CONSTRUCTIVE UNIVERSAL APPROXIMATION AND FINITE SAMPLE
MEMORIZATION BY NARROW DEEP RELU NETWORKS

MARTIN HERNANDEZ! AND ENRIQUE ZUAZUA *t#

ABSTRACT. We present a fully constructive analysis of deep ReLU neural networks for classification and
function approximation tasks. First, we prove that any dataset with N distinct points in R* and M
output classes can be exactly classified using a multilayer perceptron (MLP) of width 2 and depth at
most 2N +4M — 1, with all network parameters constructed explicitly. This result is sharp with respect
to width and is interpreted through the lens of simultaneous or ensemble controllability in discrete
nonlinear dynamics.

Second, we show that these explicit constructions yield uniform bounds on the parameter norms and,
in particular, provide upper estimates for minimizers of standard regularized training loss functionals
in supervised learning. As the regularization parameter vanishes, the trained networks converge to
exact classifiers with bounded norm, explaining the effectiveness of overparameterized training in the
small-regularization regime.

We also prove a universal approximation theorem in L?(Q2; R4 ) for any bounded domain 2 C R% and
p € [1,00), using MLPs of fixed width d + 1. The proof is constructive, geometrically motivated, and
provides explicit estimates on the network depth when the target function belongs to the Sobolev space
WP, We also extend the approximation and depth estimation results to LP(Q;R™) for any m > 1.

Our results offer a unified and interpretable framework connecting controllability, expressivity, and
training dynamics in deep neural networks.
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1. INTRODUCTION AND MAIN RESULTS

1.1. Motivation and summary of the main results. Given a training dataset {z;,y;}Y, C X x ),
where each z; represents an input data point and y; its corresponding label or output, and a model
o(x,0) parameterized by 0, the property of finite sample memorization [45, [46] holds if the model ¢ can
correctly assign the label y; to each training instance z;, i.e.,

o(zi,0) = yi, for every i € {1,...,N}.
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FiGURE 1. Classification of a two-dimensional dataset via the neural network map ¢,
with input dimension d = 2 and and scalar output m = 1.

We analyze the finite sample memorization property when ¢(-, 8) corresponds to the output of a neural
network, with X = R? for d > 1, and Y = R™ for m > 1.

When ¢(x,0) is determined as the output of a continuous or discrete dynamical system, the problem
can also be interpreted as an ensemble or simultaneous controllability problem, ensuring that the initial
data {z;} are mapped simultaneously to the corresponding targets {y;} [35} B0, [42], 36].

This memorization property is particularly valuable for classification and interpolation tasks involving
an unknown function f : X — ), as it guarantees exact fitting at the data points. Once pointwise interpo-
lation is achieved, one can extend this construction to approximate f in LP-norms for p € [1,c0), aligning
with universal approximation theorems. These results establish that various neural network architectures
are dense in functional spaces, such as LP or Sobolev spaces, thus enabling global approximation from
finite data [10] [12] 17, 18], [32] B3 [43] 46].

In this article, we present the following main results.

e The first shows one that a ReLU multilayer perceptron with a width 2 and at most 2N +4M — 1
layers satisfies the finite sample memorization (or universal interpolation) property for N input
points and M classes. Equivalently, the discrete dynamics generated by this MLP fulfils the
property of simultaneous and/or ensemble controllable. This result is sharp, as memorization
cannot be achieved by MLPs with width 1.

Our proof constructs the network parameters in a systematic manner, based on a geometric and
dynamical interpretation of the neural network’s architecture. Specifically, the parameters at each
layer define hyperplanes that partition the state space into regions where the nonlinear activation
function induces distinct dynamical behaviors. By strategically selecting these parameters and
iteratively applying them across layers, we ensure that the network satisfies the memorization
property (see Section . To the best of our knowledge, such a constructive and purely geometric
interpretation of how narrow MLPs achieve finite sample memorization has not been previously
explored in the literature (see Section [1.4).

e We then examine the implications of our constructive approach in the context of supervised
training with ¢2-regularization. Although the networks we construct are not obtained through
optimization (but rather through geometric and dynamical considerations), we demonstrate that
the explicit interpolating parameters from our first result can be used to establish upper bounds
on the optimal value of the regularized empirical loss. In particular, we prove that minimizing a
standard training objective with ¢2-regularization produces parameter norms that are uniformly
bounded by those of our explicit construction. Moreover, in the vanishing regularization limit,
the resulting parameters converge to a minimal-norm interpolating network. This result offers
a theoretical explanation for the behavior of trained networks in the small-A regime and rein-
forces the idea that exact data fitting can be achieved without uncontrolled growth in parameter
magnitude.

e Our final contribution establishes a universal approximation theorem in LP(£2; R, ), where Q C R4
is bounded and p € [1,00). This result is obtained using an MLP of fixed width d + 1. As in our
first result, the network parameters are constructed explicitly, without relying on any optimization
procedure. The proof is geometrically motivated and nonlinear, marking a departure from prior
approaches to universal approximation with fixed-width networks [7, 25| 26] 3], B3]. Crucially,
our explicit construction allows for quantitative estimates on the required depth when the target
function belongs to W1P(Q;R,). As a corollary, we extend this approximation result to the
vector-valued settings LP(€Q; R7") and LP(€2; R™) for any m > 1, with corresponding estimates on
the necessary network width.
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1.2. Problem formulation. Let z € R and define the ReLU activation function as o(x) = max{0,z}.
We consider a sequence of positive integers {dj}]Lzl. For each j € {1,...,L} and = = (™, ... zd))T
in R% | we introduce the vector-valued version of o, defined by

oj:RY - RY, oj(x) = (U(gc(l)) 7...,U(gc(df))) . (1.1)

Given positive integers L, d, N, M, and the dataset {z;,y;}}*; C R? x {0,..., M — 1}. We consider the
following multilayer perceptron:

ol = o;(Wial ™t +0b;), forje{l,...,L},
: (1.2)

where i € {1,...,N}. In this context, W; € R%*di-1 and b; € R%, for j € {1,...,L}, represent the
weight matrices and biases, respectively. Each d; determines the width of the j-layer, i.e., the dimension
of the Euclidean space where the data reside at each iteration. The depth or the number of hidden layers
of the neural network is represented by L, which is the number of iterations in the discrete dynamical
system 7 referred to as a L—hidden layer neural network (see Figure [2)).

FIGURE 2. Example of a deep neural network defined by the architecture . Here,
d indicates the dimension of the input data, while j is the index of the layer, L = 6
being the total number of layers, i.e., the depth of the neural network. In this particular
example, we have d; = 3, do = 4, d3 = 2, etc. Moreover, the maximum width of the
neural network is 4, determined by the second layer.

In the following, we denote the sequences of weights and biases defining the neural network
as W = {W;}l_, and B = {b;}_,, respectively. The width of the neural network is defined as
,,,,, L},{dj}7 i.e., the number of neurons in the widest layer. System is said to be
a Wpar-wide deep neural metwork. The width and depth of a neural network are determined by its
architecture and serve as an intrinsic measure of its complexity and approximation capacity.

Wmaxr — mane{l

1.3. Statement of the main results and strategies of the proofs.

1.3.1. Finite Sample Memorization. Let us define the input-output map ¢ : R — R of the neural network
) as
oF (z) == pOWE, BL ;) = xF, for every i € {1,...,N},
where 2% represents the output of (1.2)).
Note that we are considering the particular case in which the output lies in R, which means that
Wi € RIxdr—1,
With this definition, we present our first main theorem.

Theorem 1.1 (Finite Sample Memorization). Let the integers d, N, M > 1 and consider the dataset
{@,yi}Yy CRY % {0,...,M — 1}. Assume that x; # x; if i # j. Then, there exist parameters W and
BL with width wye. = 2 and depth L = 2N 4+ 4M — 1 such that the input-output map of (1.2)) satisfies

oWL BE ) = i, for everyie {1,... N}. (1.3)
Moreover, this result is sharp since the memorization property cannot be achieved with width 1.

Remark 1.1. Some comments are in order.
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FIGURE 3. Deep neural network of width w4, = 2 as in Theorem [1.1

Theorem[1.1] guarantees that there exists a 2—wide deep neural network satisfying the finite sample
memorization property, or equivalently, that system (1.2]) is simultaneously or ensemble control-
lable.

e Obviously, Theorem[I.1] also ensures finite sample memorization with Wy > 2.
e Theorem provides an estimate for the number of layers sufficient for the neural network to

exhibit the finite sample memorization property. The depth of the network is directly related
to both the number of data points N and distinct labels M. However, it is independent of the
dimension d, to which the data set belongs.

The neural network depth estimation is obtained from the constructive proof of Theorem [1.]]
which is based on the worst-case scenario. This construction does not guarantee optimality in the
estimated depth L, and for specific datasets, memorization could be achieved with fewer layers.
Although the width of the neural network is 2, some layers have only one neuron, as in Figure[3
Namely, the total number of neurons and parameters in our neural network is 4N +6M + d — 2
and 8N + 12M + 2d — 4, respectively.

In Theorem we considered {y;}N.; C {0,..., M —1} to simplify the exposition. However, the
labels {0, ..., M — 1} could be replaced by any other choice of M distinct values in Ry. This does
not impact the width and depth of the neural network needed for memorization.

Strategy of proof of Theorem[I.1. The proof of this result is grounded in three fundamental tools, all
of which are derived from the geometrical properties of the system (|L.2]):

Dimension Reduction: Given a family of distinct points {xk}{cvzl c R?, d > 1, we can construct
a projection ¢! : R — R so that its images are all different.

Distance Scaling: Let w € R? and b € R. For 20 € R?, if w-2° + b > 0, the value of
o(w -z + b) € R corresponds to ||w||d(zo, H), where ||w]|| is the Euclidean norm of w and
d(zo, H) is the distance between zy and the hyperplane

H:={zecR: w-z+b=0}. (1.4)

Collapse: The hyperplane (|1.4]) divides the space into two half-spaces and the function o (w-z+b)
collapses the half-space w - = + b < 0 into the null point.

A more detailed discussion of these tools can be found in Section The map ¢ in Theorem is
built in four steps:

Preconditioning of the data: Data is driven from the d—dimensional space to the one-
dimensional one to reduce complexity.

Compression process: A recursive process is built to drive the N data points to M represen-
tative elements, according to their labels.

Data sorting: Data are mapped to ordered one-dimensional points according to their labels.
Mapping to the respective labels: Finally, each data point is mapped to its corresponding
label.

In each of these steps, we employ an input-output map of the neuronal network , utilizing at most
two neurons per layer. As this is a purely constructive process, we can determine the number of layers
required at each stage, and therefore, we can estimate the depth of the neural network. Further details
on these key steps can be found in Section



CONSTRUCTIVE UNIVERSAL APPROXIMATION AND MEMORIZATION BY DEEP NETWORKS 5

Let us consider the norms

1/2
L
NOVEBY, = [ Do IWille + sl |
j=1
and
JovE Bl = sup {IWillsc, b5l
je{1,....L}
where || - || denotes the Frobenius norm, || - ||z the £2-norm, and || - ||oc the £*°-norm. Then, due to the

explicit construction of the parameters in Theorem [I.1] we obtain the following estimate for their norms.

Corollary 1.1. Letd, N, M > 1 be integers, and consider the dataset {(x;,y;)}¥., C le%m (0) x B}Qy (0),
where B}, (0) € RY and B}l%y (0) C R denote balls of radius Ry > 0 and R, > 0 centered at the origin.
Then, the parameters WE and BY provided by Theorem satisfy
[OVE, BY)||, < C(1 + RoVN + R, NVM + R M), (1.5)
[[OWVE, B, < C(ReN + M + Ry), (1.6)
where C > 0 is a constant independent of M, N, R,, Ry, and d, but depends on min;cq1,... Ny ||7i —25].

Strategy of the proof of Corollary[1.1} The result follows directly from the explicit construction given
in Theorem Since the parameters WE and BY are specified layer by layer, the norm bounds are
obtained by computing their contributions at each step and applying standard estimates.

Remark 1.2. As mentioned in Remark[I1.1, Theorem[I.1] ensures ezact classification for any wmax > 2
by zero-padding the parameters. Consequently, Corollary[I]] also holds for all wyax > 2.

Remark 1.3 (Other activation functions). Our techniques can also be applied to other activation func-
tions o that satisfy the following conditions:

e o is monotonically non-decreasing on Ry, being strictly monotonic in a subinterval T of R .
This permits scaling distances between different points.

e There exists and open subset S of R_ in which o vanishes. This allows the collapse of different
points to merge them according to their labels.

The essential features of the activation function employed are described below in Section@ (see Figure .

- /_/—

Y4 T

FIGURE 4. Activation functions for which the results of this paper can be generalized.

Note, however, that despite this generalization being possible, its practical interest is limited. The
weights and biases will be more difficult to construct and will generally have larger norms compared to
those provided by Corollary[1.1], which uses the ReLU activation function to ensure minimal complezity.

As a consequence of Theorem we can address the case of m-dimensional labels for m > 1, that is,
when {y;}, is a subset of M distinct points in R™. This leads to the following corollary.

Corollary 1.2 (Finite Sample Memorization for m—dimensional labels). Let the integers d, N, M, m > 1
and a dataset {z;,yi}¥, so that {x;}N | C R, w; # x; if i # 5, and {y;}1, C {01251 with £y € R

Then, there exist parameters W* and BY with L = 2N +4M — 1 and wye: = 2m, such that the
input-output map of satisfies

oW, B", 2;) = y;, for everyi e {1,...,N}.
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Strategy of proof of Corollary[1.3 Corollary follows directly from Theorem by considering m
independent neural networks, each constructed as in Theorem to handle one component of the m-
dimensional labels, and combining them in parallel to obtain a single network with vector-valued outputs
(see Figure [)).

>2m

J

~
L
FIGURE 5. Deep neural network of width wy,q, = 2m as in Corollary

In the previous results, all the labels were assumed to be non-negative. However, it is reasonable to
consider the case where the signs on the labels may vary. Let Im(¢*) denote the image of the input-output
map defined by . Since Im(¢”) C R, data cannot be mapped to negative labels by the architecture
defined in . However, we can consider the following MLP

w) = Ajo;(Wizl ™" +b;),  forje{l,...,L}, wn
) = i, '
where the extra parameters A; € R%*% for j € {1,...,L} allow the neural network, in particular, to

map data to negative values. We denote by AL = {4; }jL:1 this new sequence of parameters.

The following corollary states that the neural network architecture (|1.7) satisfies the finite sample
memorization for labels in R.

Corollary 1.3 (Finite Sample Memorization for real labels). Consider the integers d, Ny M > 1 and a
dataset {z;,yi}N; C R? x {ag,...,anr—1} with {ak}]i\/[:f)l C R. Assume that x; # x; if i # j. Then, for
L = 2N +4M and wyay = 2, there exist parameters AY, WL and B such that the input-output map of
(11.7) satisfies

H(AE WE BE 2;) =y, for everyie {1,... N}. (1.8)

Strategy of Proof for Corollary [I.3 The proof hinges on two key observations: first, that the archi-
tecture can drive data to negative labels; and second, that this architecture coincides with
when A; = Idg; (the identity matrix in R%*%). Initially, we define a set of auxiliary positive labels.
Then, taking A; = Idg;, we apply Theorem @ to map the data points to these auxiliary labels by using
2N + 4M — 1 layers. Finally, by using a particular matrix A, we construct a 2-wide, one-layer neural
network that maps the auxiliary labels to the original ones. The proof concludes by composing these two
neural networks, obtaining a 2-wide neural network with 2N 4 4M layers.

Remark 1.4. Following the same approach used in the proof of Corollary[1.3, we can extend Corollary[1.5
to establish the finite sample memorization property for labels in R™. In this case, the construction yields
a neural network of width 2m and depth 2N + 4M .

1.3.2. Implications for Neural Network Training. The training of neural networks is typically formulated
as the minimization of a regularized empirical risk functional. Given a dataset {x;,y;}~; C R? x R™,
the standard training objective reads

. 2 1
(anl,gl‘) {jk(WL7BL) =A |||(WL3 BL)|||2 + N ;IOSS (QS(WLaBvai)ayi)} ’ (19)
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where the first term penalizes large weights with a parameter A > 0, and the second term measures the
prediction error on the training dataset through the input-output map ¢(W?%, BL | ) defined in . Here,
loss(-, ) is a given continuous and nonnegative function such that loss(x, 2) = 0. For instance, loss(x,y) :=
|z —y||2 with p € {1,2} is commonly used for regression tasks, while loss(z,y) = log(1 4 €*) — yx, with
y € {0,1} and = € R, is used for binary classification (binary logistic loss). The regularization parameter
A controls the trade-off between data fidelity and model complexity.

Note that for every A > 0, the functional J is coercive. Moreover, since both loss and the activation
functions o; are continuous, the Bolzano—Weierstrass theorem ensures the existence of optimal parameters
for every A > 0.

Recall that Theoremestablishes the existence of (WL, BL) such that exact interpolation of arbitrary
finite datasets is possible. In particular, this guarantees that

Jo(W¥,BY) =0, (1.10)
and since Jy > 0, we deduce that (WL, BL) is a minimizer of Jy. Moreover, we have the following result:

Theorem 1.2. Let d, N, m € N with d, N, m > 1, and let {(z;,y;)}; C R x R™. Let (WL, BE) be
a minimizer of Jx, and let (W¥E,BL) be a minimizer of Jy for the ReLU activation function. Then, we
have

TAOWE,BE) < M||OVE,BY|[2, for all A > 0. (1.11)
In particular, we have
1
v Zloss (WX, BX. xi),y;) =0 as A — 0, (1.12)
i=1
and
Vs, B, < [IVEBO, . for all X > 0. (1.13)

Moreover, the family of parameters {(W/\L,Bf)}AN) admits a subsequence that converges to a minimal-
norm minimizer of Jy.

Remark 1.5. Several remarks are in order:

o The proof of Theorem can be found in Section[fl It relies on the fact that a minimizer of Jo
is known explicitly, which is possible due to the interpolation result from Theorem[I.1. However,
Theorem is not tight to the 2-width MLP used in Theorem [1.1; it can be applied to any
architecture (or discrete dynamical system) whose input-output map is continuous with respect to
the parameters.

e This result shows that, as the reqularization parameter \ tends to zero, the trained network tends
to interpolate the dataset while remaining uniformly bounded in parameter norm. In particular, it
guarantees that any accumulation point of the sequence of minimizers corresponds to a minimum-
norm interpolant. Indeed, this holds given that the arguments of Theorem apply to any
minimizer of Jo, and in particular to those of minimal norm.This has practical implications in
training: it justifies the use of small values of \ for training since this pushes the model to fit the
training data exactly, with finite values of the parameters, close to the optimal ones.

e In general, we cannot guarantee that WE, BE) = WE,BE). This is a consequence of the lack of
convezity of the functionals Jy for A > 0.

e Observe that we can replace the norm ||| in by |||l and derive Theorem again, but
now involving the £°°-norm.

e Due to Corollary when we consider the dataset {(z;,vyi)}., C B}éx (0) x BR (0), we can
provide an explicit estimate for the optimal value of Jy in terms of N, M, R,, and Ry. Namely,
in the case m = 1, combining Corollary[I-1] with Theorem [I.3, we obtain

IAWK,BY) S AC(1+ RIN + RIN’M + R2M?). (1.14)

However, since the parameters provided in Theorem [I-1] are constructed to handle worst-case
scenarios, the bound in (L.14)) may be conservative. In practical situations, significantly tighter
estimates may be achieved.
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Remark 1.6 (Practical application of Theorem [1.2]). These results, and in particular , facilitate
defining stopping criteria for the training process. Indeed, the optimal value of Jy is always bounded
above by A |||(W*L, Bf)”@ Therefore, for any fired A > 0 — even for small values of A — the optimizer can
be designed to terminate once the value of Jy falls close to this explicit threshold.

In practice, neural networks are frequently trained using activation functions that do not satisfy the
properties in Remark[I.3] Then, constructing or estimating the parameters assuring classification becomes
challenging.

This motivates the following question: Can the knowledge of parameter norms that ensure exact
classification for a given activation function, for instance the ReLU, still provide useful information to
the regularized functional for a perturbed activation function?

To analyze this point, we consider the following neural network

{5:3 6;(W;ai +b;), forje{l,... L},
0
i ZTi,

(1.15)

where each & : R% — R% is a continuous activation function, not necessarily the ReLU. Denote by
oW, BE | .) the input-output map associated with m We then train this new model:

. nOWVE, BE) L pL L pL
i {jA(W BEY = A || ovE, BY||2 + ~ Zloss (6OWE, B, 2:),y )} : (1.16)
where loss(-, ) is a continuous loss function, as before. Thanks to the continuity of loss and &, and the

coercivity of J \, We can guarantee the existence of a minimizer (W/\ ,BL) for every A > 0. Moreover, the
following result holds.

Theorem 1.3. Let d, N, m € N with d, N, m > 1, and let {(z;,y;)}Y; C RY x R™. Let (Wf,lg’f) be a

minimizer of T, and let (WL BE) be a minimizer of Jo for the ReLU. Define Ry := max;eqq,..., N} |7,
and assume that

vii= sup ||6;(2) —oj(2)l <o, with Rj:=|Wjll2Rj—1 +|bjll2, forje{l,....,L}, (1.17)
zeBRjj (0)

R; being defined through the optimal parameters of the ReLU model whose values we estimated. Set
v:=(v1,...,vL).
Then, for every A > 0, we have

TNOVE BE) < M[|OVE, BE) || + hoss (v, WE, BE),

where Hoss 15 a nonnegative function depending on the loss function loss, and satisfies Hoss(v,+, ) — 0
as ||v]j2 = 0.

The proof of Theorem [I.3] can be found in Section [0}

Remark 1.7. Several observations are worth:

e The proof consists on analyzing the deviation between the input-output maps for both activation
functions, using arguments similar to those used in Theorem (1.4 The radit R; introduced in
(1.17) are key to estimating the deviation between activations at each layer.

o Observe that the only assumption imposed on &; is continuity. No further structural properties
are required.

o We have assumed that both architectures are identical, i.e., data evolve through layers of the same
dimensions. This assumption is not strictly necessary. When the dynamics (1.15) evolve along
a different architecture, with dAj # dj, one can always extend the networks by zero-padding to
the mazimal dimension max{d;,d;} and proceed to a stability analysis. A similar estimate then
follows, now involving a modified term J%Ioss, depending on the padded architecture.

e In the particular case loss(x,y) = ||x — y||3, we obtain the explicit estimate
2L
llowe, BEl,” — 1 2
if ||OVE, BE 1,
ottty = (208 (L2 =) vt o -

2|[vlI3L if JlovE,
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Interpolation between RelLU and GELU

149 — 6p(x) =ReLU(x)

124 Go.5(x)

—— 01(x) = GelLU(x)
1.0
0.8
0.6 q
0.4

0.2 4

0.0 >
—0.2

FIGURE 6. Illustration of the interpolation between ReLU and GELU via 6.(x) for
different values of €. The case € = 0 corresponds to ReLLU, and € = 1 to GELU.

The previous result is particularly relevant when, instead of considering a fixed activation function &,
for instance the ReLLU, we study a family of continuous activation functions &, parametrized by ¢ > 0,
for instance a regularization of the ReLLU. In this case, we can again formulate a training problem, now
depending on the parameter € > 0. Namely, we consider

N
: L pLy _ L pIy2 . L L pL
omin {JA,E(W BE) = M| ovE.BY|l, + ;bss (6 V", B ,m,yl-)} : (1.18)
where ¢, denotes the input-output map of the dynamics (1.15) when & is replaced by &-.

By similar arguments, one can ensure the existence of a minimizer of (1.18]) for every e, A > 0. We
denote by (W/{’,E, B/I\’,E) the corresponding minimizer.

A particularly interesting case arises when we define the family 6. : R — R by

bo(z) = g (1+erf (E\%)) (1.19)

so that &1(x) = GELU(x), the so-called Gaussian Error Linear Unit (see Figure @) Let 6. : R4 — R%
denote the vector-valued extension of 6. (as in (|1.1))). Then, we obtain the following corollary.

Corollary 1.4. Letd, N, m € N withd, N, m > 1, and let {(x;,y;)}}Y.; C RIxR™. Let (Wis,nys) be a
minimizer of J.c, and let WL, BL) be a minimizer of Jo. Then, under the assumptions of Theorem
we have

. 2
limsup Jx.c WX ., BX ) < A||OWE, BES
e—0
for every A > 0.
Remark 1.8. Corollary follows directly from Theorem observing that . — o in C(R) ase — 0,

where o is defined in (1.19)), and o denotes the ReLU activation function. The proof is provided in
Section [A.

1.3.3. Universal Approzimation Theorem. We now analyze the property of universal approximation.

Theorem 1.4 (Universal Approximation Theorem for LP(Q; Ry )). Let be 1 < p < 0o, d > 1 an integer,
and Q C R4 a bounded domain. For any f € LP(Q;R ) and € > 0, there exist a depth L = L(g) > 1 and
parameters W and BX such that the input-output map of (1.2)) with wper = d + 1 satisfies

lo(WE, B, ) = FOllrrs) <e. (1.20)
Additionally, for all f € WHP(Q;R ), we have
L <Ol fI%m@r e (1.21)

where C'is a positive constant depending on mq(SY), d and p, mg(-) being the Lebesgue measure in R?.
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(©)

FIGURE 7. (A) Level sets of the paraboloid f(z,y) = 2% +%? on Q C R2. The rectangle
represents the set C. (B) The function f extended by zero to C. (C) Level sets of f on
H = C\ G, G" being the white mesh.

Remark 1.9. Theorem[I.]] ensures the existence of a neural network with a fived width d+1 neurons and
sufficient depth approzimating any function in LP(Q;Ry). As illustrated in the strategy of proof below,
the neural network is constructed using geometrical arguments. Therefore, Theorem [1.4] not only merely
asserts the existence of parameters, but also provides explicit ones.

Strategy of Proof of Theorem[1.4 The proof is based on a two-step approximation procedure. First, a
function f € LP(Q;R;) is approximated by a simple function supported in a family of hyperrectangles.
Then, the simple function is approximated by a deep enough neural network. The proof is outlined as
follows:

Step 1. Let f € LP(;R;) be a given function and € > 0. Denote by C the smallest hyperrectangle
containing 2, oriented according to the axes of the canonical basis of R?. We extend f by zero into C.
Then, we construct a particular simple function f; that approximates f. For its construction, we consider
a family H;, of hyperrectangles of size h > 0 such that H;, UGS = C, where G is a grid with thickness
§ < h'*P that satisfies my(G9) — 0 as § — 0. This is illustrated in Figure[7] Then, f; is defined as the
average value of the function f on each hyperrectangle of the family ;. With this simple function, we
can guarantee that there exists hy > 0 such that for every h < hy, we have || f — fullLrcr,) < /2. We
denote by N, the number of hyperrectangles in H,.

Step 2. Then, we construct a neural network ¢* with a width d + 1 and depth £, ensuring the existence
of hy > 0 such that for all h < hg, we have || fr — ¢“||Lr(c;r,) < /2. This is done in two steps:

Step 2.1. Let HY be the subset of hyperrectangles in H;, that are closest to the edges of C, with NF
denoting the number of hyperrectangles in H¥. For each hyperrectangle H € HE, we construct a two-
layer neural network with an input-output map ¢? : R? — R%. This map, which has a width d+ 1, drives



CONSTRUCTIVE UNIVERSAL APPROXIMATION AND MEMORIZATION BY DEEP NETWORKS 11

H to a single point in R¢ while mapping the remaining hyperrectangles in #;, to distinct, non-overlapping
hyperrectangles in different locations. Here, the chosen parameters ensure the injectivity of the neural
network with respect to the hyperrectangles in Hy,.

By iteratively applying these maps, we define a sequence of maps ¢? for i € {1,..., N, ,;E }, such that

?V z 0+ 0¢?) eventually drives all hyperrectangles in H} to distinct points.

the composition ¢2Nf = (
This process results in the dimensional reduction of the remaining hyperrectangles in Hj, where each
¢? transforms n-dimensional hyperrectangles into (n — 1)-dimensional hyperrectangles. Eventually, all

hyperrectangles in H; are mapped to distinct points {:Ei}ivzhl C R?. This approach leverages the specific

choice of HF, the dimensionality reduction, and the injectivity of the map ¢*V "

Step 2.2 Then, we apply Theorem [1.1|to construct an input-output map ¢* driving the points {x; fvz"l

to the M, values of f),, ensuring that the composition ¢ := (¢” o ¢2N}If) equals f, on Hy, and therefore
1fn— Q/)LHLP(HMR .y = 0. Additionally, we estimate the error introduced by the neural network on G;SL and
show that, for a fixed h < 1, the norm ||¢>LHL00(G;; &) is bounded. This estimation allows us to ensure
that there exists a hy > 0 such that for all h < hgy, we have || f;, — ¢£||LP(G2;R+) < €/2.

Step 3. As a consequence of the triangle inequality and by choosing h < min{hy, ha}, we obtain
If = % llrry) <e

Step 4. Due to the explicit construction of the neural network ¢*, the depth £ can be estimated in
terms of h. Additionally, assuming f to be in WP explicit estimates for h; and hy can be obtained
in terms of || fllw1.r(or,), € p and d (see [1I] and its application to isotropic partitions), and therefore

conclude (|1.21)).

Remark 1.10. Several remarks concerning the strategy of the proof of Theorem are in order:

e Step 2, involving the neural network approximation, is the most challenging one in the proof.

e As shown in Section[d, each neuron in the neural network represents a hyperplane. In step 2.1,
d+1 neurons are necessary because this is the number of hyperplanes required to separate a single
edge hyperrectangle in ’HE. For instance, in the 2-dimensional case, a hyperrectangle on the left
edge of C has only one adjacent hyperrectangle above, one below, and one to its right (there are
no hyperrectangles outside C). Thus, only d + 1 = 3 hyperplanes are necessary to separate this
hyperrectangle from the others, as opposed to the case where a hyperrectangle is in the interior
of C, where four hyperrectangles would surround it, and it would be necessary to use 2d = 4
hyperplanes. These d + 1 hyperplanes, in particular, ensure the compression of the separated
hyperrectangle into a point.

o The set 7—[,];3 allows us to define a neural network with QNE layers, mapping the Ny, hyperrectangles
of Hp, to Ny distinct points. Focusing on 'H,}f is essential, as it reduces the number of required
layers. Mapping each hyperrectangle of H;, individually would result in a neural network with
significantly more layers, i.e., N, > NF.

e The neural network in Theorem defined as ¢~ = ¢ o ¢2NE requires a width d+ 1. However,
only the first 2NE layers require this width. The width of the L remaining layers can be reduced
to 2 (as a consequence of Theorem |1.1]).

e The neural network of width 2 from Theorem [1.1] maps the compressed hyperrectangles to their
corresponding labels and requires L = 2Ny, + 4Mj, — 1 layers, where M)y, is the number of distinct
values taken by the approximating simple functions f, (which act as labels). In particular, My <
Ny, and Ny, can be estimated in terms of h and §. Moreover, since N,{E < Ny, and My, < Ny, the
depth of the neural network ¢ is bounded by L = 2NF + 2N}, + 4Mj, — 1 < 8N}, — 1. Finally,
following Step 4, we can estimate the total depth.

Remark 1.11 (An equivalent statement of Theorem[T.4). Observe that Theorem[1.]] asserts that for every
L > 0, there exist parameters W* and B* such that the input-output map of (1.2) with wpayx = d + 1
satisfies

1= (WE, B ) — FO)llzery) < CllFlwrmra £,

where C' is a positive constant depending on mq(QY), d, and p.
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It is important to mention that in the absence of a finite WYP-norm, a function f € LP(;Ry) may
exhibit arbitrarily rapid oscillations, making any nontrivial approximation rate unattainable. Therefore,
the finiteness of the W1 P-norm is essential.

As a consequence of the preceding theorem and Corollary [I.2] we have the following universal approx-
imation theorem for LP(; R"") functions.

Corollary 1.5 (Universal Approximation Theorem in LP($;R')). Let us consider 1 < p < oo, two
integers m, d > 1, and a bounded domain Q C R?. Then, for any f € LP(S;RT) and € > 0, there
evist L = L(g) > 1 and parameters W*, and B* such that the input-output map of with width
Wmazr = max{d + 1,2m}, satisfies

||¢(W£78£7 ) - f(')HLP(Q;RT) <e. (122)
Moreover, estimate (L.21)) for the depth L is still valid for f € WhP(Q;RT).

Strategy of proof for Corollary[I.5 The proof follows a methodology analogous to that of Theorem
approximating, first, the function f by simple functions with support in hyperrectangles. Then, we
construct a neural network of width d + 1 approximating the second simple function. This is done by
mapping the hyperrectangles to a set of different points in R?. Subsequently, to map these points to
their m-dimensional targets, we utilize 2m hyperplanes by applying Corollary instead of Theorem
The width of the network is then determined by the maximum between d + 1 and 2m. Furthermore,
since Corollary also employs a depth of 2N 4+ 4M — 1, the estimated depth of the neural network of
Corollary [T.5]is that in Theorem

Clearly, the input-output map of (1.2)) cannot approximate functions with negative values. However,
in view of Corollary we know that this can be done by means of the more general architecture (|1.7)).
Using (|1.7)) the universal approximation result can be extended to functions in LP(2; R™).

Corollary 1.6 (Universal Approximation Theorem in LP(2;R™)). Let us consider 1 < p < oo, integers
m, d > 1, and a bounded domain Q C R%. Then for any f € LP(;R™) and ¢ > 0, there exist parameters
AL WE BE, and £ = L(¢) > 1 such that the input-output map of (1.7) with wye, = max{d + 1,2m},
satisfies

H(b(AL’ W£7 BC’ ) - f(')”LP(Q;]Rm) <e. (1'23)
Moreover, estimate (1.21)) for the depth L is still valid for f € WHP(Q;R™).

Strategy of Proof of Corollary[1.6f The proof is analogous to the proof of Corollary[1.5] and it concludes
by replacing Corollary [T.2] with Corollary

1.4. Related Work. Deep learning has gained popularity due to its state-of-the-art performance in
various machine learning applications [24] [38]. In practice, neural networks are typically trained using
optimization methods minimizing a least-squares error functional, with stochastic gradient descent algo-
rithms serving as an essential tool to search for minimizers. While this numerical approach, combined
with backpropagation techniques to compute the gradients, often leads to solutions that outperform
human experts, we still lack a solid mathematical understanding of why deep learning works so well.
The results in this paper aim to contribute to explain such performance by explicit constructions, which
yield concrete estimates of the complexity required for neural networks to achieve the desired goals — in
particular memorization, and universal approximation — and explicit bounds for the trained parameters.

In this section, we describe some recent related advancements in this broad field.

Finite sample memorization: The literature on the memorization capacity of linear threshold net-
works, employing a step function o, dates back to the 1960s [0, Bl 27]. In the 1990s, the analysis of
single-hidden layer neural networks (FNNs) with more general nonlinear bounded activation functions,
such as sigmoids, was conducted ([20, 21]). These studies show that a single-hidden layer neural network
of width N can memorize N points with N classes. A similar result was proven in [47], showing that a
single hidden layer ReLU network with N neurons can memorize N arbitrary real points, see also [19].
In [46], it was proved that a 2-hidden layer ReL.U network with widths d; and ds can memorize a dataset
with N points with N classes if didy > 4Nm, where m is the dimension of the labels. Therefore, for
m = 1, the width of the neural network in [46] is d; = dy = 2v/N. The above shows that a 2-hidden layer
ReLU network can memorize N points with O(v/N) neurons.
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In the context of deep neural networks, [45] constitutes one of the first attempts with sigmoid activation
functions. For the ReLU activation function, [46] demonstrated that for a fixed depth L, a neural network
with a width depending on N and satisfying a technical assumption can memorize N data. In particular,
this result holds if there exists I > 1 such that d;d; + 1 = O(Nm) for some j > 1. In [32], it is shown
that ReLU networks with a width greater than 3 and O(N?/3log(M)) neurons suffice to approximately
memorize N points with M one-dimensional classes, in the sense that the data can be driven to be e-
close to the labels, where £ > 0 (this constitutes an approximate simultaneous or ensemble controllability
result). The same article also establishes that a 3-wide neural network with O(N?/3log(M)) layers (or
neurons) suffices for such approximate memorization. Finally, [43] showed that, by fixing a width 12,
networks can memorize any N points with M one-dimensional classes using O(N'/2? + log(M)) layers
(or neurons). See [43] for the exact expression of the required depth. We highlight that none of the
previously mentioned works provides an explicit estimate of the parameter norms (¢2 or £>°); they focus
mainly on the number of parameters.

From the control theory perspective, in [35, B], simultaneous controllability for ResNets and neural
ordinary differential equations is proven (see also [I]). This implies the memorization property. The
novelty in [35] lies in the genuinely constructive approach to building parameters. An extension of [35]
can be found in [§], where it is shown that for neural networks with sufficiently large depth but fixed
width, interpolation can be guaranteed through the use of non-linear activation functions. Finally, we
mention that constructive methods to prove controllability have been widely used in classical control
theory; see [0, [44] [T4] 22| 23] and the references therein for a detailed discussion.

Universal Approximation Theorem: Classical results in this field primarily focus on shallow neural
networks [4, [T0] [I8] 28, [34], with Cybenko’s celebrated work [I0] as a notable example, who proved
that a single hidden layer neural network could approximate any continuous function within a compact
set of R™ using a sigmoidal activation function. However, such density results trace back to 1932, with
Wiener’s Tauberian theorem, which provides necessary and sufficient conditions under which any function
in L'(R) or L?(R) can be approximated by linear combinations of translations of a given L!(R) profile,
the gaussian, for instance.

On the other hand, recent years have demonstrated that deep networks typically offer better approx-
imation capabilities compared to shallow networks. In this context, [41] shows that if a ReLU deep
neural network is capable of approximating a function with a given error € using L layers and relatively
narrow width, then a shallower network with a fixed depth of O(L'/?3) layers would require a width that
increases exponentially with L to achieve the same approximation error €. This finding highlights one of
the principal advantages of deeper architectures in neural networks.

With regard to universal approximation in L spaces, [31] demonstrates that a deep neural network
with the ReLU activation function and width d + 4 can approximate any function in L'(R%;R). They
allocate d neurons for transferring input information to subsequent layers, two neurons to carry the
information of the approximation made by the previous layers, and two neurons for approximation on
each layer. The same article also proves that if the width of a deep neural network is less than d, it is
impossible to approximate L'(R% R) or L'(Q;R) for a compact . In [25], for p € [1,00), a compact
set Q@ C R% and m > 1, it is established that it is possible to approximate the spaces LP(R%;R™)
and LP(2;R™) with a ReLU network of width d +m + 1. Their main argument for approximating
LP(R% R™) involves using a neural network to approximate cutoff functions. For LP(£2;R™) functions,
they prove universal approximation for C(2; R™) functions using m+d+1 neurons, concluding by density.
More precise estimates of the minimal width in LP(R%;R™) and LP(Q;R™) are presented in [33], which
determine the minimal widths to be max{d + 1, m} and max{d + 2, m + 1}, respectively. The proof of
this theorem utilizes a coding scheme, consisting of encoding (projecting) = € € into a codeword (scalar
values) containing information about x, and then a decoder transforming each codeword into a target
function f(x). This scheme is applied to approximate continuous functions and completed with density
arguments in LP. In the particular case of the Leaky-ReLU activation function, a variant of ReLU, in
[7] it was proven that for a compact Q C R?, the minimum width required to approximate functions in
LP(Q;R™) is max{d, m,2}. Recently, [20] has shown that the minimum width of a neural network with
a ReLU activation function necessary to approximate L?(€;R™) is max{d, m, 2}, Q being a compact set.
The proof of this result, based on [33], employs the coding scheme to approximate continuous functions
in a compact , concluding the result for L?(Q; R™) functions by density.

Universal approximation theorems for the space of continuous functions in the case of arbitrary depth
are discussed in [15] 16} 25] B3], 40l 29]. In particular, the minimal width for approximating L? functions
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using the recurrent neural networks (RNN) architecture has been studied in [39]. We refer to [2] for uni-
versal approximation theorems in LP, using transformers. For an extended introduction to the universal
approximation theorem in more general spaces, see the survey article [12].

1.5. Our contribution. In Theorem we present a constructive proof of the fact that the neural
network defined by satisfies the finite sample memorization property with width 2 and depth L =
2N + 4M — 1, which implies a total number of neurons of order O(N). To the best of our knowledge,
this is the first purely constructive and geometrically interpretable proof of memorization for narrow
MLPs. Our approach allows not only for an explicit step-by-step construction of the network parameters
but also provides explicit upper bounds on their norms. This has important implications for regularized
training: minimizing a standard empirical loss with ¢2-regularization leads to parameters whose norms
are uniformly bounded by the ones of our constructed parameters. In the limit of vanishing regularization,
this guarantees exact interpolation while maintaining control over the norm of the trained parameters.

Regarding universal approximation, for MLP of fixed width d+ 1, we establish universal approximation
results in LP(€; R+) and LP(;R), for any p € [1,00) and bounded domain Q C R%. Again, our primary
contribution lies in our purely constructive proof based on a detailed geometric and recursive argument.
In contrast to other constructive results such as [33] 12} 26], our approach emphasizes geometric intuition
and visualization at each layer, following ideas similar to [35]. While the width requirement in [26] is
optimal (namely, width equals d), our construction requires width d+1 but yields a fully interpretable and
elementary strategy to understand how approximation is achieved. Moreover, all parameters involved
are given explicitly, which allows us to estimate the depth required to approximate functions with a
prescribed accuracy.

1.6. Outline. The rest of the paper is organized as follows: In Section[2] we conduct a geometric analysis
of the discrete system , introducing fundamental tools essential to our proofs. In Section |3| we
offer an informal demonstration on constructing parameters to guarantee the finite sample memorization
property, illustrated with a specific example. Section[d]contains the formal proof of Theorem [I.1} followed
by the proof of the universal approximation theorem (Theorem . Section |§| provides the proof of the
theorems related to the regularized training and vanishing regularization. Finally, in Section[7], we discuss
extensions and open problems.
1.7. Notation. Throughout this article, we will use the following notation:

e We denote by [1, L] the set of numbers {1,...,L}.

e The symbol - denotes the Euclidean scalar product between two vectors.

e Given a set @, its cardinal is denoted by |Q)].

o S? denotes the unit d—sphere in R4,

e WL and B% denote the families of parameters {W; }jL:1 and {b; }gL:p respectively.

® W,az denotes the width of the neural network defined as max;cpi, Lﬂ{dj}.

o my(f2) denotes the Lebesgue measure of €2 in R%.
|w|| stands for the Euclidean norm of the vector w in R<.

o denotes the ReLU function and o denotes its vector-valued version.

2. PRELIMINARIES

2.1. Geometrical interpretation. This section illustrates the dynamics of the system from a
geometric perspective. In what follows, we will refer to the property of finite sample memorization as
simply data classification. To simplify the notation, we also avoid the dependence of o; =: o with respect
to the dimension d; for every j € [1, L].

2.1.1. A single hyperplane: Let us begin by analyzing the simple case (N, L,d,d;) = (1,1,2,1). Consider
2% € R?, w € R'*2 and b € R. Under these conditions, the system (1.2)) corresponds to

zt =o(w-2°+b) €R.
Let the hyperplane
H:={zecR*:w-2+b=0}, (2.1)

which divides the space into two half-spaces determined by w -2 +b > 0 and w -  + b < 0 respectively.
Thus, the value of o(w - 2° +b) is either zero or equals to w-z° +b = |w||d(z°, H), depending on the sign
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o ® o(Wx + b)
@ L6} - b - 153 * x!
. /
H,

© o \ 4+ ©

"

FIGURE 9. Left: Two hyperplanes split the space into four regions. Different points
are chosen in each region. Right: Output of the nonlinear map o(Wz + b). The green
square and brown cross in region 3 are both mapped to the same point, (0,0). The black
star is mapped to a new one in the first quadrant, according to its distances to the two
hyperplanes. The other two points are mapped to the coordinate axes according to the
distance to the hyperplane of the active component.

of w- 2% + b. Here d(x°, H) denotes the distance between 2° and the hyperplane H. This is illustrated
in Figure [§

ow-x+b) =w-x+b

FicUurE 8. Left: H divides the space into two half-spaces Ry and R_. Right: R,
represents the half-space where o is active, while R_ represents its null half-space.

For future reference, we will say that z° is in the activation sector (or region) of H if w-x° +b > 0.
In Figure [§] the sector where the hyperplane H is activated is denoted by R .

Note that by appropriately choosing the norm of w, the distance of the points x within the activation
sector can be scaled, either by moving the points closer to or further away from the hyperplane H.

2.1.2. Two and more hyperplanes. Consider two vectors w', w? € R'*2, and scalars b, b> € R. Let us
define the matrix W = (w',w?)" and the vector b = (b*,b?)T. Then, for z° € R?, we have
o(wt - 2%+ bl))

(2.2)

1 _ 0 _

Denote by H; and Hy the two hyperplanes defined by w! -z +b' = 0 and w? - z + b2 = 0, respectively.
Let ry = [Jw!||d(2°, Hy) and ry = ||w?||d(x°, H3), then we have that

r1, if 20 is in the activation sector of Hj,
U(w1'$0+b1):{1 1

0, otherwise,

while for the second coordinate,

T if 29 is in the activation sector of H.
o(w? -z + ) = > ) »
0, otherwise.

The hyperplanes H; and Hs partition the plane into four disjoint regions. Depending on the region
where a given point x € R? lies, the function o(Wz + b) takes a particular value, as depicted in Figure
EI, mapping z° into a new point x! with coordinates (ry,rs), which depend, in particular, on the sector
where 20 lies. All points in region 1 are mapped to the first quadrant of the plane. Points in regions
2 and 4 are mapped to the coordinate axes. Meanwhile, all points in region 3, the kernel of the map
o(Wzx +b), are mapped to the origin.
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Remark 2.1. Some comments are in order.

o As discussed, K :== {x € R? : w' -2+ bl <0, and w? -z + b*> < 0} is the kernel of o(Wz +b). It is
determined by the parameters W and b, that are to be designed to map points to the null point via o. This
allows clustering data. However, it is crucial to choose parameters W, and b carefully to ensure that the
kernel K does not contain data related to different labels; otherwise, the map o(Wx + b) would collapse
different labeled points into the same one. If this were to happen, this would render the data classification
task impossible.

e The same construction can be extended to any number of hyperplanes by considering W € R™% and
b € R". In this case, the function o(Wx + b) defines a partition of R? determined by the family of
hyperplanes H; = {x € R? : w; -z +b; = 0} for j € [1,r]. These hyperplanes determine the convex
kernel K, which is not necessarily unbounded since d+1 hyperplanes (or more) in a d—dimensional space,
can determine a bounded kernel, which is then a convex polyhedron.

e The hyperplanes and the norm of W can be determined first by geometric considerations, and then their
parameters are extracted a posteriori to set the neural network’s weight and bias.

2.2. Projection Lemma. We present a technical result that will be systematically applied in our proof.
This lemma ensures that, given a finite number of points in a d-dimensional space, we can always find a
direction determining an injective one-dimensional projection of the data.

Lemma 2.1. Let us consider a finite set of distinct data {x;}Y.; C R? such that x; #x; if i #j. Then
there exists a vector v € S¥=1 such that

vz -z, for every i # j € [1, N]. (2.3)
Proof. For each pair 1 <i < j < N, define the set of directions
Hij:{’UGSdil : ’U'(ﬂ'}i*l‘j):()}.

Since x; # x, the vector ¢;; := x; — x; € R?\ {0}, so H;; is the intersection of the unit sphere with the
hyperplane orthogonal to g;;. Hence, H;; is a closed subsphere of dimension d — 2 and thus a proper,
nowhere-dense subset of S¥~1. Set

¢= |J Hy

1<i<j<N

Then G is a finite union of closed, nowhere-dense subsets of the compact manifold S¥~!. By the Baire
Category Theorem (or by observing that each H;; has surface-measure zero and hence their finite union
cannot exhaust the full-measure sphere), we conclude S?~1\ G # ). Any v € S¥~1\ G satisfies

ve (@ —ax;) #0, Vi#j,

which is equivalent to v - z; # v - x; whenever ¢ # j, concluding the proof. O

Remark 2.2. A few remarks are necessary.

e The above argument extends without modification to any countable collection of pairwise distinct points
Tijen C R Indeed, G is a countable union of closed subspheres of codimension 1, so by the Baire
Category Theorem S4~1\ G # @. However, for an uncountable (e.g., continuous) data set, one may
have G = S, and thus, no separating direction exists.

o If the data set is finite, each H;j; is a closed subsphere of dimension d —2, and their finite union G is a
closed set with empty interior. Hence G¢ = S?~1\ G is open and dense. In particular, for any g € G and
any € > 0, there exists g. in an e—neighborhood of g such that g. - (x; — x;) # 0 for all i # j, showing
that the projection property is stable under small perturbations.

3. SKETCH OF THE PROOF OF THEOREM [[L1} AN EXAMPLE

In this section, we illustrate the proofs of Theorem through a specific example. The formal proof
and the estimation of the depth L are provided in the subsequent section.

Let us consider the dataset {z;,v;}5_; C R?® x [0,3]. For ease of visualization, we assume their labels
correspond to four shapes of different colors: red circle, blue triangle, green square, and brown cross.
We aim to drive blue triangles to 0, red circles to 1, brown crosses to 2, and green squares to 3. In the
following, we will refer to a class of elements as a set that contains points associated with the same label.
Therefore, in our example, we have four such classes of elements.
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In the ensuing discussion, we illustrate the main steps needed to complete the classification process.
1) Preconditioning of the data: We choose the parameters w; and by to project the 3—dimensional
data injectively into a one-dimensional space, ensuring that all the projected data remain distinct. Note
that the neural network’s width in this step is one since we use one hyperplane.

A <

FIGURE 10. Projection of the data in a one-dimensional space using the hyperplane H;.

2) Compression process: Inspired by Remark in this step, we aim to collapse each class of
elements into a single point. For this purpose, it is enough to show how to collapse a single class while
keeping the other three classes well separated throughout the process, and then proceed inductively. We
illustrate this step by compressing the red circles, indicating which hyperplanes are needed to carry out
this process.

e Step 2.1: Starting from the output of the previous step, we define two hyperplanes, H3 and H2. These
are chosen such that the red circle at the left is mapped to the y—axis, the blue triangle in between is
driven to (0,0), and the remaining data points are mapped to the z—axis.

H2 1
2 O'(sz + bz)

e Step 2.2: We now consider two diagonal hyperplanes Hi and H2 enclosing the red circles between
them. Their activation sector is chosen to make the two red circles collapse to the origin (see Remark

21).

0(W3x + b3)
H; —

H;

e Step 2.3: With the same goal as in Step 2.1, we consider two hyperplanes H} and H3 that place one
red circle on the y—axis and another red circle on the r—axis.

e

The slope of H3 plays an important role since, if the hyperplane was vertical, the blue triangle and red
circle to its left (and all the points that lie on y—axis) would be at the same distance from the hyperplane
H? and thus would be driven to the same value.

o(Wax +by)
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We can iteratively apply Steps 2.2 and 2.3, as many times as necessary, to collapse all the red circles.
By applying this process to each class, we can define the input-output map ¢%2 : R — R? described
by Figure

$1(+)
—

FicURE 11. Compression of each class into a single point using the mapping ¢ .

3) Data sorting: After completing the previous step, all points within each class have been driven into
the same position. Hence, the points of each group become indistinguishable and inseparable, allowing
us to treat them as a single reference point. Let us denote the reference point associated with the label
1 as zj.

Note, however, that the outputs of the last step do not provide any specific ordering of these reference
points. In this third step, our aim is to show how to reorder these reference points along the real line
according to their labels.

We will outline the first steps and illustrate how to carry out the inductive process.

e Step 3.1: We begin by projecting the two-dimensional data into the real line using any hyperplane,
ensuring that all projected data remain distinct.

2, O'(wl 'Z+b1)
Hl /\

20 Z3 %) Z1 Zg Z3 Zy

e Step 3.2: We consider two vertical hyperplanes to drive only the first point 2o to (0, 0).

H% H% O'(sz + bz)
/\ Zq
i 20 5 2y 2 Z3 Zy

e Step 3.3: We consider a hyperplane such that the activated semi-space contains all the points, and the
closest point to it is the one in (0,0). This allows us to sort the first point.

o(ws -z + bj)

Hj —

e Step 3.4: Again, we consider vertical hyperplanes Hj and HZ, this time to drive only z; to (0,0).
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H? H! o(Wyz+by) %
% /\
Z3
——T3—>
Zo Z3 Z1 Zy
2 Zy

e Step 3.5: We consider a hyperplane H} such that the nearest point is zp and the farthest point is
z1 = (0,0). This allows us to ensure that z; will be the farthest point from zero.

Zy Zy Zo Z3 7

e Step 3.6: We consider vertical hyperplanes to drive only z5 to (0,0).

Hg H}) G(W6Z + b6) Zy
— — =
Z3
20 Z3 Z Z1
Zy Z1

e Step 3.7: We consider a hyperplane such that the closest point is zg, then z;, and the farthest point is
Z9 = (0, 0)

Z3 I
———— ——

22 Z1

The first two points are well collocated, and the data we want to sort next, zs, is at the end. Applying
steps 3.6 and 3.7 iteratively, we can sort z3 and all the remaining positions, always taking a suitable slope
0 for the hyperplane in Step 3.5.

4) Mapping to the respective labels: We will show how to drive each point to its corresponding
label. This is done by applying projections and choosing the weights properly to have a correct distance
scaling.

e Step 4.1: We begin by considering a hyperplane containing zy, so that it can contract or dilate the
position of 21, to drive this point to 1, while sending z to (0,0). This maps zg to 0 and z; to 1.
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o(wy -z + by)

— 1

b % Z 23 Zg 77 Z) Z3

e Step 4.2: We now consider two hyperplanes. The first hyperplane passes through zy and ensures that
the existing order of the data along the z-axis is preserved (after applying o, this order is maintained
along the y-axis). The second hyperplane is placed between z; and 2o and is used to push or pull z,
along the z-axis, moving it closer to the value 1 on the x-axis after applying o.

H  H o(W,z + by)

e Step 4.3: We define a hyperplane of equation w3 - x = 0, so it contains zg. The parameter ws is such
that o(ws - 21) = 1 and o(ws - 22) = 2.

CF B
5@
[

N

Zo Z3

We note that we can again go back to step 4.2, considering the same hyperplane containing zy and the
second one located between zo and z3. Then, when reproducing step 4.3, we would choose w3 such that
ws - 2z1 =1, wsg - 20 = 2, and ws - z3 = 3. This is feasible because the first two conditions coincide (given
that zo = 22z71) (see Step 4 in Section 4] for the explicit construction of ws).

By iterating this procedure and combining steps 4.2 and 4.3, we can bring all data to their respective
labels.

Remark 3.1 (Minimal width deep neural network). At this point, it becomes evident that at least two
hyperplanes are necessary to develop an algorithm for classifying data. Indeed, if we were restricted to
using just a single hyperplane, we would be unable to develop a compression process for every data set.
Therefore, it is not feasible to classify any d—dimensional dataset using a 1-wide neural network. Thus,
2 is the minimal width for a neural network (as defined by ) capable of addressing any classification
problem.

The computation of the depth of the process described above is detailed in the following section. It
shows that for the first stage, 1 layer is necessary; 2N layers for the second stage; 2M +1 for the third one;
and, finally, 2M — 3 layers for the fourth stage. In total, the depth of the neural network is 2N +4M — 1
layers. Moreover, it is possible to see that in the first stage (since we project from R? to R), the number
of neurons is d. In the second stage, the number of neurons is 2(2N). In the third stage, we alternate
between one and two dimensions, and the number of neurons becomes (M + 1) + 2M. For the fourth
stage, the number of neurons also alternates and is equal to (M — 3) +2M. The total number of neurons
is then 4N 4 6M +d — 2.
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Remark 3.2. The strategy described above has been implemented in Python for a binary classification; the
code is available in github.com/Martinshs. This implementation demonstrates how the explicit parameters
provided in the proof of Theorem [1.1] can be used to drive each input to its target level set without any
training process.

4. PROOF OF THEOREM [I.1]

This section is devoted to presenting the details of the proof of Theorem Each stage described
in the previous section is developed in a separate subsection. The proofs of the steps 2, 3, and 4 will be
done by induction.

4.1. Preconditioning of the data: To prove the first step, let us consider the dataset {z;,v;}Y; C
R? x [0, M — 1]. Lemma assures the existence of a vector w; € R? satisfying

w1 - T4 #wl'xja

for every i # j € [1, N]. Now, let b3 € R be large enough such that

wy i +b >0, Vie[l,N],
which implies

o(wi-x; +b1) #o(w -z +b1), Viz#je[l,N],
and also o(wy - x; +by) > 0 for all i € [1, N]. We denote by {z}}¥; C R the projected one-dimensional
new data given by
x; =o(wy -2 +b), i€[1,N]. (4.1)

Note that the points {z;}}¥, are collocated according to their distance to the hyperplane w; -z +b; = 0.
In other words, for Ly = 1 and with the choice of the parameters W = {w; }, and B = {b1} we have that

o (2;) = SOWV', B ;) = a. (4.2)

This is illustrated in Figure

4.2. Compression process. We divide this section into two parts. In the first part, we show that an
induction procedure suffices. The second part focuses on showing that a single class can be compressed.

4.2.1. The induction strategy. Consider the sets corresponding to the different classes of points:
M-1
Cr = {z; withi € [I,N] : y; =k}, and C= |J G (4.3)
k=0
In the sequel we write p(OW%, BY,Cy,) = 2z when ¢(W¥, BL, x) = 2 for every = € Cj, Therefore, com-

pressing all the classes is equivalent to proving the existence of parameters WL and BE ,L>0,and a
sequence of different vectors {zj,} 2" C R? such that

qS(Wﬁ, Bi,Ck) = 2, for every k € [0, M —1]. (4.4)
The following proposition guarantees that this problem can be handled in an inductive manner.

Proposition 4.1. For any k € [0, M —1] fized but arbitrary, we assume that there exist Zy € R?, L>1,
WL and B such that

oW BEC) =20, oOWEBEC\C) # %o, (4.5)
and
dOWE BL 1) £ ¢OWE BL 2),  for all 1, 30 € C\ Cy, 51 # 7. (4.6)
Then, there exist L1 > 1, WX, B and different vectors {zk},ivfz?)l C R? such that
oW, B, Cr) = s,
for ke [0,M —1].

In other words, Proposition [£.1] shows that to compress all the classes of points, it is sufficient to
compress a single (but arbitrary) class of points without collapsing the points not belonging to that class.
The proof of Proposition [4.] can be found in Appendix [A]


https://github.com/Martinshs/multiclass_UAT/tree/main
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4.2.2. Compression of a single class. Let us take k € [0, M — 1] arbitrarily but fixed. Our goal is to drive
the class Cj, to some vector z; € RZin L > 1 steps. We will do it by induction.

We focus on the worst-case scenario in which points in the class Cy, are isolated, not having neighboring
points of the same class, which could be treated simultaneously as a single point, reducing the number
of layers needed.

In this procedure, we will combine two operations, in an alternating manner:

e Data structuring: Construction of hyperplanes driving the data set to some particular structure.

e Compression process: Using the structure established in the prior step, introduce hyperplanes to collapse
points belonging to the same class.

(1) Initial Step: We show that the two first points of the class C, closer to zero can be compressed.

Data structuring: Given that data have been projected into the one-dimensional real line, without loss
of generality, we can assume that the new data {z}}} ,, defined in (4.1]), are indexed according to their
order, i.e., z; < x; for every i < j. Let Cj be given by

Ci={o(w;-x+b) €ER : x €},

where w; and b; are the parameters defined in the Preconditioning of the data step. Let us denote
by x; the smallest element of the class C}. Then, we introduce the parameters Wy = (wi, w?)T and

by = (b},02)T with

1 1 1 1
2 1 1
wy =1, wy=-l, b= (m+ +> and b = “1HLZ

2 2
Data are then mapped into the 2-dimensional vectors (see Figure

2 _ 1 _ (o(wyz; +b3)
ot =it o) = (0 T1)

such that

N

z? = (0,a?) forallie [1,m],

141 — (070)7 (47)
x? = (a2,0) for alli € [ry +2,N]J,

T

N 3IN S

N

for some {a?}Y, C Ry. Denote by Hi and H3 the vertical hyperplanes defined by the parameters
(wd, b)) and (w3, b3), respectively.

F1GURE 12. In these figures, C corresponds to the class of red circles. The vertical
hyperplane HZ separates z1 and z3, and the hyperplane H2 is placed between zi and
2. The ReLU vector-valued function maps the points to the left of H2 to the y—axis
and those to the right of HJ to the x—axis. The point between the two planes is mapped

to the origin.

Compression: Let 22 = o(Wax;, + by) with 2} defined in the previous step, and
Ci={o(Waz+b)ER:zeC}.

Denote by z2, € CZ the closest element to the null vector on the z—axis in the class C7. Then, define
W = (wi,w?)" and b3 = (b3,b%) T with

2 2 2 2

1 _ r 1 + Ary 2 _ Q. + Q11

U}3 =\ 7> 1 5 H)3 == 73 2 9 -1 ) (48)
a’T2+l + a"r‘2 aT‘2 + a’T2+1
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2 2 2 2
a, _1+a, ar. +a
bé — ( Ty 12 71> ’ bg _n 5 r1+1 (49)
and set ¥} = o(W3x? + bs), which are of the form
3= (Oa) forallie[[r1+1,r2—1]],
3 =2l =
T1,2 ° =Ty $ - (0 O) (410)
f:( ?,0) forallze[[1,7’1—1]]U[[T2+1,Nﬂ

aa&

for some {a?}¥; C R;. The hyperplanes Hi and H3 are defined by the parameters (wi, b}) and (w3, b3),
respectively. The argument above is illustrated in Figure

FIGURE 13. The points above the hyperplane Hi are mapped to the z—axis, and the
points below the hyperplane H3 are mapped to the y—axis, while the points between the
two hyperplanes are compressed to the null vector. We denote by z$ ; = 3 = z3 the
null vector to which the two red circles collapse. l

(2) Inductive Step: The initial step has been achieved. We now aim to show that induction can also
be applied successfully. In fact, to do that, it suffices to apply the arguments of the initial step again and
again. Note that the model under consideration collapses point to the exact same location, and once this
happens, they will never split again in the forthcoming iterations. In this way, if o denotes the number
of elements in Cy, i.e. |Cx| = ag, all points in C;, will collapse applying 2ay, times the nonlinear mapping
o, so that Ly = 2ay.

Let us assume that we have compressed the first j € [1, ] elements of the class C;. Note that to
compress j elements, it is necessary to apply two steps per element (data structuring and compression
steps). Therefore, it is necessary to apply 2j steps. Denote by C,zj *1 the class C} after having applied 2j

steps to it. Let us show that we can compress the j + 1-th element of C’i‘jﬂ.

Data structuring: Denote by x2j+1 the elements of CQJ‘Jrl for t € [1, ax]. Observe that, after compressing
CP7H, we will always have that 22/ = (0,0) for ¢ € [1, 4] and 221! = (a?f{l, 0)

the first j elements of it

for some a?*' € R. Since we assumed from the beginning that they are not neighboring points of the
J+1
same class, let 221 = (a29+1)0) ¢ Cin be the nonzero closest point to 22/ = (0,0) in the z—axis. We
also consider 221" = (a2/}',0) with a2/}' # 0, the point to the right of 22/*! on the z-axis (if it does
not exist, we take 22" == 22+ 4 (0.5,0)).
Let us consider the parameters

2j+1 2j+1 2541
1 1 aly +ay azt
w%j+2 = (07 1)a w§j+2 = (27 —2) , b%j+2 = <+12> ) b%j+2 = 4 (4~11)

1 2 T 1 2 \T
Define Waj o = (w349, w5; 1) and bajia = (by;o, b2j+2) and set

27 = 0 (Wajpo]” ™ + boji),

so that
2212 = (0,a§j+2) for all t € [1, 1],

222 = (0,0),

2§42 _ (2512
x’l‘]‘+1 ( J+l 70)

Compression: We are going to compress x23+2 with x23+2 Let 227%2 = (0,a%/*2) and xzj“ 0, a2]+2
P going p

be the points lying above and below x29+2 on the y—axis, respectively. Also, denote by x23+2 (a %*2, 0)
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and :r2]+2 (afljﬁ, 0) the points that are to the right and left of x%?jf in the x—axis. Thus, we consider
the parameters
j 2j+2 g2t2 2j+2
. 2j+2 + ajﬁ_ ) J+ + a; J+
W25 43 = 2;+2 o L] Wy = | - 23+2 2]+2 =1,
arr "+ a5 ap -+ aj+1
1 Y e e
_ J
bajz = — -5 | bji3 = f~ (4.12)

1 2 \T 1 2 \T
Define Wyjy3 = (w343, ws;.3) and bajia = (by; 3, b2j+3) . Therefore, we have
Z23 =
7 = o (Wajaaa ™ + byjsn).

This selection of parameters allows us to ensure that /%3 = (0,0) for all ¢ € [1,7 + 1]. This concludes
the induction argument.

As we already observed, we need Ly = 20 layers to compress all the elements of C. Consequently,
we have shown that for any arbitrary k € [0, M — 1] there exist 2z € R?, a depth Ly > 1, and parameters
WLk and BL’C such that (4.5) and ([4.6) hold. Furthermore, we can explicitly construct the parameters

by following (4.11]) and (4.12).

As a consequence of the Proposwlonu there exist L; > 1, parameters W1, and B¥1, and a sequence
of different points {z;},," C R? such that

oWt BE ¢ = 2, for all k € [0, M — 1]. (4.13)

Therefore, to compress all classes, the vector-valued o function must be applied

M-1

Z2ak—2ZICk = 2N,

times. In other words, the depth of the neural network has to be L1 = 2N to compress all classes.

4.3. Data sorting. In the previous step, we have shown that we can reduce our dataset {z;}  CR?
to a set {zk}M 1cR?, in which each element represents a class or label. Without loss of generality, we
assume that each 2k, 18 associated with a label k.

In this section we aim to find Ly > 0 and parameters W2, BL2 such that for a strictly increasing
sequence {&, 122" C R, we have
dWE2 BE2 ) = ¢, forall k € [0, M —1]. (4.14)

Let {ﬁn}ff:gl be a sequence of positive numbers and {ék}kM: 5! C R a strictly increasing sequence. Note
that to prove (4.14]), it is sufficient to show that

pOWP1 B ) = &,  for all k € [0,7)],
(b(WﬁW 5 BB” B Zn-i-l) = éM—h
for every n € [0, M — 2]. This is equivalent to asserting that we can order the first n points, and place
Zn+1 as the farthest point from zero. Clearly, when n = M — 2 we recover (4.14]).

We will prove (4.15]) by induction on 7, applying a data structuring process, similar to the “compression
of a single class” step, and a projection process in which Lemma [2.1] will be consistently utilized.
(1) Initial Step: Our goal is to prove that (4.15) is fulfilled for n = 0. We proceed in several steps.

Projection: We start by projecting the data to the one-dimensional line. By Lemma there exist wy
and b; such that

(4.15)

z =o(wy -2, +b1) €R,

satisfies 2} # zl for all i # j € [0,M — 1]. In the following, when z} € R for some [ > 1, we add an
extra sub- mdex Jk in z,lC to denote the actual position with respect to the other elements counting from
left to right (see Figure [14] D Clearly, depending on which point & we consider, its position (jx) can be
different. However, we will only make the dependence of j; on k explicit when necessary.
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FIGURE 14. Sequence {z,i,j}kM:f)l C R. The index k indicates the class to which z; ;

belongs, while the index j indicates its position from left to right.
Data structuring: Let us define

1 1 1 1
20,541 1 20,5 2 P05 T 20,1
20541 70 and b2 = %4 " 071

2 ’ 2 2 ’

w%zl, w%z—l, b%z—(

and denote Wy = (w3, w3)" and by = (b3,03)7. Then, we define 27 = o(Waz} + by). With the above
parameters, we ensure that z} = (0,0). See Figure

H; H. G(szl»l + bz)
—> 22
—A— %>
21y Z(1)1 Z;,z 2;3 Z(Z) Z§ Z%

FIGURE 15. The hyperplanes Hi and H2 are defined by the equations w} - x + b} = 0
and w3 - x + b3 = 0, respectively. This step is similar to the first one in the compression

process (see Figure

Projection: Due Lemma there exist ws € R? and b3 € R such that
O§w3-z§+bg<w3~z,§+b3, fOI‘a.Hk‘E[[l,M—lﬂ.

Define z,?;,j = o(ws - 27 + b3). By construction, zq is the closest point to the hyperplane ws - z + b3 = 0,
so it will be the closest point to zero after the projection step. Consequently, jo = 0, and the first point
has been sorted. It remains to prove that the second point can be moved to the last position.

a(w3 Zi+ b3)

z L
H;
\<Zg

3
7 % Z00 231 212 %23

FIGURE 16. The hyperplane Ha is defined by the equation w3 - z + b3 = 0 so that zJ is
the first point from left to right.

Data structuring: Let us define
3 3 3 3
wy=1, w;=-1, bj=— <1’]+12 1’]> . and b ="RL L1 5 nIol

and denote Wy = (wj,w?)" and by = (b},b3)7. Then, define z{ = o(Wy2} + by). With the above
parameters, z{ = (0,0), while 2§ is the farthest point from the origin on the y—axis (see Figure .
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4
2 zZ

H4 Hi O'(W4Zl? + b4) 0

—> — T~ 2

3

——T—3—>
3 3

o 231 | Zie 233 . f
Zy Z

FIGURE 17. The hyperplanes H} and H? are defined by the equations w} - x + b} = 0
and w3 - x + b7 = 0, respectively.

Projection: Let us consider a vector ws € R? and bs € R such that
0<ws-25+bs <ws-2g+bs, forallkel[l,M—1], (4.16)
and also
ws - Zj +bs < ws -z +bs, forall k€ [2, M —1]. (4.17)

With these parameter values: 2} ;=o(ws- 2t + bs). By construction, we have that ([£.15) is satisfied
when n = 0, concluding the initial step.

Remark 4.1. The following aspects should be highlighted.

e As observed in Figure the hyperplane H} considered satisfies the conditions (4.16)) and (4.17). They
are satisfied whenever 6 € (0,0%), where 0 is the angle between the x—azis and the hyperplane HY, and
0* is the angle between the x—azis and hyperplane containing z§ and the farthest point of {z,%}iw:_ll on

the x—axis.

e Note that, in the initial step of the proof, we iterate five times to obtain (4.15) with n = 0. But given
the configuration {23}k, only two extra steps (specifically, the last data structuring and projection steps)
are necessary to satisfy (4.15)) with n = 1. Therefore, to sort the first n € [1, M — 3] classes, one requires
5 + 2n iterations.

e By construction, the point to be sorted is always the one that is placed the furthest from the origin.
Therefore, it is enough to sort the first M — 1 points, and the point M will automatically be sorted.

a(w5 -z} +b5)

FIGURE 18. The hyperplane H} is defined by wi -2+ bl = 0, so that jo = 0 and j; = 3.

(2) Inductive Step: Let n € [1,M — 2] and ¢ := 5+ 2(n+ 1). Assume that we have sorted the first n
points of {zf }21 !, that is jy = k for k € [0,7]. We will show that we can sort one extra element.

By construction, we can assume that the element that we have to sort is the farthest one in the z—axis,
ie., jyy1 =M —1.
Data structuring: Let ki, ko € [n,M — 1] be such that Z£17jn+2—1 and Zﬁz,j,,+2+1 are the left and

£ .
77+27]'r)+2 )

¢ N ;
oy szl = Zhyjis T 1). Thus, consider the parameters

right neighborhood points of z respectively (if zﬁmnﬂ 41 does not exist, it is enough to take

L 4
1 -1 2 1 bl _ Zk:ZujT/+2+1 + Z77+27jn+2
Wepr =L wppg =—L b = 5 )

4 £
Z”]+2’jn+2 + %k Jnt+2—1
5 .

and b7, =
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1 2 \T 1 32 T
Define Wyy 1 = (wyq,wg, ;)" and beyy = (byyq,b7,,) and set
41 _ ¢
2z =0 (Wip12y, + beg).

We obtain that zf]fz = (0,0) and zf;_tll = (a,0), for some a > 0, is the farthest point in the z—axis.

Moreover, for a decreasing sequence of positive numbers {ak}kM: 61, we deduce

2 = (0,a), for all k € [0, k] (4.18)

Projection: Let wyyo € R2 and b2 € R be such that
0 < wpio- zi“ + bpyo < wpgo - zﬁill + beyo forall k € [0,n], (4.19)
Wp42 - Zi—H + b€+2 < Wpy2 -+ Zﬁi; + bg.;,.g for all k € [[O, M — 1H. (420)

The assumptions about Wyio mentioned above are not restrictive. Condition (4.19) is feasible, as
shown by (4.18]), where the sequence zﬁ“ is arranged on the y—axis for k € [0, M — 2] as a decreasing
sequence. Furthermore, (4.20) is achievable by selecting the appropriate slope of the hyperplane defined
by the parameters (see Remark . We then set ziJf = o(wpyz - zf;ﬂ + bg12), and, by construction, we
have that j, =k for k € [1,n+ 1] and j,+2 = M — 1, concluding the induction.

Therefore, taking n = M —2 in (4.15]), we can sort all the data. Thus for Ly =5+2(M —2) = 1+2M,
there exist W2, BF2 and a strictly increasing sequence {&; }2~ ;' C R such that (4.14) holds.

4.4. Mapping to the respective labels. We start from the output of the previous step, where we
have shown that for Lo = 1 + 2M there exist parameters W 2and B2 such that for a strictly increasing
sequence {&1al,' C R, we have

L2 (x;) = pOWE2, BE2 ) = &, for all k € [0, M — 1]. (4.21)

Our goal in this step is to prove, again by induction, that there exist Lz > 0, and parameters W% and
B3 such that

oL () = pOWEs  BE &) =k, for all k € [0, M — 1]. (4.22)

(1) Initial Step: We begin by sorting the first three elements.

Data projection. Consider the parameters

—&o
& —&’

and b; =

_ 1
&1 -6’
and & = o(wy - & + b1). We have £ =0 and & = 1.

Hi o(wy - & + by)
/\ 1

o & & &3 g g gl

2 3

wq

FIGURE 19. The hyperplane H{ is defined by the equation w; - + by = 0.

Data structuring. With the parameters

2 51_1_51
w%:ﬁ, w%zl, bé:_(gzgi 5 and b%zo

define we = (w}, w3)" and by = (b3,b3) T, and set £ = o(Wa€L + by). By construction, we deduce
53 = (050)7 512 = (Oa 1)) fg = (17§%)a 6]% = (akvck)v for all k € [[37M]]a

where {aj}2 5, and {c,}2L, are two increasing sequences satisfying that az > 1 and ¢z > &3.
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G(WZCS;} + bz) ;, ........ ® ........ .

/\ ] :
1

T 1 a.3

FIGURE 20. The hyperplanes Hi and H2 are respectively defined by the equations
wir + b} =0 and w3z + b3 = 0.

Data projection. Let us consider the parameters ws = (2—&2, 1) and b3 = 0, and define & = o (w3-£2+b3).
Clearly, we have that & = k for all k € [0, 2].

5] u O‘(ZU3 . (S,% + b3)
\5% """"" ® /\
1 1 2

FIGURE 21. The hyperplane H3i is defined by the equation w3 - z + bz = 0.

Remark 4.2. We have applied o (or o) three times to sort the first three points. However, to sort one
more point, only two further steps are needed: data structuring and projection. Therefore, to sort n > 2
points (from the configuration of the previous step), 1 + 2(n — 2) = 2n — 3 applications of o (or o) are
needed.

(2) Inductive Step: Consider n € [0, M — 1] and define [ := 1 + 2(n — 2). Let us assume that ¢ =k
for all k € [0,7]. We will show that there exist parameters such that £&72 = k for all k € [0,n + 1]. We
will proceed in two steps: data structuring and data projection.

Data structuring. Let us consider the parameters

! l
2 +&
1 2 1 n+1 n 2
Wi = 5 e wip =1, by =—1|4 —a | and b;; =0.
nt+l n nt+l n
Define Wiyt = (w},,w?, )" and biy1 = (b},1,b7,,) ", and consider

W= o (Wig1&h + bit)
so that 557111 = (1,§£7+1) and
W =(0,k), forall k € [0,7],
M — (ag,cx), forall ke [n+2,M —1],

where {ay }2- 7112 and {cj }r- 7712 are two sequences of strictly increasing numbers such that aj > 1 and
Ck >§£7+1 for all k > n+ 2.
Data projection. Finally, define E?‘Q = o(wyy2 - E,ljl + bi42) with

wip2 = ((n+1)—¢&,1,1), and by =0

so that ;72 = k for all k € [0, + 1].

Observe that, in order to drive the M points to their respective labels, we need to apply L3 = 2M — 3
steps.
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Summarizing, the input-output map ¢* of Theorem for N points with M classes, is given by the
composition of the mappings (bZL given by (4.2), (4.13)), (4.14) and (4.22) respectively, i.e.,

¢" = (¢"° 0 ¢™2 0 9" 0 ¢10),
with L= Lo+ Ly + Lo+ Ly = 1 + 2N + (2M + 1) + (2M — 3) = 2N +4M — 1.

Proof of Corollary Now, we continue with the proof of Corollary To this end, let us recall
that we have assumed {z;,y;} C B%T (0) x B}%U (0), with R;, R, > 0. We proceed step by step to estimate
the norms. \ ‘

Preconditioning of the data: Denote by (Wy,B1) = (W1,b;1) the parameters in this step. Recall that
|lwi]l2 =1 and we take by = 2R, so that

[Willr = [lwill2 =1, |lb1ll2 = 2Rs, Wil <1, ||b1]lec = 2Rz

Hence, we have that
1
2
OV Bollz = Y (IW5 113 + 116 13) = 12 + (2R.)* = 1+ 4R?, (4.23)
Jj=1
and for the [°°— norm we get

OV, Bi)llo = max {[[Wjlloo, [[bj]loc} = max{1, 2R, } = 2R,. (4.24)

je{1}
Compression step: The total depth of the network is Ly = 2N. For each j € {0,..., N — 1}, we first
analyze the data structuring layer (Wa;, ba;):

lloo

1
Way= (L))o sothat Il =2 Joayl} < 2003

Now, for the Compression layer (Wajy1, bajy1):
A; 1 .
W= (fg 1) Wi 4B Sl Wl S, Iyl < 22
j

Here My = max;{||Wix1 + b1]|} and therefore M; < 3R,. To compute the full norm in this step, we
sum over j from 0 to N — 1, obtaining

N-1
2
TOV2, Bo)lls = > (IWaill % + 1625115 + WajallF + [1b2j41113)
§=0
= N(2+2M?) + N(4+2M7) = N(6 + 4M3). (4.25)
For the £>°-norm we have that |IW;||. < 1, and ||bj||ec < My, thus
[OV2, Bo)ll o < 3R (4.26)

Data sorting: Let R, := maxy, ||2x]|oo being {2z} the output from the compression step. The network
depth is Ly = 2M + 1. We consider projection layers indexed by j € {0,2,...,2M} and data structuring
layers indexed by j € {1,3,...,2M — 1}. For each projection layer Ws; and bo;:

[Wal|3 =1, ||boyl3 < R2.
There are M + 1 such layers. For each structuring layer Wa;1 and bgj;11:
[WajslF =2, byl < 2R2.

There are M such layers. The total norm is

M M-1
IOV, B)lls = (IWa5ll3 + [lb2;113) + (W 1llF + [[b2j4113)
=0 j=0

= (M +1)(14+ R?) + M(2+2R?) = (3M +1)(1 + R?).

To estimate R, let zl-(o) = x} be the output of Step 1, and assume ||zi(0)||OO < M; for all . Then each

iteration in Step 2 satisfies:

12l < Welloo - 1128 oo + l1belloo < 1128 oo + M.



30 M. HERNANDEZ AND E. ZUAZUA

By induction over 2N layers, we obtain:
R. = max||z" oo < (2N +1)M; < 2R, (2N +1).
Using the bound for R, derived above,
IOWs, Bs)ll; < (3M +1)(1 + 4R2(2N +1)?). (4.27)
For the ¢{*°-norm, since all parameters are bounded by R,, we deduce

IOV, B3)ll o < 2R4(2N +1). (4.28)

Il

Mapping to the labels: We denote by (Wy, B,) the collection of parameters used in the final step
of the construction. Recall that the total number of layers in this step is Ly = 2M — 3. The first three
layers implement the initial projection and positioning of the first three values. All parameters involved in
these layers are explicitly defined and uniformly bounded in terms of the geometry of the values {{} ,iw: 61.
Therefore, there exists a constant C¢ > 0, depending only on the relative distance of the data {z;} ;,
such that

[Willz + 105113 < Ce(L+ R2),  [[Willoos Ibjlloc < max{1,C¢}, for j=1,23.

In the inductive step, we have that for each n € [2, M — 2], two layers are required to map &,4+1 — n+ 1.
This is done with the Data structuring layer, for which we have Parameters satisfy again

IWjlI% + 116,113 < Ce (1 + R}, [[Wjlloo, b5l < max{1, Ce}.
Then we apply the Projection layer with weight w = (n+ 1 — &,41,1), and bias 0, and hence
Wille = (+1=&1)* +1 < (M+Ry)% I0l13=0, [Willw <M+ Ry, [bjlloc =0.
Then, putting all together, we have three initial layers plus (M — 3) inductive steps. Therefore, we deduce

[(OWs, Ba)ll; = 3Ce (1+ R3) + (M = 3)[Ce (1 + R2) + (M + R,)?]
=MCe(1+R))+ (M —3) (M + Ry)*. (4.29)

Analogously for the °° norm, taking the maximum over all layers yields
|Wa, By)|l o < max{max{1,C¢}, M + R,}. (4.30)
Finally, combining estimation (4.23))-(4.25))-(4.27)-(4.29), we deduce that

IOV, B3 < (1+4R2) + N (6 + 36R2) + (3M + D[149RI(2N +1)*]
+ [M Ce(1+4 R}) + (M — 3)(M + R,)?],

and for the [°°—norm we combine estimations (4.24))-(4.26)-(4.28])-(4.30) to obtain

IOV, B)

= max{ 2R;, 3R, 3R;(2N + 1), max{C, M—i—Ry}}.

lloo

In particular, we can guarantee the existence of a constant C' > 0 independent of N, M, R, R, such
that

IOV, B)|l, < C(1 4+ RxV'N + R,NVM + R,M),
and

IOV, B)|l. < C(RoN+ M + Ry).

lloo

5. UNIVERSAL APPROXIMATION THEOREM

In this section, we prove the Universal Approximation Theorem in LP(€; R ) (Theorem [1.4]).

Proof. We proceed according to the Strategy of the proof after Theorem in Section [1.3
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(a)

FIGURE 22. (A) Illustration of the simple function f, on H, defined in (5.3). (B) The
main features of Gg‘ are represented: The mesh thickness §, the size h > 0, and the
hyperrectangles HY, illustrated with orange boundary.

(]

Step 1 (Hyperrectangles construction): Let us consider C, the smallest hyperrectangle containing
(), oriented according to the axes of the canonical basis of R?. Consider 0 < h < 1 and 0 < § < h. Define
an equispaced grid Gf;” C R, of thickness 6, oriented according to the axes of the canonical basis of R<.

G
Define the family of hyperrectangles H = {#,;}\" as H = C \ G%. We also consider HE := {7—[16;}5\[:’71 a
family of hyperrectangles such that

Ng
h G
G5 = U Hz )
i=1

see Figure @ Note that the family H depends on h, and the family H depends on h and §; however,
this dependency will be omitted to simplify the notation.
The number of hyperrectangles N, on H satisfies

Ny, < h™4Cq, (5.1)

with Cq a constant depending on mgy(Q2), where mgy(-) denotes the Lebesgue measure in R?. Taking
into account that the number of edges of a d-dimensional hypercube is 2d(d — 1), the Lebesgue measure
ma(G%) of the grid G% intersecting C is bounded by

ma(GY) < Cqad(h+8)1h=4. (5.2)

Thus, for any v > 0, taking § = h!*7, the volume of G% tends to zero as h — 0. In the following, we will
take v = p.

Let us fix a function f € LP(Q;R,). Extending it by zero, we assume that f € LP(C;R;). By the
density of simple functions, we know that f can be approximated by a sequence of simple functions. In
particular, we can construct a simple function supported on hyperrectangles as follows: Let us consider
the constants

1 .
flhl = W N f(z)dx, forie[1,Ng],
and
1 .
fél,z = W o f(x) d.r, fOI“ S [[I,NGH

That is, flhl and th,i are the average value of the function f in the hyperrectangle H,; and HiG , respectively.
Then, we introduce the simple function

Ny, Na
Fu(@) = oo (@) + > s (@), (5.3)
i=1

i=1
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where x4, denotes the characteristic function on the set H;, similar for "HZG In the following, we denote
by My > 0 the number of values that the function f takes on the family of hyperrectangles . Note
that My, < Np,.

Let us observe that by the Lebesgue differentiation theorem, the sequence f;, approximates f a.e. on C
as h — 0, and therefore, due to the dominated convergence theorem, we have that ||f — fallzrcr, ) — 0
as h — 0. In particular, for all € > 0 there exists h; > 0 small enough such that for every 0 < h < hy we
have

1f = fullzecry) <e/2. (5.4)

Moreover, as shown in [I3, Section 6.2], if f € W1P(Q;R,), there exists a constant C' > 0 independent
of h > 0 such that

If = fullo(r,) < Cmax{diam(H), diam(H)}| fllwrr @z, (5.5)

where diam(H) = maxy, ey {diam(H;)}. Since diam(H9) < diam(#), and diam(H) is at most v/dh > 0,
(5.5) reduces to

1f = fullzezyy < ChIlfllwirry) (5.6)

Thus, estimate ([5.4)) is ensured by taking
€

20| fllwrror,)

Step 2 (Approximation of fj, using a neural network): In this step, we will construct a neural
network approximating the simple function f. This is done by mapping the hyperrectangles of H into
the Mj;, values of fj via a neural network.

Step 2.1 (Compresion of one hyperrectanle): In the same spirit as the compression process in
Section [4.2.2] we first show that a single H; can be compressed without mixing the other hyperrectangles.
This allows compressing the whole family {#H,}X" .

This is done in two stages. First, we apply a compression process driving the d—dimensional hy-
perrectangle into a (d + 1)—dimensional Euclidean space, allowing us to drive a hyperrectangle to a
point. In the second stage, we project the data to the d—dimensional space, keeping the structure of the
hyperrectangle.

hy (5.7)

Step 2.1.1 (First layer): Let us suppose we want to compress a fixed hyperrectangle ., that is located
on one edge of the hyperrectangle C, and oriented in a canonical direction e; for some 7 € [1,d]. We
consider the following family of hyperplanes

H,:={z eR?: e;x+b, =0}, fornel[ld],
Hyp1 = {z €R? . —eqz + b; = 0}, (5.8)
and the respective activation regions (see Section
R,:={z R : e,z +b,>0}, fornel[l,d],
Ryy1:={x € R : —eja + b} > 0}. (5.9)
In particular, observe that
RyN Ry = @. (5.10)

Here, we have one hyperplane for each canonical direction and one extra hyperplane in the direction e,
so there are in total d + 1 hyperplanes. The constants by are chosen in such a way that the hyperplanes
are placed around the hyperrectangle ., that is, by’s are taken such that

o(enr +by) =0, o(—ezr+b;) =0, foralzeH.,nelld.

Let us apply the map defined by the parameters from the hyperplanes (5.8). This defines the new
family of hyperrectangles {H!}Y ;. Namely, denote by W' € R4*1x4 and b* € R4*H! the matrices given
by

1 T 1 * T
W+ = (€1|€2| o esl(=1)eq] . .. |ed) , b = (b1|b2| o |balby] - |bd) .
Then, the new family of hyperrectangles is given as

vy =o(W'z+b') € H}, forallzeH,;, ic[l,N]. (5.11)
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FIGURE 23. (A) We illustrate how the hyperplanes H, (three of them in this
2—dimensional setting) enclose the hyperrectangle H4. Additionally, this defines the
regions R, and the subregions Sy, introduced in and 7 respectively. Here,
we can observe that the parameters of Hy are w; = (1,0) and by = —3.5, for Hy are
wg = (0,1) and by = —4.5, and for Hs, ws = —(0,1) and b3 = 1.5 . (B) We show how
the function P(z), defined in (5.14), maps the hyperrectangles. In (B), we keep the same
labels for each hyperrectangle as in (A), but it needs to be understood as P(H;) for every
i. The rectangles here, as H;, illustrate 1—dimensional hyperrectangles (lines). For 1,
we have that py(z) = ps(x) = 0 and py(z) = 1 for all z € H;, thus P(z) = (0,z2?).
The small square illustrates a 0—dimensional hyperrectangle, i.e., a point. The chosen
parameters ensure that P(H4) = {04}. (C) Here, we illustrate the image of G, taking
as an input P(H). Observe that G translates the hyperrectangles such that there is no
overlapping between them, recovering the same structure of (A), but with some hyper-
rectangles of smaller dimensions. In particular, those that belong to one subregion in
(A) in (C) become lines. The function F introduced in maps the hyperrectangles
in (A) to the hyperrectangles in (C).

An illustration of the family {#!}¥, for a 2—dimensional example is given in Figure 25| (Appendix .

Step 2.1.2 (Second layer): The previous selection of parameters can drive all points in H, into
Hl = {0441}, where 0441 denotes the null vector in RT! and since d + 1 hyperplanes have been
employed, our hyperrectangles are carried into a d + 1-dimensional space. To recursively apply this
process, we need to project the hyperrectangles into a d-dimensional space, ensuring that the previous
steps define an injective mapping for the hyperrectangles, i.e., distinct hyperrectangles are carried to
distinct locations without mixing them.

For this purpose, let I, C [1,d 4+ 1] be a set of indices with n > 1 elements. We introduce the
subregions Sy, defined as

Si, = xeRd:xeﬂRnandmgéURn ) (5.12)

nel, nelg

n

where I¢ is the complement of I,, with respect to [1,d + 1]. Observe that if € S;,, then z belongs to
n regions. Likewise, if H; C Sr,,, Hi, it is in n regions. Due to the construction of the hyperplanes, a
hyperrectangle can belong to at most d regions. See Figure 23| (A).

Additionally, if = belongs to n regions, o(W'x + b') is a vector with n non zero coordinates. This
motivates the introduction of the pattern activation function p, : R? — R defined as

1 ifzeR,,
py(x) = {O ifm¢RZ, for every n € [1,d + 1].

Since ((5.10]), we have that either
pi(r) =0 or pgyi(x) =0, for every x € R% (5.13)
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Furthermore, p,(z) = 1 if z € S, with n € I,,, and p,(z) = 0 otherwise. Let us introduce F : R? — R?
defined as

d+1 d+1
F(z) = P(z) + G(z) = (an(x)x(")en> + (an(x)bnen> : (5.14)

Figure illustrates how the map F(x) acts on the hyperrectangles H in a two-dimensional example.
The following lemma, proved in Appendix [B] gives us important properties of F.

Lemma 5.1. We have that F(H.) = 04, where 04 denotes the null vector in R%. Moreover, for any
hyperrectangles H;,H; C H with i # j, we have that F(H;) N F(H;) = 0.

For each H;, there are two possibilities for F'(H;): it either retains the shape of a hyperrectangle, in
which case P(H;) is equal to H; and G(H,;) acts as a translation, or it collapses into a lower-dimensional
hyperrectangle, where P(H;) projects the hyperrectangle and G(#;) translates it. In fact, the dimen-
sion of the resulting hyperrectangle depends on the number of regions the original hyperrectangle H; is
associated with. See Figure 23] for an illustration.

Consider W2 := (W) T € R?¥¥4+1 a5 the transpose of W, and a vector b?> € R? such that
ex(W2zy +b%) >0, forall zy € H}, i€ [1,N4],
and for all k € [1,d]. The family of hyperrectangles {H2}¥ | is defined by
Ty = o(W2xy +b%) € H?, forall my € Hj, i€ [1,Ny]. (5.15)

Let us note that the hyperrectangles {H?} | are not mixed, that is, for H;, H; € H with i # j we have
that ’Hf N ’H? = (). Furthermore, H, is mapped to a single point. To verify the above, let us observe that
for x € ‘H, we have

o = oc(W2e(Wle +b') + %) = W2a(W'z +b') + b2 (5.16)

Let () denote the i—th coordinate of . Using the fact that o(Wz(™) 4 b') = py (x)(W'z™ +b1), for
every x € H; and given (5.13), we obtain

p1(x)(erx + by)

pa () (eaw + by) pi(z)(e1x +b1)

p2(x)(e2x + b2)
zy =W? | ps(x)(eqz+by) | +b* = + 0

de(sc)(—eﬁgc + b;;) Pﬁ(ﬂc)(eﬁx + bﬁ) +'pd+1(x)(€ﬁl' - b::])

pale)(eaz + ba) pa() (eaz + ba)

d d
= <an(x)en:17 +pd+1(z)eﬁx> + (an(z)bnen pd-&-l(x)b;eﬁ) +07 = F(x) + b*.

The last constant, b2, simply translates all hyperrectangles by the same magnitude. Therefore, due to
Lemma [5.1} we conclude that the transformation F(H) + b? does not mix the hyperrectangles, preserves
their structure, and maps the hyperrectangle H. to {04}.

For the example shown in Figure the hyperrectangles {H? lN:hl correspond to those in part (C),
but translated to the positive quadrant Ri. This translation is carried out by b2, which, in this example,

can be chosen as b2 = (0.1,2.6).

Step 2.2 (Compression of all hyperrectangles): In the previous step, we successfully compressed
H. into a single point without mixing the other hyperrectangles. However, this process also slightly
perturbed the remaining hyperrectangles, transforming them into hyperrectangles of lower dimensions.
Specifically, hyperrectangles that were originally n-dimensional are now (n — 1)-dimensional.

Let E represent the set of edges of C. We define {F;}¢_, C E as a set of orthogonal edges. The
family of hyperrectangles HZ is then given by HF = {H; € H : H; N {E;}L, # 0}, that is, the set
of hyperrectangles in H intersecting at least one edge in {Ei}le. We will prove that compressing the
hyperrectangles in H¥ into points also compresses all the hyperrectangles in A into points.
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FIGURE 24. In the figure, we show an example of the compression process following
the guidelines from Steps 2.1-2.2. First, in Step 1, we select two edges, E; and FEsy of
C, oriented according to different canonical vectors. Thus, HE = {H1, Ha, H7, Hs, Ho}-
Then, we compress the first hyperrectangle, H1, using two hyperplanes (a two-layer
neural network with two neurons in the first layer and two neurons in the second layer).
Here, H2 and Hj belong to Syi}, and intersects Hy4 and H7 Syoy. Next, in Step 2,
we compress the second hyperrectangle on Ej, corresponding to H3. We use three
hyperplanes to compress it (a two-layer neural network with three neurons in the first
layer and two neurons in the second layer). Here, H2 and H2 belongs to St1y- In Step
3, we continue with H%. After compressing all the hyperrectangles along E;, we have
reduced every hyperrectangle to (d — 1)-dimensional objects (d — 1 = 1 in this example).
By applying the same process to the hyperrectangles along Eo and continuing with Steps
4 and 5, we complete the compression process.

We refer to Figure [24] for a graphical description of what follows.

Let E; be one of the selected orthogonal edges of C. By Step 2.1, we can compress any hyperrectangle
H1 € HP intersecting E; using a two-layer neural network. Moreover, observe that if a d-dimensional
hyperrectangle H; belongs to a subregion SI,, with n < d, then it collapses into a (d — 1)-dimensional
hyperrectangle. Indeed, the condition H; C S;, with n < d implies that there exists an index 77 € [1,d+1]
such that ps(xz) = 0 for all z € H;. Consequently, the 7-th coordinate of every point in #; vanishes,
collapsing H; in to a (d — 1)—dimensional hyperrectangle.

By applying the previous argument to all hyperrectangles in H¥ intersecting E1, we deduce that each
H; € H eventually enters a region Sy, with n < d—1. As a result, there exists a coordinate 7 € [1,d+ 1]
such that p;(z) = 0 for all € H;, and thus H; collapses into a (d — 1)-dimensional hyperrectangle.
Then, we continue with the hyperrectangles that intersect Fs. Since Es is orthogonal to Ey, the vanishing
coordinate is now 7 # 7, and each (d — 1)-dimensional hyperrectangle is further collapsed into a (d — 2)-
dimensional hyperrectangle. Repeating this process for each edge Fj, with k € {1,...,d}, and noting that
each step corresponds to the vanishing of a new and different coordinate, we conclude that every H; € ‘H
is eventually mapped to a 0-dimensional object (a point). This concludes the compression process.
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Remark 5.1. If we had not followed the edge-based strategy, we would have needed to compress hy-
perrectangles located inside C. In the worst case, enclosing a d-dimensional hyperrectangle requires 2d
hyperplanes, implying that the neural network would need to have width 2d. By restricting the compression
to hyperrectangles on the edges of C, we reduce this requirement to d+ 1 hyperplanes per step. Therefore,
this strategy allows us to reduce the width of the neural network from 2d to d + 1 neurons per layer.

Step 2.3 (Neuronal network construction): Let N% be the number of hyperrectangles on the
edge E; for every j € {1,...,d}. After applying Step 2, we have applied a two-layer neural network
Ng = Z;‘l:1 N times, and we have constructed a family of parameters WM& and B*V® such that

¢V (H) == gOVNE BEE H) = ()]0, (5.17)

where {:vl}fvzh1 C R? is a sequence of points. Then we can apply Theorem to find the parameters W¥
and B with L = 2N}, +4Mj, — 1, and an input-output map ¢” of (I.2)) such that
oL (x;) = ¢>(WL, BE x;) = fl, foralli € [1, Ny]. (5.18)

7

Finally, composing the maps given by (5.17)) and (5.18 -, ie., ¢° = ¢pr 0 p*NE with £ = L+ 2Ng, we have
that

oF () := ¢(WE, BX, x) = fu(z), for every x € H, (5.19)
where W5 = WEUW?2Nn and BX = BY U B2Nr,

Step 3 (Error estimation): Let us recall that in Step 1, for a given f € LP(2;R,;) and £ > 0, we
have chosen h > 0 small enough such that (5.4) holds.
To estimate the error between f;, and ¢*, since Q C C = H U G?, we can write

16@) = Fu@ iz < [ 16°@) = @) dat [ 165(@) = @)l da.
5
Owing to , the first term on the right-hand side vanishes. Thus,
6% () — fo(z )||Lp @R,y S /Gh |~ (%) — fulz)|P dz < /G’L | fn(2) [P da + ||¢£||1£oc(Gg)md(GgL). (5.20)
5 8
Let us estimate each term on the right-hand side of (5.20). Since f;, converge to f in LP(;Ry), in

particular we have that
[fn = flleruery) = [P flleeuemyy =0, ash—0.
Due to the triangular inequality, we deduce that
< CL@+ 1 fllrrs))s (5.21)

with C7 > 0 a constant independent of h. Then, it follows that
P

v
/ e |Pdm—/ Zf Yoo @)] dz =S [ fPma(HE)
Gl i=1

5 =1
Ny
< VA Iz S ma(HT) = C2L+ 112 g,y )l G-

i=1

Thus, using (5.2) we have

[ 10@P e < s+ 5
Gy
with Cy = C7Caa(1 + || fI[7sqx,))- Then, since we are taking § = h'*P we obtain

L 15@) do < Col1 + 11 g, (5.22)

Before continuing, let us consider the following lemma, whose proof can be found in Appendix
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Lemma 5.2. Let ¢“ be the map defined by (5.19), and denote by lc the longest edge of C. Then, for
h <lclog(2)/(d+ 1) we have

67| Lo e,y < Cs (14 8(h+8) +h),
with C3 > 0 a constant depending on d, mq(C), and || f|lr(o;r,)-

Let us assume that h < l¢log(2)/(d+1). Then, using Lemma (5.2)), and since § < K7 we deduce

16| e (Gim, yma(Gg) < C3 (14 8(h +8) + ) Coad(h+ 6)*~ h™" < 4C3Cq gh”. (5.23)
Finally, putting together (5.22) and (5.23), we deduce that
16 = full} s oum, ) < Cal? + (4C5Ca ah?)? < ChP, (5.24)

where C' = Cy 4 (4C5Cq.4)P is a positive constant depending on d, p, mg(C), and [ fllzr(@:r,)- Thus,
taking h < /(2C"/?), we deduce that

3
l¢* — fuller@@ry) < 5 (5.25)
2

Therefore, taking h < min{e/(2C/?), hy}, with hy defined in (5.7), we have that (5.4) and (5.24) hold,
and consequently, we conclude that

If — &% llrar,) <e.

Step 4 (Depth Estimation): To estimate the depth of the neural network, we first estimate
min{e/(2C"/P), hy}. Assume that f € WHP(Q;R,). Then, let us observe that in an analogous way
to (5.6]), we can deduce that

£ < e msy + PASlwre@my)- (5.26)

Therefore, using (5.26)) instead (5.21)), we have Cy < CYCaqall f||51.0 (@R, ) Moreover, due to Lemma
we have that 03 =C || Tl (). Consequently, we deduce that the constant C' can be taken as

€ < (CPCoa +ACCo | sy = C7 I
Consequently, using (5.7)) we have
Inin{E h }—min{ ° c }> c rnin{1 1}
201/ 2C1/P 20| fllwrraryy ) — 2 fllwrriry) c'c

. 505
. 2||fHW11p(Q;R+).

Then, in particular, we take

€C5

he %5
2| fllwrr(iry)

(5.27)

Now, due to Step 2.3, we know that £ = 2N}, + 4My, — 1 + 2Ng. Moreover, observe that Ng and N can
be estimated by

w and Nhgd[ le T. (5.28)

Ng <
g d[ h+6

le
h+4
with § = h!'*P. Then, using Mj;, < N, and the estimations (5.28) and ((5.27)), we deduce the upper bound
for the depth

£ < Co (I liomye + Iflwisamns™ 1),

where Cj is a positive constant that depends on m4(C), p, and d. This concludes the proof of (1.21)).
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6. PROOF OF THE TRAINING THEOREMS
In this section, we provide the proof of Theorems [I.2] and [I.3 and Corollary [T.4}
Proof of Theorem[I.4 By the definition of minimizer, we have

TAWE,BY) < T\(WE, BE) = || wE, BY)|; + Zm (¢OWE, B, 2,), 1)
= MJOVE, B[ + ToWE, BE) = A o (6.1
where we have used . Now, by the definition of the functional 7, and , we obtain
1N
¥ Zloss (BOWE, BE ), 0:) < Ta(OWE, BE) < A||OVE, BY)|2. (6.2)

Now, due to Corollary we know that ‘H(W*L,
Therefore, taking A\ — 0 in (6.2)), we conclude (|1.12)).

Next, by the definition of 7, we obtain
M| OVE B, < TnWEBE) < A||OWE, BE)|5 - (6.3)

Then, dividing (6.3) by A > 0, we deduce that the sequence { W¥, B%)} x>0 is bounded by || (WE, lS’,,<L)|||2
Moreover, the Bolzano—Weierstrass Theorem ensures that this sequence has a subsequence that converges
to some (W{, BE). Denoting such a subsequence again by {(WE, BE)} =0, we observe that

Jo(WX,BX) = Tu(WX, BX) = | Ovx, BR) |, < 0V%, BY). (6.4)
Then, combining (6.1)) and (6.4)), and using the continuity of Jy, we get

can be uniformly bounded with respect to A.

oV 55) = o (m OWE. BE) ) = Jimy Zo¥% . 5) =
A—0 A—=0
concluding that (W}, BY) is a minimizer of J5. Now, let us consider
Wy, BE) € argmin { || WE, BY) ||, « Jo(W*,B") =0},

that is, W, BE) is a parameter of minimal norm minimizing J5. In particular, since (W{, BY) is a

minimizer of Jy, (1.13]) implies that
o, Y, < | v, 85)|)
Taking A — 0 in (6.5)), we obtain

for all A > 0. (6.5)

lovs. B, < [|ovs. 89, (6.6)

If holds with strict inequality, then we contradict the fact that (WOL, lg’g) is a parameter of minimal
norm. Therefore, we must have
’ 2’

that is, (W{, BL) is also a parameter of minimal norm that minimize Jp. O

llovs. 851, = 0w, 8)

Proof of Theorem[I.3 We begin by analyzing the deviation between ] and &7, the solutions of (L.2)
and (| - at layer j. We have
lad — &) < llo; (W~ +by) — oy (Wi~ 40| + ||a]<w H 4 by) — oy (Wiad 4 b))
<vi+ Wil ™ = &7 < vy [lOVE [Ea | (6.7)
where we have used the fact that the radii R; defined in 1D are large enough to control the deviation
between the activations at each layer. We also used the Lipschitz continuity of the activation functions

on compact sets.
Since ||2? — 2?|| = 0, an iterative application of (6.7) yields

2

L
IGOVE, BE i) — sOVE, BE )| = llaF —2F 17 < [ Sy |lovE, 8Y)),
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2(L 7)

< IIVII2Z|H (We,B:
Jj=1

2L
— ||l/||2 M(Wf’lgf)H‘Q _1 —. (g‘)(y WL BL)
2\ JovE, BYE -1 R

where we used the Cauchy—Schwarz inequality and the formula for the sum of a geometric series.
Now, consider the following compact set

Ky :={(z,y) e R™ xR™ : ||2|| < Ew, W, BL), y € {yi}ils },
and let us define

ross (v, WE BLY :=  max_ loss(z +y,7). (6.8)

(z,y)GlC,,

Due to the continuity and nonnegativity of loss, it follows that @,ss < 00 and #yss > 0. Moreover, as
lv|]]2 — 0, we have & — 0, and hence the compact set IC,, converges to

Ko = {(z,y) ER™XR™ : ||| <0, y € {yz}fvzl}
Consequently, we deduce that

MOSS(O,Wf7Bf) = max loss(y,y) =0,

(2,y)€K0

since lOSS(y, y) = 0. Thus, 152{1053(14 Wf,Bf) — 0 as ||V||2 — 0.
Now, by the definition of minimizer and using (6.8]), we obtain

j(WA?BA)<j>\(W*L7BL _>\|” WfaBL |||2+7ZIOSS( vaBf7x1)7yz)
= Move, 8Dl + Zloss( SOWE,BL ) — 6OWE, BE @) + 9(WE, BL,w.) 1)
= A[JovE, Y, + Zloss ([BOWE, BE ) = 6OVE, B, 20)] + i)

< A|OWE,BE)||; + %Zmoss(u, WE,BE) = A||WE, BE)||; + Aoss (v, WE, BE),

i=1

which concludes the proof. (]
Proof of Corollary[1.]} Let us analyze the behavior of o. when ¢ — 0. We first observe that
. 1 . 1
lim erf | — ) =1, and lim erf{—)=-1.
u—0+t U u—0~ u
Now, taking u = €v/2/x, we observe that since € > 0, we have
. T 1 if z > 0,
lim erf [ —= | = ]
e—0+t ;3\/5 -1 ifxz<0.
Consequently, we have

lim o.(z) = lim % (1—|—erf <€\f)> {x 2 >0 ReLU(r) = o(a). (6.9)

e—0+ e—0+ 2 0 ifx<0,

Therefore, since holds for every x, we deduce that 0. — o uniformly in R. The rest of the proof
follows as a direct application of Theorem by observing that when ¢ — 0 then v — 0 as well. (]



40 M. HERNANDEZ AND E. ZUAZUA

7. FURTHER COMMENTS AND OPEN PROBLEMS

In this paper, we have demonstrated that a 2-wide deep neural network can address any classification
problem with no more than O(N) layers. Additionally, we have established a universal approximation
theorem for LP(2; R, ) functions, requiring a neural network width d + 1. Notably, our proofs are fully
constructive, explicitly detailing the parameters to be utilized, giving a fully geometric interpretation of
the architecture employed, and providing a formal proof of each statement.

These explicit constructions yield bounds on the parameters and provide a priori estimates for min-
imizers of standard regularized training loss functionals in supervised learning. As the regularization
parameter vanishes, the trained networks converge to exact classifiers.

In the following, we present some interesting open-related questions.

(1) Understanding n-wide deep neural networks. The construction of the parameters in Theorem
[[3] provides a clear and geometric interpretation of why and how the neural network achieves memo-
rization. In this context, it would also be interesting to describe and explain geometrically other results
in the literature, such as the 3-wide deep neural networks constructed in [32], or the two-layer network
constructed in [46] that achieves memorization with O(N'/?) neurons.

(2) Topology of the Dataset. The first step in the proof of Theorem involves projecting the data
into a one-dimensional space. This reduction simplifies the data structure, facilitating the development of
our algorithm. However, this projection results in the possible loss of the original data distribution, since
it could, for instance, disperse initially clustered points. Therefore, to take advantage of the initial data
distribution, we could project the data in a space of dimension greater than one, using more hyperplanes
(neurons) at the first step (layer). One possibility is to find a low-dimensional space in which the points
can be embedded, preserving distances. This is precisely what the Johnson-Lindenstrauss lemma states,
ensuring the existence of a linear map that projects points in a lower dimensional space, preserving
distances. This could reduce the number of hidden layers that Theorem [1.1| uses. Manipulating data in
dimensions higher than 2 can considerably reduce the number of layers needed, [32].

(3) Width versus Depth. As we have seen in the bibliographic discussion of Section networks
with one hidden layer can memorize N data points with O(NN) neurons, while adding an extra layer,
making it possible using O(v/N) neurons, [46]. In the context of deep neural networks, width 12 allows
memorization with O(N'/2 + log(N)) neurons, [32], and width 3 with O(N?/3log(N)) neurons. In this
paper, we have shown that O(NN) neurons suffice for width 2. These results exhibit a trade-off between
the depth and width of the network. A systematic analysis of this compromise between depth and width
would be desirable.

(4) Extension of the Universal Approximation Theorem. As observed in the proof of Theorem
Theorem was utilized to map the resulting points to their respective labels. However, a universal
approximation theorem can also be concluded using other networks, not necessarily of width 2 [32] 43|
46, [47]. By maintaining a width of d+ 1, we can incorporate the neural network with width 3 introduced
in [32] to ensure universal approximation when d > 2. Combining this result with our strategy may lead
to a neural network with reduced depth compared to the one given by Theorem

On the other hand, the first step of the proof of Theorem[I.4]uses an approximation by simple functions
of finite volume type on a regular set of hyperrectangles, ensuring an error of order h [I1]. However, more
sophisticated nonlinear approximation procedures, such as those based on dyadic partitions, could achieve
better convergence rates (see [11]). Nevertheless, to approximate functions using the neural network, it
would be necessary to develop an iterative algorithm operating over a non-uniform grid.

(5) Minimal width universal approximation theorem for more general spaces. Universal
approximation theorems have been extended to Sobolev and Besov spaces, as discussed in [12 [37]. In
[37], it is shown that the class W*? when compactly embedded in LP, can be approximated by neural
networks. For p < ¢, piecewise polynomial approximations on uniform grids are applicable, which neural
networks can approximate. Additionally, the neural network in [37] uses a width 25d+31. The uniformity
of the grid allows us to extend our methodology to estimate the network depth while maintaining a
small width and understanding the parameters involved in the approximation. However, for p > gq,
nonlinear or adaptive methods are required. Although [37] constructs a neural network to approximate
nonlinear functions on non-uniform grids, the choice of parameters lacks clear geometric intuition, and
no algorithmic procedure is provided.
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APPENDIX A.

Proof. (Proof of Proposition [4.1) Recall that the classes under consideration are defined as follows:
M—1
Cr ={x; withi € [1,N] : y; =k}, and C= U Cr. (A.1)
k=0
To prove that we can compress the M classes, we proceed by induction. For the first class, i.e. k =0, the
proof follows directly by noting that the assumptions of the statement ensure the existence of parameters
Wko BLo and Z, € R? such that ¢(Wke, BLo, Cy) = .
Let us assume that the statement holds for some 0 < k < M — 1. Thus, there exists a collection of
points {z; }é?:o C R?, Ly > 1, and parameters W1, BE1 such that the input-output map satisfies

de(WE BLr €)= 2;,  for every j € [0, k].
In particular, we have that
(/)k(Wf“l,Bil,CkH) = ék+1, where CA'kH ={z; withi e [1,N] : y;, =k +1}.

Let us prove the statement for k + 1. Denote by C = ¢F (Wil,Bil,C). By hypothesis, there exist
241 € R?, Ly > 1, WE2 and B*2 such that

driWE2 B2 Chiy) = 2, brr1(WE2 B2 €\ Cryr) # 2r11, (A.2)
and
bt VL2 BL2 21y £ g (WE2 BE2 22) for all 2t 22 € C\ Cryr, 2+ # 22 (A.3)

Since the composition of input-output maps is again an input-output map of (|1.2)), we can compose ¢g11

and ¢g. Then, by (A.2)-(A.3), the map ¢ = Pr+1 © ¢, satisfies that
(ﬁ(Wis,BiS,Cj) = 2z; for every j € [0,k + 1], (A.4)

where Ly = Lo + Ly, WEs = Wl2 WLt and BLs = BE2 U BL1. This concludes the induction. The
result follows by taking k = M — 2 in (A.4)). O

Proof. (Proof of Corollary Let us consider the dataset {(x;, )}, C R? x {ap,...,an—_1}, where
{ak}i\/[:f)l C R. Without loss of generality, assume that y; < y; for every ¢ < j, where,j € {0,..., M—1}.
If yo > 0, we conclude by applying Theorem If yo < 0, we consider a new set of labels given by
i = y; — yo for every i € {0,..., M — 1}, noting that gy = 0. Furthermore, {7;}}¥; C {ax}1 " C Ry.
Then, according to Theorem there exist parameters W’ and B such that for L = 2N +4M — 1
and wmax = 2, the input-output map of with A} = Idg, (the identity matrix in R%*di) for all
je{l,..., L}, satisfies

¥ (z;) = p(AX WE BE 2) =45, forallie{l,...,N}. (A.5)

It now suffices to construct a mapping that transforms each g; into y; for every i € {1,..., N}. Consider
the parameters

w% = -1, w% =1, bi = —10, b% =1y, and A! = (—-1,1),

where W' = (w},w})T and b* = (b},01)T. We denote by ¢! the input-output map of (I.7) defined by
W1, b, and A'. For every 4;, we have that —i; +yo > 0 or §; — yo > 0. If —§; + yo > 0, then

o' (9i) = AL o (W' +b') = (—1,1) - (”a‘(g?—liﬁ))

= —0(=9i +v0) + (9 —yo) = — (Ui + yo) = Yi-

Similarly, for §; such that §; — yo > 0, we obtain ¢*(4;) = (; — yo) = y;. Therefore, the input-output
map ¢EHL = ¢l o ¢ can memorize the dataset {(z;,v;)};. Moreover, since the width and depth of the
neural network defined by ¢! are 2 and 1, respectively, the resulting neural network defined by ¢“*! has
a width 2 and a depth 2N + 4M.

(]
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APPENDIX B.

Lemma B.1. For every I,, withn > 1 and for all H;,H; € Si, withi # j, we have that F(H;)NF(H;) =
0.

Proof. (Proof of Lemma [B.1)) By contradiction, assume that there exist H; and Hy in some Sy, such
that F(H1) N F(Ha) # 0. Therefore, there exist 1 € Hy and z3 € Ha such that F(z1) = F(z2). Since

Hi and Hy are different hyperrectangles, there exists k € [1,d + 1] such that ,Tgk) #+ a:gk). Due to the
fact that H; and Hs belong to the same subregion, we have that

pn(z1) = py(x2), forevery ne[l,d+1]. (B.1)
Since F(z1) = F(x2) on each coordinate, we will have

pn(xl)xgn) + py(z1)by = pn(xg)xgn) + py(z2)by, for every n € [1,d+1]. (B.2)

Therefore, using (B.1]), we conclude that x§’7> = :z:g') for every n € [1,d + 1], which is a contradiction

since xgk) # ;vék). O

Proof. (Proof of Lemma From the definition of p, (), we immediately have that F(#,) = 04. For
the second part of the lemma, we proceed by contradiction. Let us assume that there exist H;p, Ho such
that F (1) N F(Hz) # 0. If Hy and H, belong to the same subregion, we are done due to Lemma [B.1]

Therefore, we can assume that H; and s are in different subregions. This implies that a hyperplane
separates them. Thus, there exists k € [1,d + 1] such that

x(lk) < b < x(Qk) or :z:gk) <b. < zgk), (B.3)

and that pg(z1) # pr(x2) for every 1 € Hy and x5 € Ho. Without loss of generality, we assume that
pe(z1) =1 and pg(ze) =0, (B.4)

that is, H1 C Rg, and due to the fact that the hyperrectangles do not intersect the hyperplanes, we have
that

er - x1 + b > 0. (B.5)
We continue the proof by dividing it into two cases.
e The case P(x1) = P(x): In such case, we have that p,(z1)z{" = p,(z2)2{" for all ) € [1,d+1]. Using
(B.4), we deduce that xgk) = 0. Thus, due to (B.3)), we have that b, # 0. Since F(z1) = F(z2) and we have
assumed that P(x) = P(x2), then G(z1) = G(x2). The last equality implies that p,(z1)b, = py(z2)by,
for all n € [1,d + 1], therefore, applying (B.4]), we conclude that by = 0, which is a contradiction.
e The case P(z1) # P(z2). When py, (xl)xgk) # pk(xg)x(?k), due to (B.4)), necessarily x(lk) # 0. As before,

using (B.4) and the fact that F(z1) = F(z2), we deduce that xgk) = —b*. Therefore, considering (B.5)),
we face a contradiction. O

Proof of the Lemma[5.9 Let us begin by observing that Corollary cannot be directly applied since
now we have an infinite number of data points. However, we can provide a similar estimation by carefully
analyzing the parameters used in the proof of Theorem According to Step 2.3 in the proof of
Theorem the map ¢© = ¢ o $?N2 drives the hyperrectangles defined in # into their respectively
labels. Therefore, to estimate the norm of ¢, we divide the proof into two parts.

Norm of ¢?Ve. To estimate the norm of ¢?V&, we make the following observations:
1) Due to the fact that the hyperplanes defined in (5.8) must belong to G%, we have

[Bylloc < Cylh+3/2) +ma(Q), for every n € [L,d+ 1],

where mq(C) is the Lebesgue measure of C and the C};’s are positive uniformly bounded constants. Thus,
160 < Ch + mgq(Q2). Moreover, by definition, ||[W1]. = 1.

2) With the parameters derived in Step 2 of the proof of Theorem the hyperrectangles are mapped
to a d + 1-dimensional space. Since |[W!| = 1, the hyperrectangles are mapped according to their
distance to the hyperplane, which is less than §/2. Furthermore, all hyperrectangles are no farther away
than C(h + §/2). Thus, the parameters b% introduced in Step 2 of the proof of Theorem satisfy
6%l < C(h+ 3/2). By definition, again, ||[W?||. = 1.
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Hi ) )
o(W2x +b?) h (Hz (]’{3
—
2 H? H?
|(H* 4 5
I %MG_J 52 {
2
He H2 H2

6/2{

F1cure 25. Illustration of the initial steps in the compression process. For a specific
2—dimensional example, we show how the parameters (W1, b') and (W?2,b?) affect the
hyperrectangles, reducing distances. The first figure shows hyperrectangles separated by
a ¢ distance. We choose hyperplanes with normal vectors (0,1), (0,—1), and (1,0) to
collapse the hypercube H*. This action maps the hyperrectangles into a 3 — d space.
Subsequently, using two hyperplanes with normal vectors (0,0, 1) and (1,—1,0), we map
the hyperrectangles onto a 2 —d space, where the distance between the hyperrectangles is
now 0/2 close to zero, and the farthest hyperrectangle is at most at distance C(h+4/2).

3) When projecting the hyperrectangles into the d-dimensional space, they remain no farther away than
C(h+46/2). Additionally, the hyperrectangles are contained within the interior of a ball By(C(h+ 46/2)),
centered at zero with radius C'(h + §/2) (see Figure [25).

4) Note that if we apply similar parameters, this time to compress H3, from Figure the distance
between hyperrectangles becomes /4. Generally, the distance between hyperrectangles in step j is
6/ (21721,

In the compression phase, we apply an iterative process where the parameters are selected based on
the same criteria. Therefore, we conclude that

] :{C(h+§/2)+md(C) if j =1,

, Wil =1, Vje€[l,2dN.].
C(h+4d/(2L9/2]y) otherwise, w7l il ]]

Consequently,
1)
162V @] < el + ma(C) + 248C (n+5). (B.6)

Norm of ¢*. We have shown that in the compression process, the data is driven into a ball By(C(h +
§/22NE)), where C is a constant depending on mg4(C). Moreover, the distance between the points does
not exceed §/(22V#). Therefore, the resulting N points from the compression process reside within that
ball. Note that the map ¢* = (q5§3 o ¢2L"’ o ¢f1 o ¢OL°) corresponds to the map constructed in Section
Thus, starting from the output of ¢>V=, we analyze each map gi){“‘

1) Precondition of the data: In this phase, by is chosen large enough such that o acts as the identity
function. Considering as an input data point the output of the map ¢?V#, then it is enough to take b
larger than C'(h + §/22V#). This implies:

[Wolloo =1, [lbollee < 2C(h+ 6/2°V).

2) Compression process: After data preconditioning, all the datasets have been projected to the real
line, and the distance between points does not exceed C (5 /22Ne ) We place the hyperplanes in the
“Compression process” depending on the data location. Therefore, we deduce that

o
Wil <1, 851 <€ (g2

), forall j € [1,...,2N +1].
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3) Data sorting: In this step, we place the hyperplanes depending on the data location. Then, we obtain
that

1)
Wyl <1, bl < C (

< JaNs > for all j € [2N +2,...,2N + 2M + 2].

4) Mapping to the respective label: In this step, we expand or contract the data to map them to their
respective labels. In Theorem the labels are defined by the different values {f/}; that the function
fn takes. Then, we deduce that

1652 | L (cimy) < max{max{f}"}, ma(C)}.
Then, analogous to (5.21)), we obtain that

< CA+ N flrrs)) < CA+ [ fllrry))-
Consequently, there exists a constant C' > 0 that only depends on || f|[z»(o;r,) and mg4(C), such that
6% || oo (csryy < C.

On the other hand, given L > 0 and a family of parameters WL = {WZ}L 1 and BL = {bz i, the
norm of ¢L = d)L (WL, BL7 -), the input-output map of -, can be bounded by

L-1 (L1
||¢ | Zoe (i) <esssup HWM;+Z H Wit | pi 4 bk (B.7)
j=1 i=1 \ j=i

oo
Consequently, using the fact that in the compression process and data sorting, we are using 2N, and
2Mp, + 1 layers, respectively, and the estimation of the parameters norms, we can apply (B.7) to deduce
that

6% e cimsy = [0 0 7V || < CeSSESéIPH(bQNE ()|l
xT

) é )
+2Nh0(22N >+(2Mh+1)0<22N )+ C< QNE)
Then, using we have

) 1) 1)
||¢£||LOO(C;R+) < 2Cmd(C) + 2dNgC (h + 2) + (2Nh + 2M;, + l)C (22N ) +2C ( NE) . (BS)

Denote by Il¢ the largest edge of C. Then, applying (5.28) in (B.8) there exists a positive constant C1,
independent of h and §, such that

2
h+46

c
197 e (ciryy < Ch (1 + 5(h )

+ 9275 + h> , (B.9)
where Cy = 2lc. Now, since e¥ > Zi;l) y*/k! using the change of variable y = log(2)C2/(h + §) we
deduce that

27 1 (R (Colog(2) (h+ )
1)l = (hto) (Z —

1 ( 1 %Cglog( ) (h+5)<d+1>k>

k=0

Tt o) \ (hto)dHt k!

_ (Cylog(2))4+!  u (Cylog(2))F(h + §)d+D=k
= (h+0) ((d+1)! ) & )

Therefore, for h < lc(};fl()z ) we have that

2_02 dp+1 !
h+46

(h+8)4 — (2lclog(2))dt! (h+4),
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Similarly, using the inequality e¥ > 1 4+ y and the change of variable y = log(2)Cs/(h + 6), we deduce

that for h < Ic log(2) we have that 97t < (Iclog(2))~(h + §). Consequently, from we obtain the
inequality

195 Loe e y) < C (L4 8(h+6) + h),
with C' > 0 a constant depending on d, mq(C), and || f||L»(o;r, ). This concludes the proof. O
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