass theorem
with the dense set of polynomials with rational coefficients. This can be shown in a simpler way
and greater generality.

Theorem A.6. Let X be a compact metric space and C(X) the space of continuous real-valued
functions on X with the supremum norm. Then C(X) is separable.
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Proof. Since X is compact, it has a countable dense subset {x,}n,en. Consider a family of
continuous functions 7, : X — [0, 1] such that

1 d(z,xz,) < L
Bom(a) = { - B ) <
0 d(z,z,) > =
Denote
.me = ZZai,j 77i7j(l') Qi j S @ A4 ’i,j eN s F = U ]:n,m-
=1 j=1 n,m=1

Then F is a countable subset of C(X). If f: X — R is continuous, it is uniformly continuous,
and it is easy to see by contradiction that f can be approximated uniformly by functions in
F. .

Remark A.7. The same holds for the space of continuous functions from a compact metric space
X into a separable metric space Y with the metric

d(f,g) = sup dy (f(x),9(z))

and more generally on locally compact Hausdorff spaces and the compact-open topology on the
space of continuous maps.

A.4. Measure theory and functional analysis. Radon measures allow a convenient func-
tional analytic interpretation due to the following Riesz representation theorem. We only invoke
the theorem in the special case of compact spaces and note that compact metric spaces are both
locally compact and separable. The same result holds in greater generality, which we shall avoid
to focus on the setting where the space of continuous functions is a Banach space.

Theorem A.8. [AFP00, Theorem 1.54] Let X be a compact metric space and C(X;R™) the
space of all continuous R™-valued functions on X. Let L be a continuous linear functional on

C(X;R™). Then there exist a (non-negative) Radon measure j and a p-measurable function
v:X — S™ b such that

L(f) = /X (f@),v@)pdz) Y feCX:R™).

Furthermore, || Lllc(xam)- = |lull.

Denote by A the Borel o-algebra of X. The function

v ASRY ()4 = [ vle) utdo)

is called a vector valued Radon measure if m > 2 (and a signed Radon measure if m = 1). Vector-
valued Radon measures are o-additive on the Borel o-algebra. The measure p is called the total
variation measure of v- . In the following, we will denote vector-valued Radon measures simply
by 1 and the total variation measure by |u|, like we did before for signed measures. The theorem
admits the following interpretation and extension.

Theorem A.9. The dual space of C(X;R™) is the space of R™-valued Radon measures M(X; R™)
with the norm

1l mcrmy = |l (X).
We denote the space of R™-valued Radon measures by M(X;R™) and M(X;R) =: M(X).
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Definition A.10. We say that a sequence of (signed, vector-valued) Radon measures pu,, con-
verges weakly to p and write u,, — p if

/ £(2) pnd) / f@uldz) Y feC(X)=C(X;R).
X X

In this terminology, the weak convergence of Radon measures coincides with weak* conver-
gence in the dual space of C(X). By the Banach-Alaoglu theorem [Brelll Theorem 3.16], the unit
ball of M(X) is compact in the weak* topology. Since C'(X) is separable, the weak* topology of
M(X) is metrizable [Brelll Theorem 3.28]. Thus if y,, is a bounded sequence in M(X), there
exists a weakly convergent subsequence. This establishes the compactness theorem for Radon
measures.

Theorem A.11. Let u, be a sequence of (signed, vector-valued) Radon measures such that
lnll < 1. Then there exists a (signed, vector-valued) Radon measure p such that pi, — .

A good exposition in the context of Euclidean spaces can be found in [EG15, Chapter 1] with
arguments which can be applied more generally.

A.5. Bochner integrals. Bochner integrals are a generalization of Lebesgue integrals to func-
tions with values in Banach spaces. A quick introduction can be found e.g. in [YosI2, Chapter
V, part 5] or [Ruz06, Kapitel 2.1].

Definition A.12. Let (X, A, 1) be a measure space and Y a Banach space. A function f : X —
Y is called Bochner-measurable if there exists a sequence of step functions f, = >_1" | y;xa, with
y; € Y, A; € A such that f,, — f pointwise pu-almost everywhere.

For real-valued functions, Bochner-measurability coincides with the usual notion of measura-
bility.

Lemma A.13. Let X be a compact metric space, A its Borel sigma algebra, . a measure on A
and Y a Banach space. Then every continuous function f : X — 'Y is uniformly continuous and
thus Bochner-measurable.

A function f is Bochner-integrable if the integrals 3" ; u(A;) y; of the approximating sequence
fn converge and do not depend on the choice of f,.

Lemma A.14. Let X be a compact metric space, A its Borel sigma algebra, p o finite measure
on A andY a Banach space. Then every continuous function f : X — Y is additionally bounded
and thus Bochner-integrable.

Bochner-integrals are linked to Lebesgue-integrals in the following way.

Lemma A.15. Let f be a Bochner-measurable function. Then f is Bochner-integrable if and
only if || f]| : X — R is Lebesgue-integrable. Furthermore,

‘/Xf (e) u(da))| < /X 1£()lly ulda).

If p is a finite signed measure, these notions generalize in the obvious way.

Definition A.16. Let (9, 4, 1) be a measure space, p € [1,00] and X a Banach space. Then
the Bochner space LP(Q; X) is the space of all Bochner-measurable functions f : @ — X such
that || f|| € LP(£2).

The following is proved in the unnumbered example following [Ruz06, Lemma 1.23]. The
claim is formulated in the special case where ; is an interval and Qs C R?, but the proof holds
more generally.
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Lemma A.17. Let (9;, A;, i) be measure spaces for i =1,2. Then f € LP(u1 ® ua) if and only
if the function

F:Q — LP(QQ), [F(wl)] (wg) = f(wl,wg)
is well-defined and in LP(Qq, LP(Q2)).

Furthermore, we recall the following immediate result, which we will apply in conjunction
with the previous Lemma in the special case that H = L?(0,1).

Lemma A.18. If H is a Hilbert space, so is L*(2; H) with the inner production

() ey = /Q<f(w),g(w)>u(dw)-

APPENDIX B. ON THE EXISTENCE AND UNIQUENESS OF THE GRADIENT FLOW

For networks with smooth activation functions, the preceding analysis can be justified rigor-
ously. We briefly discuss some obstacles in the case of ReLU activation.

Ezxample B.1. Generically, solutions of gradient flow training for ReLU-activation are non-unique,
even for functions with one hidden layer. We consider a network with one hidden layer, one
neuron, and a risk functional with one data point:

fa,b(z) = ao(blz - b2)7 R(a’ab) = |fa,b(1) - 1‘2 = |a’(b1 - b2)+ - 1|2

If a,b is initialized as ag = 1, by = (1,1), then one solution of the gradient flow inclusion is
constant in time. This solution is obtained as the limit of gradient flow training for regularized
activation functions o satisfying (¢¢)’(0) = 0. Another solution is the solution (a,b) of ReLU
training is

dt bl _ b2
b | = ~Vasla®' =) <1 = —2(a' =) 1) | @ |,
b2 a4

for which the risk decays to zero. This is obtained as the limit of approximating gradient flows
associated to o¢ with (0%)'(0) = 1.

As the training dynamics are non-unique, the Picard-Lindel6ff theorem cannot apply. In
[Woj20, Lemma 3.1], we showed that the situation can be remedied by considering gradient flows
of population risk for suitably regular data distributions P. A key ingredient of the proof is that
for fixed w, o’ (wT x) is well-defined except on a hyper-plane in R%, which we assume to be P-null
sets. An existence proof based on the Peano existence theorem is also presented in a specific
context in [CB20].

This argument cannot be extended to networks with multiple hidden layers since terms of the
form o'(f(x)) occur where f can be a general Barron function (or even more general for deep
networks). The level sets of Barron functions may be highly irregular and even for C'-smooth
Barron functions, Sard’s theorem need not apply [EW20D, Remark 3.2]. In particular, for any
data distribution P, we can find a non-constant Barron function f such that P({f = 0}) > 0.
It thus appears inevitable to consider a class of weak solutions based on energy dissipation
properties or differential inclusions. We note that the proofs in this article are based on purely
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formal identities and the energy dissipation property. We thus expect the results to remain valid
for suitable generalized solutions.
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