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Abstract

The unprecedented success of deep learning (DL) makes it unchallenged when it comes to classification problems.
However, it is well established that the current DL methodology produces universally unstable neural networks
(NNBs). The instability problem has caused a substantial research effort — with a vast literature on so-called adver-
sarial attacks — yet there has been no solution to the problem. Our paper addresses why there has been no solution to
the problem, as we prove the following: any training procedure based on training rectified linear unit (ReLU) neural
networks for classification problems with a fixed architecture will yield neural networks that are either inaccurate or
unstable (if accurate) — despite the provable existence of both accurate and stable neural networks for the same classi-
fication problems. The key is that the stable and accurate neural networks must have variable dimensions depending
on the input, in particular, variable dimensions is a necessary condition for stability. Our result points towards the
paradox that accurate and stable neural networks exist; however, modern algorithms do not compute them. This
yields the question: if the existence of neural networks with desirable properties can be proven, can one also find
algorithms that compute them? There are cases in mathematics where provable existence implies computability,
but will this be the case for neural networks? The contrary is true, as we demonstrate how neural networks can
provably exist as approximate minimisers to standard optimisation problems with standard cost functions; however,
no randomised algorithm can compute them with probability better than 1/2.

1. Introduction

Neural networks (NNs) [29, 48, 67] and deep learning (DL) [52] have seen incredible success, in partic-
ular in classification problems [58]. However, neural networks become universally unstable (non-robust)
when trained to solve such problems in virtually any application [2—4, 10, 20-22, 36, 47, 49, 74], mak-
ing the non-robustness issue one of the fundamental problems in artificial intelligence (AI). The vast
literature on this issue — often referring to the instability phenomenon as vulnerability to adversarial
attacks — has not been able to solve the problem. Thus, we are left with the key question:

Why does deep learning yield universally unstable methods for classification?

In this paper, we provide mathematical answers to this question in connection with Smale’s 18th
problem on the limits of Al

The above problem has become particularly relevant as the instability phenomenon yields non-
human-like behaviour of Al with misclassifications by DL methods being caused by small perturbations
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that are so tiny that human sensor systems such as eyes and ears cannot detect the tiny change. The
non-robustness issue has thus caused serious concerns among scientists [2, 36, 47], in particular in
applications where trustworthiness of Al is a key feature. Moreover, the instability phenomenon has
become a grave matter for policy-makers for regulating Al in safety critical areas where trustworthiness
is a must, as suggested by the European Commission’s outline for a legal framework for Al:

‘In the light of the recent advances in artificial intelligence (Al), the serious negative conse-
quences of its use for EU citizens and organisations have led to multiple initiatives from the
European Commission to set up the principles of a trustworthy and secure Al. Among the iden-
tified requirements, the concepts of robustness and explainability of Al systems have emerged as
key elements for a future regulation of this technology’.

— Europ. Comm. JCR Tech. Rep. (January 2020) [42].

‘On Al trust is a must, not a nice to have. [...] The new Al regulation will make sure that
Europeans can trust what Al has to offer. [...] High-risk Al systems will be subject to strict
obligations before they can be put on the market: [requiring] High level of robustness, security
and accuracy’.

— Europ. Comm. outline for legal AI (April 2021) [27].

The concern is also shared on the American continent, especially regarding security and military
applications. Indeed, the US Department of Defence has spent millions of dollars through DARPA on
project calls to cure the instability problem. The strong regulatory emphasis on trustworthiness, stability
(robustness), security and accuracy leads to potential serious consequences given that modern Al tech-
niques are universally non-robust. Current state-of-the-art Al techniques may be illegal in certain key
sectors given their fundamental lack of robustness. The lack of a cure for the instability phenomenon in
modern Al suggests a methodological barrier applicable to current Al techniques and hence should be
viewed in connection with Smale’s 18th problem on the limits of Al

1.1. Main theorems — methodological barriers, Smale’s 18th problem and the limits of Al

Smale’s 18th problem, from the list of mathematical problems for the 21st century [71], echoes Turing’s
paper from 1950 [76] on the question of existence of Al Turing asks if a computer can think and suggests
the imitation game (Turing test) as a test for his question about Al. Smale takes the question even further
and asks in his 18th problem: what are the limits of AI? The question is followed by a discussion on
the problem that ends as follows. ‘Learning is a part of human intelligent activity. The corresponding
mathematics is suggested by the theory of repeated games, neural nets and genetic algorithms’.

Our contribution to the program on Smale’s 18th problem are the following limitations and method-
ological barriers on modern Al highlighted in (I) and (II). These results provide mathematical answers
to the question on why there has been no solution to the instability problem.

() Theorem 2.2: There are basic methodological barriers in state-of-the-art DL based on ReLLU NNs.
Indeed, any training procedure based on training ReLU NN for many simple classification prob-
lems with a fixed architecture will yield neural networks that are either inaccurate or unstable (if
accurate) — despite the provable existence of both accurate and stable neural networks for the same
classification problems. Moreover, variable dimensions on NN is necessary for stability for ReLU
NNs.

Theorem 2.2 points towards the paradox that accurate and stable neural networks exist; however,
modern algorithms do not compute them. This yields the question:

Ifthe existence of neural networks can be proven, can one also find algorithms that compute them?
In particular, there are cases in mathematics where provable existence implies computability, but
will this be the case for neural networks?
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We address this question even for provable existence of NNs in standard training scenarios.

(I) Theorem 3.5: There are NN that provably exist as approximate minimisers to standard optimisa-
tion problems with standard cost functions; however, no randomised algorithm can compute them
with probability better than 1/2.

A detailed account of the results and the consequences can be found in Sections 2 and 3.

1.2. Phase transitions and generalised hardness of approximation (GHA)

Theorem 3.5 can be understood within the framework of generalised hardness of approximation (GHA)
[2,6,7,9, 25,33, 37,45, 81], which describes a specific phase transition phenomenon. In many cases,
it is straightforward to compute an e-approximation to a solution of a computational problem for € >
€; > 0. However, when € < ¢, (the approximation threshold), a phase transition occurs, wherein it is
suddenly difficult, or even infeasible, to obtain an e-approximation. This difficulty could manifest as
non-computability or intractability (e.g., non-polynomial time complexity). GHA extends the concept
of hardness of approximation [5] from discrete computations to more general computational problems.

In particular, Theorem 3.5 establishes lower bounds on the approximation threshold ¢, > 0 for com-
puting NNss in classification tasks. This theorem builds upon the initial work on GHA introduced in [9]
for convex optimisation (see also Problem 5 (J. Lagarias) in [33]) and further developed in [25, 37] for
NNs in Al and inverse problems. The theory of GHA is part of the larger framework of the Solvability
Complexity Index (SCI) hierarchy [11-13, 23-26, 43, 44].

2. Main results I — trained NNs become unstable despite the existence of stable and accurate NNs

In this section, we will explain our contributions to understanding the instability phenomenon. We
consider the simplest DL problem of approximating a given classification function:

f:00, 117 — {0, 1}, (2.1)

by constructing a neural network from training data. Let NNy, with N:= (N, =1,N,_,...,N,,
N, = d) denote the set of all L-layer neural networks (with L > 2) under the ReLU non-linearity with N,
neurons in the ¢-th layer (see Section 5.1 for definitions and explanations of these concepts). We assume
that the cost function R is an element of

CF,={R:R" xR — R, U{oo} | R(v,w)=0iff v=w}. (2.2)

Remark 2.1 (Choice of cost functions). Note that the choice of class of cost functions defined in (2.2)
will be used in Theorem 2.2 is to demonstrate how one can achieve great generalisability properties of
the trained network. It is worth mentioning however that we show that expanding this class to include,
for example, regularised cost functions will not cure the instability phenomenon (see Section 2.1 (II) for
more detail).

As we will discuss the stability of neural networks, we introduce the idea of well-separated and stable
sets to exclude pathological examples whereby the training and validation sets have elements that are
arbitrarily close to each other in a way that could make the classification function jump subject to a
small perturbation. Specifically, given a classification function f:[0, 1]* — {0, 1}, we define the family
of well-separated and stable sets S, with separation at least 28 according to

Si={w's . clo 1 Imen,

min [ — /[l = 26, f(x' 4 ) =f (<)) for [yl < 6 satistying x’ +y € [0, 11'}.
xtsx]
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We also set 7 V s to be the maximum of » and s and r A s to be the minimum of r and s. Finally, we use
the notation B2 to refer to the open ball of radius € in the £ norm. With this notation established, we
are now ready to state our first main result.

Theorem 2.2 (Instability of trained NNs despite existence of a stable NN). There is an uncountable
collection C, of classification functions f as in (2.1) — with fixed d > 2 — and a constant C > 0 such
that the following holds. For every f € C,, any norm | - || and every € > 0, there is an uncountable
family C, of probability distributions on [0, 11¢ so that for any D € C,, any neural network dimensions
N=W,=1,N,_,...,N;,Ny=d) with L>2, any p € (0, 1), any positive integers q, r, s with

r4s>Cmax {p ¢ [N+ 1) (N + D] 2.3)

any training data T = {x', ..., x"} and validation dataV = {y', . . ., y*}, where the x’ and y' are drawn
independently at random from D, the following happens with probability exceeding 1 — p.

(i) (Success — great generalisability). We have T,V € S e((rvs)/p) where £(n) = (Cn)™, and, for every
R € CF,, there exists a ¢ such that

¢ € arg min R({(p(x’)}, " {f(xf)}l 1) 24
9eENNNL
and
o) =f(x) VxeT U. 2.5)

(ii) (Any successful NN in NNy — regardless of archltecture — becomes universally unstable). Yet,
for any ¢ € NN, (and thus, in particular, for ¢ ¢) and any monotonic g:R — R, there is a
subset T C T UV of the combined training and validation set of size = q, such that there exist
uncountably many universal adversarial perturbations n € R? so that for each x € T we have

lgop(x+m) —fx+mI=1/2, lnll<e, |supp(n)] <2. (2.6)

(iii) (Other stable and accurate NNs exist). However, there exists a stable and accurate neural network

Y that satisfies ¥ (x) =f(x) for all x € B*(T UV), when € <e((r Vv 5)/p).

We remark in passing that the training and validation data 7 and V in Theorem 2.2 are technically
not sets, but randomised multisets, as some of the samples x/ or y) may be repeated.

Remark 2.3 (The role of g in (ii) in Theorem 2.2). The purpose of the monotone function g:R — R
in (ii) in Theorem 2.2 is to make the theorem as general as possible. In particular, a popular way of
creating an approximation to f is to have a network combined with a thresholding function g. This
would potentially increase the approximation power compared to only having a neural network; however,
Theorem 2.2 shows that adding such a function does not cure the instability problem.

2.1. Interpreting Theorem 2.2

In this section, we discuss in detail the implications of Theorem 2.2 with regard to Smale’s 18th problem.
First, note that Theorem 2.2 demonstrates a methodological barrier applicable to current DL approaches.
This does not imply that the instability problem in classification cannot be resolved, but it does imply
that in order to overcome these instability issues one will have to change the methodology. Second,
Theorem 2.2 provides guidance on which methodologies will not solve the instability issues. In order
to make the exposition easy to read, we will now summarise in non-technical terms what Theorem 2.2
says.

(I) Performance comes at a cost — Accurate DL methods inevitably become unstable. Theorem 2.2
shows that there are basic classification functions and distributions where standard DL method-
ology yields trained NNs with great success in terms of generalisability and performance — note
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Figure 1 (Training with fixed architecture yields instability — variable dimensions on NNs is nec-
essary for stability for ReLu NNs). A visual interpretation of Theorem 2.2. A fixed dimension training
procedure can lead to excellent performance and yet be highly susceptible to adversarial attacks, even
if there exists a NN which has both great performance and excellent stability properties. However, such
a stable and accurate ReLu network must have variable dimensions depending on the input.

that the size of the validation set V' in Theorem 2.2 can become arbitrary large. However, (2.3)
demonstrates how greater success (better generalisability) implies more instabilities. Indeed, the
NN — regardless of architecture and training procedure — become either successful and unstable,
or unsuccessful.

(I) There is no remedy within the standard DL framework. Note that (ii) in Theorem 2.2 demon-
strates that there is no remedy within the standard DL framework to cure the instability issue
described in Theorem 2.2. The reason why is that standard DL methods will fix the architecture
(i.e., the class A/ of NNs that one minimises over) of the neural networks. Indeed, the misclassi-
fication in (2.6) happens for any neural network ¢A) € NNx,. This means that, for example, zero
loss training [66], or any attempt using adversarial training [39, 56] — that is, computing

giij\r} E..p max L(p(x+ 2),f(x)),

where N' C N Ay is any collection of NNs described by a specific architecture, i/ C R? and £ is
any real-valued cost function — will not solve the problem. In fact, (ii) in Theorem 2.2 immediately
implies that adversarial training will reduce the performance if it increases the stability.

(IIT) There are accurate and stable NNs, but DL methods do not find them. Note that (iii) in Theorem
2.2 demonstrates that there are stable and accurate NNs for many classification problems where
DL methods produce unstable NNs. Thus, the problem is not that stable and accurate NNs do not
exist; instead, the problem is that DL methods do not find them. The reason is that the dimen-
sions and architectures of the stable and accurate networks will change depending on the size and
properties of the data set.

(IV) Why instability? — Unstable correlating features are picked up by the trained NN. In addition to
the statement of Theorem 2.2, the proof techniques illustrate the root causes of the problem. The
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reason why one achieves the great success described by (i) in Theorem 2.2 is that the successful
NN picks up a feature in the training set that correlates well with the classification function but is
itself unstable. This phenomenon is empirically investigated in [50].

(V) No training model where the dimensions of the NNs are fixed can cure instability. Note that (ii)
in Theorem 2.2 describes the reason for the failure of the DL methodology to produce a sta-
ble and accurate NN. Indeed, as pointed out above, the dimensions of the stable and accurate NN
will necessary change with the amount of data in the training and validation set.

(VD) Adding more training data cannot cure the general instability problem. Note that (2.3) in
Theorem 2.2 shows that adding more training data will not help. In fact, it can make the problem
worse. Indeed, (2.3) allows s — the number of elements in the test set — to be set so that s =1,
and r — the number of training data — can be arbitrary large. Hence, if r becomes large and s is
small, then the trained NN — if successful — will (because of (ii)) start getting instabilities on the
training data. In particular, the network has seen the data, but will misclassify elements arbitrary
close to seen data.

(VII) Comparison with the No-Free-Lunch Theorem. The celebrated No-Free-Lunch Theorem has
many forms. However, the classical impossibility result we refer to (Theorem 5.1 in [70]) states
that for any learning algorithm for classification problems there exists a classification function f
and a distribution D that makes the algorithm fail. Our Theorem 2.2 is very different in the way
that it is about instability. Moreover, it is an impossibility result specific for DL. Thus, the state-
ments are much stronger. Indeed — in contrast to the single classification function f and distribution
D making a fixed algorithm fail in the No-Free-Lunch Theorem — Theorem 2.2 shows the exis-
tence of uncountably many classification functions f and distributions D such that for any fixed
architecture DL will either yield unstable and successful NNs or unsuccessful NNs. This hap-
pens despite the existence of stable and accurate NNs for exactly the same problem. Moreover,
Theorem 2.2 shows how NNs can generalise well given relatively few training data compared to
the test data, but at the cost of non-robustness (note that this is in contrast to the No-Free-Lunch
theorem wherein few training samples leads to a lack of generalisation). See also [40] for other
‘No-Free-Lunch’ theorems.

3. Main results IT — NNs may provably exist, but no algorithm can compute them

The much celebrated Universal Approximation Theorem is widely used as an explanation for the wide
success of NNs in the sciences and in Al, as it guarantees the existence of neural networks that can
approximate arbitrary continuous functions. In essence, any task that can be handled by a continuous
function can also be handled by a neural network.

Theorem 3.1 (Universal Approximation Theorem [67]). Suppose that o € C(R), where C(R) denotes
the set of continuous functions on R. Then the set of neural networks with non-linearity o is dense in
C(RY) in the topology of uniform convergence on compact sets, if and only if o is not a polynomial.

Theorem 2.2 illustrates basic methodological barriers in DL and suggests the following fundamental
question:

If we can prove that a stable and well generalisable neural network exists, why do algorithms fail
to compute them?

This question is not only relevant because of Theorem 2.2 but also the Universal Approximation
Theorem that demonstrates — in theory — that there are very few limitations on what NNs can do. Yet,
there is clearly a barrier that the desirable NNs that one can prove exist — as shown in Theorem 2.2
and in many cases follow from the Universal Approximation Theorem — are not captured by standard
algorithms.
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3.1. The weakness of the Universal Approximation Theorem — When will existence imply
computability?

The connection between the provable existence of a mathematical object and its computability (that
there is an algorithm that can compute it) touches on the foundations of mathematics [72]. Indeed, there
are cases in mathematics — with the ZFC' axioms — where the fact that one can prove mathematically a
statement about the existence of the object will imply that one can find an algorithm that will compute
the object when it exists. Consider the following example:

Example 3.2 (When provable existence implies computability). Consider the following basic com-
putational problem concerning Diophantine equations:

Let ® be a collection of polynomials in Z[x,, x,, . . ., x,] with integer coefficients, where n € N
can be arbitrary. Given a polynomial p € ©, does there exist an integer vector a € 7" such that
p(a) =0, and if so, compute such an a.

Note that in this case we have that ‘being able to prove = being able to compute’ as the following
implication holds for the ZFC model [68]:

For any polynomial p € ©, one can prove — given the ZFC axioms — that there exists
an integer vector a € Z™ such that p(a) = 0, or a negation of this statement.

ﬂ 3.1)

There exists an algorithm T taking any polynomial p € © such that I'(p) = ‘no” if
there is no a € Z™ such that p(a) = 0, otherwise I'(p) = a where a € Z" such that

p(a) =0.

The above implication is true, subject to ZFC being consistent and that theorems in ZFC about integers
are true [68]. In particular, being able to prove existence or not of integer-valued zeroes of polynomials
in © implies the existence of an algorithm that can compute integer-valued zeroes of polynomials in ®
and determine if no integer-valued zero exists.

There is a substantial weakness with the Universal Approximation Theorem and the vast literature on
approximation properties of NN, in that they provide little insight into how NNs should be computed,
or indeed if they can be computed. As Example 3.2 suggests, there are cases where provable existence
implies computability. Hence, we are left with the following basic problem:

If neural networks can be proven to exist, will there exist algorithms that can compute them? If
this is not the case in general, what about neural networks that can be proven to be approximate
minimisers of basic cost functions?

As we see in the next sections, the answer to the above question is rather delicate.

Remark 3.3. Although the Universal Approximation Theorem does not directly apply to non-constant
classification functions in the class (2.1), if we consider a classification function restricted to a finite
set (e.g., training and validation sets), it will have a continuous extension and hence the Universal
Approximation Theorem will apply. Furthermore, recent results discuss existence theorems in the
general setting of (2.1) [53].

1Zermelo-Fraenkel axiomatic system with the axiom of choice, which is the standard axiomatic system for modern mathematics.
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3.2. Inexactness and floating point arithmetic

The standard model for computation in most modern software is floating point arithmetic. This means
that even a rational number like 1/3 will be approximated by a base-2 approximation. Moreover, the
floating point operations yield errors, that — in certain cases — can be analysed through backward error
analysis, which typically show how the computed solution in floating point arithmetic is equivalent to
a correct computation with an approximated input. Hence, in order to provide a realistic analysis, we
use the model of computation with inexact input as emphasised by S. Smale in his list of mathematical
problems for the 21st century:

‘But real number computations and algorithms which work only in exact arithmetic can offer only
limited understanding. Models which process approximate inputs and which permit round-off
computations are called for’.

— S. Smale (from the list of mathematical problems for the 21st century [71])

To model this situation, we shall assume that an algorithm designed to compute a neural network is
allowed to see the training set to an arbitrary accuracy decided at runtime. More precisely, for a given
training set 7 = {x', x?, . . ., x"}, we assume that the algorithm (a Turing [75] or Blum-Shub-Smale (BSS)
[18] machine) is equipped with an oracle & that can acquire the true input to any accuracy €. Specifically,

the algorithm cannot access the vectors x', x%, . . ., x” but rather, for any k € N, it can call the oracle & to
obtain x'*, x>*, ..., x"** such that
l£* — x| <275, fori=1,2,...,rand Vk €N, (3.2)

see Section 5.4.4 for details.

Another key assumption when discussing the success of the algorithm is that it must be ‘oracle agnos-
tic’, that is, it must work with any choice of the oracle & satisfying (3.2). In the Turing model, the Turing
machine accesses the oracle via an oracle tape and in the BSS model the BSS machine accesses the ora-
cle through an oracle node. This extended computational model of having inexact input is standard and
can be found in many areas of the mathematical literature — we mention only a small subset here: Bishop
[17], Cucker & Smale [28], Fefferman & Klartag [34, 35], Ko [51] and Lovész [54].

3.3. Being able to prove existence may imply being able to compute — but not in DL

We now examine the difference between being able to prove the existence of a neural network and the
ability to compute it, even in the case when the neural network is an approximate minimiser. Recall the
typical training scenario of neural networks in (2.4) where one tries to find
¢ € arg min R ({p()}_,, (F()Y_,) ,
WENNN,L

where f is the decision function, R is the cost function and T = {x’/ }i_i is the training set. However,
one will typically not reach the actual minimiser, but rather an approximation. Hence, we define the
approximate argmin.

Definition 3.4 (The approximate argmin). Given an € > 0, an arbitrary set X, a totally ordered set Y
and a function g: X — Y, the approximate argmin, over some subset S C X is defined by
argmin, g(x) = {x€S|glx) <g(y)+€ VyeX]} 3.3)

xeSs
To accompany the idea of the approximate argmin, we will also consider cost functions that are
bounded with respect to the £ norm:

CF4 ={ReCF, : Rr,w)<e => [|v—wll <é}. (3.4)

The computational problem we now consider is to compute a neural network that is an approximate
minimiser and evaluate it on the training set (this is the simplest task that we should be able to compute):
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d(x), ¢ eargmin, R ({9}, fGDY,), €>0, j=1,....n (3.5)
QeNNNL
Hence, an algorithm I trying to compute (3.5) takes the training set 7 as an input (or to be precise, it
calls oracles providing approximations to the x’s to any precision, see seeSection 5.4.4 for details) and
outputs a vector in R”. Hopefully, |T(7T) — {¢(x/ )} |l is sufficiently small.
The next theorem shows that even if one can prove the existence of neural networks that are approxi-
mate minimisers to optimisation problems with standard cost functions, one may not be able to compute
them.

Theorem 3.5 (NNs may provably exist, but no algorithm can compute them). There is an uncount-
able collection C, of classification functions f as in (2.1) — with fixed d > 2 — such that the following
holds. For

(1) any neural network dimensions N= (N, =1,N;_,,...,N;,Ny=d) with L > 2,
(2) anyr=3N,+1)---(Npoy + 1),

(3) any € >0, € € (0, 1/2) and cost function R € CF<¥,

(4) any randomised algorithm T,

(5) anyp€[0,1/2),

there is an uncountable collection C, of training sets T = {x',x*,...,x'} € S{,(r) such that for each
T € C, there exists a neural network ¢, where

¢ € argmin R ({p()}_;, (fF(&)Y_,) .
PeNNNL

however, the algorithm T applied to the input T will fail to compute any such ¢ in the following way:

B(IT(T) = {6 1l = 1/4 = 3¢/4) > p,

where ¥ =1, 2 or o0.

3.4. A missing theory in AI — Which NNs can be computed?

If provable existence results about NNs were to imply that they could be computed by algorithms, the
research effort to secure stable and accurate Al would — in most cases — be about finding the right algo-
rithms that we know exist, due to the many neural network existence results [29, 67]. In particular, the
key limitation for providing stable and accurate Al via DL — at least in theory — would be the capability
of the research community. However, as Theorem 3.5 reveals, the simplest existence results of NN as
approximate minimisers do not imply that they can be computed. Therefore, the research effort moving
forward must be about which NNs that can be computed by algorithms and how. Indeed, the limitations
of DL as an instrument in Al will be determined by the limitations of existence of algorithms and their
efficiency for computing NNs.

Remark 3.6 (Theorem 3.5 is independent of the exact computational model). Note that the result
above is independent of whether the underlying computational device is a BSS machine or a Turing
machine. To achieve this, we work with a definition of an algorithm termed a general algorithm. The
corresponding definitions as well as a formal statement of Theorem 3.5 are detailed inSection 5.4 and
Proposition 5.26, respectively.

Remark 3.7 (Irrelevance of local minima). Note that Theorem 3.5 has nothing to do with the potential
issue of the optimisation problem having several local minima. Indeed, the general algorithms used in
Theorem 3.5 are more powerful than any Turing machine or BSS machine as will be discussed further
in Remark 5.13.
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Remark 3.8 (Hilbert’s 10th problem). Finally, we mention in passing that Theorem 3.5 demonstrates —
in contrast to Hilbert’s 10th problem [57] — that non-computability results in DL do not prevent provable
existence results. Indeed, because of the implication in (3.1) and the non-computability of Hilbert’s 10th
problem [57, 68] (when ® is the collection of all polynomials with integer coefficients in Example 3.2),
there are infinitely many Diophantine equations for which one cannot prove existence of an integer
solution — or a negation of the statement.

4. Connection to previous work

The literature documenting the instability phenomenon in DL is so vast that we can only cite a tiny
subset here [2—4, 20, 31, 32, 36, 39, 47, 49, 61, 62, 69, 74, 77], see the references in the survey paper [3]
for a more comprehensive collection. Below we will highlight some of the most important connections
to our work:

(1) Universality of instabilities in AI. A key feature of Theorem 2.2 is that it demonstrates how the
perturbations are universal, meaning that one adversarial perturbation works for all the cases where
the instability occurs — as opposed to a specific input-dependent adversarial perturbation. The
DeepFool program [32, 61, 62] — created by S. Moosavi-Dezfooli, A. Fawzi, O. Fawzi and P.
Frossard — was the first to establish empirically that adversarial perturbations can be made univer-
sal, and this phenomenon is also universal across different methods and architectures. For recent
and related developments, see D. Higham and I. Tyukin et al. [77, 78] which describe instabilities
generated by perturbations to the structure of a neural network, [8, 73] wherein instability to ran-
domised perturbations are considered, as well as the results by L. Bungert and G. Trillos et al. [19],
and S. Wang, N. Si, and J. Blanchet [79].

(ii) Approximation theory and numerical analysis. There is a vast literature proving existence results
of ReLU networks for DL, investigating their approximation power, where the recent work of R.
DeVore, B. Hanin and G. Petrova [29] also provides a comprehensive account of the contemporary
developments. The huge approximation literature on existence results and approximation properties
of NNs prior to the year 2000 is well summarised by A. Pinkus in [67]. Our results suggest a
program combining recent approximation theory [29, 41] results with foundations of mathematics
and numerical analysis to characterise the NNs that can be computed by algorithms. This aligns
with the work of B. Adcock and N. Dexter [1] that demonstrates the gap between what algorithms
compute and the theoretical existence of NN in function approximation with deep NNs. Note that
results on existence of algorithms in learning — with performance and stability guarantees — do
exist (see the work of P. Niyogi, S. Smale and S. Weinberger [63]), but so far not in DL.

(iii) Mathematical explanation of instability and impossibility results. Our paper is very much related
to the work of H. Owhadi, C. Scovel and T. Sullivan [64, 65] who ‘observe that learning and
robustness are antagonistic properties’. The recent work of I. Tyukin, D. Higham and A. Gorban
[77] and A. Shafahi, R. Huang, C. Studer, S. Feizi and T. Goldstein [69] demonstrate how the
instability phenomenon increases with dimension showing universal lower bound on stability as
a function of the dimension of the domain of the classification function. Note, however, that the
results in this paper are independent of dimensions. The work of A. Fawzi, H. Fawzi and O. Fawzi
[31] is also related; however, their results are about adversarial perturbations for any function,
which is somewhat different from the problem that DL is unstable to perturbations that humans
do not perceive. In particular, our results focus on how DL becomes unstable despite the fact that
there is another device (in our case another NN) or a human that can be both accurate and stable.

(iv) Prooftechniques— The SCI hierarchy. Initiated in [43], the mathematics behind the SCI hierarchy
provides a variety of techniques to show lower bounds and impossibility results for algorithms — in
a variety of mathematical fields — that provide the foundations for the proof techniques in this paper,
see the works by V. Antun, J. Ben-Artzi, M. Colbrook, A. C. Hansen, M. Marletta, O. Nevanlinna,
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F. Rosler and M. Seidel. [11-13, 25, 43]. This is strongly related to the work of S. Weinberger [80]
on the existence of algorithms for computational problems in topology. The authors of this paper
have also extended the SCI framework [9] in connection with the extended Smale’s 9th problem.

(v) Robust optimisation. Robust optimisation [14—16], pioneered by A. Ben-Tal, L. El Ghaoui and
A. Nemirovski, is an essential part of optimisation theory addressing sensitivity to perturbations
and inexact data in optimisation problems. There are crucial links to our results — indeed, a key
issue is that the instability phenomenon in DL leads to non-robust optimisation problems. In fact,
there is a fundamental relationship between Theorem 2.2, Theorem 3.5 and robust optimisation.
Theorem 3.5 yields impossibility results in optimisation, where non-robustness is a key element.
The big question is whether stable and accurate NNs — with variable dimensions — that exist as a
result of Theorem 2.2 can be shown to be approximate minimisers of robust optimisation problems.
This leads to the final question, would such problems be computable and have efficient algorithms?
The results in this paper can be viewed as an instance of where robust optimisation meets the SCI
hierarchy. This was also the case in the recent results on the extended Smale’s 9th problem [9].

5. Proofs of the main results
5.1. Some well-known definitions and ideas from DL

In this section, we outline some basic well-known definitions and explain the notation that will be useful
for this paper. Many of these definitions can be found in [38]. For a vector x € R™, we denote x; by the
ith coordinate. Similarly, for a matrix A € RM>*"2 for some dimensions N, € Nand N, € N, we denote A;;
by the entry of A contained on the ith row and the jth column.

Recall that for natural numbers n;, n,, an affine map W:R" — R™ is a map such that there exists
A e R and b € R™ so that for all x € R", Wx=Ax+ b. Let L, d be natural numbers and let N :=
(N,=1,N,_,,...,Ni,Np) be a vector in N*! with Ny = d. An neural network with dimensions (N, L)
is a map ¢ : RY — R such that

¢=W-oW-''oW-2 . . oW

where, for[=1,2, ..., L, the map W' is an affine map from R~ — RM that is, W'x' = A'x' + b' where
b' € R™ and A’ € R¥*M-1, The map o : R — R is interpreted as a coordinate-wise map and is called the
non-linearity or activation function: typically, o is chosen to be continuous and non-polynomial [67].

In this paper, we focus on the well-known ReLU non-linearity, which we denote by p. More specifi-
cally, for x € R, we define p(x) by p(x) =0 if x < 0 and p(x) = x if x > 0. We denote all neural networks
with dimensions (N, L) and the ReLU non-linearity by N'A'y ;. This will be the central object for our
arguments.

Remark 5.1. Although we focus on the ReLLU non-linearity, it is possible to use the techniques presented
in this paper to prove similar results for other non-linearities like the leaky ReLU [55] p'* and the
parameterised ReLU [46] o2 " where

Ioleaky ( X) —

001-x ifx<O ax ifx<0
s lgx)amm(x):
ifx>0 X ifx>0

In this paper, the most common norms we use are the £ norms: for a vector x € R for some nat-
ural number d and some p € [1, o0), the £” norm of x (which we denote by ||x||,) is given by ||x]|, =
( Zj.i:l |x;|P)"/P. We also define the £*° norm of x (which we denote by || x||s0) by [|x]le := max._i4. 4 |X:].

It is easy to see the following inequality: ||x||. < ||x]l» < |lx|l;. We will denote the ball of radius € about
x in the infinity norm by B(x), that is, B*(x) = {y € R | ||y — x|l < €}. For a set S, we denote B>(S)
by U,es BX(x).

The cost function of a neural network is used in the training procedure: typically, one attempts to
compute solutions to (2.4) where the function R is known as the cost function. In optimisation theory,
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the cost function is sometimes known as the objective function and sometimes the loss function. Some
standard choices for R include the following:

(1) Cross-entropy cost function, where R is defined by

RV W) = == > (W log () + (1 — w)) log (1 — )

j=1

The cross-entropy function is only defined if v/ € [0, 1]: it is easy to extend this definition to
RV}, (W)_,) := oo when V' ¢ [0, 1] for some j.

(2) Mean square error, where R is defined by
. : 1 . .
RO W)) i= I — )3
(3) Root mean square error, where R is defined by

. . 1 . .
RO ) = —IHwhis =

j=1° j=1

(4) Mean absolute error, where

. . 1 . .
R i) = — Il = 4L

Note that each of these functions are in CF, where C.F, is defined in (2.2).

5.2. Lemmas and definitions common to the proofs of both Theorems 2.2 and 3.5

For both theorems, the proof relies on the points x*° € R™, defined for k € N, § > 0, ¥ € [1/4,3/4] and
ae[1/2,1] as follows:

G.D

s (atk+1—-x)1,0,...,0), if k is odd
X = .
(atk+1—x)"1,6,0,0,...,0), ifkiseven

Both theorems also rely on some classification functions f, for a € [1/2, 1], defined as follows: we set
f i RM — 10, 1}

(5.2)

£ = 1 if [a/x,] is an odd integer
10 otherwise (including x = 0)

In particular, note that for any § > 0, f,(x**) =1 if k is even and f,(x**) = 0 if k is odd. The following
three lemmas will be useful in both proofs. The first of these lemmas shows that finite collections of x*
are well separated. Precisely, we will prove the following:

Lemma 5.2. Let ac[1/2,1], k € [1/4,3/4] and § > 0, and consider the points x*° as given in (5.1)
and f, given as in (5.2). Then, for every K € N, we have {x'?, ... x*%} € Sf}(,{), where €' (n) := [(4n +
Hdn+ 4]

The purpose of the next lemma is to show that if § > 0, there is a neural network that matches f, on
the x**:

Lemma 5.3. Let d be a natural number with d >2, let ae[1/2,1], k € [1/4,3/4] and & > 0, and
consider the points x*° as given in (5.1) and f, given as in (5.2). Fix neural networks dimensions
N=W,=1,N,_,...,N,,Ny=d) with L>2. Then there exists a neural network § € NNy, with
@) =f,(x*) for all k e N.
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Finally, the next lemma will be used to give examples of sets of vectors VV and functions f for which
neural networks with fixed dimensions cannot exactly match f on WW. More precisely, we shall show the
following:

Lemma 54. Letd,t,m,L,N\,N,,...,N; each be natural numbers and let VV be a set of vectors with
W= {w,w ...,w}CR" Suppose that each of the following apply

(1) t=3m- (N, + DN+ 1) -+ - (N + D).
(2) wi>wi>wi>--->wiandwl =w;=---=wi=0forj=2,...,d
(3) f:RY— {0, 1} is such that f(W)) £ fw*) fori=1,2,...,t— 1.

Then for any neural network ¢ € NN, and any monotonic function g:R — R, there exists a set
U CW such that lU| > m and |g(e(w)) —fw)| > 1/2 forall w e U.

The remainder of this subsection will be concerned with proving Lemmas 5.2-5.4.

5.2.1. Proof of Lemma 5.2

Proof of Lemma 5.2. We must verify that min,;_jx || — x|, > 2¢'(K) and that for k <K and
vectors y € R™ with ||y, < &'(r) we have f,(x** + y) = f,(x*9).
For the first part, note that for distinct i, j with i, j < K we have

__ a B la(i — i) . 1
i+1—k j+l—x«| (+1-)G+1—k) " 2K+1—)K—k)

[ — x|, > (5.3)
since al|j—i|>a>1/2 and the condition that i,j <K with at least one bounded by K — 1
impliesthat G+ 1 — k) 'G+1—k)"'> (K +1—k)"'"(K —«)"". Since k > 1/4, we get ||x*0 — ¥, >
[2(K +1—1/4)K — 1/4)] ' = 2¢'(K).

Next, we let k < K and y € R™ be such that ||y|| < &'(K). We will establish that £,(x* + y) = f,(x*?).
Since k < K and k € [1/4,3/4], we have

a(l — k) 1 —1 —ak
> zZ = = .
k+1—K)k (AK+3)(2K+2) AK+3)2K+2) — (k+1—x)k+1)

We claim that this implies a(x’ 4 y,)~" € (k, k + 1]. For the upper bound, note that

Vi —K 1 1 1 X

—_ > = — - .
a (k+1—-k)k+1) k+1 k+1—x k+1 a

Similarly, for the lower bound, we have

Vi 1—« = k+1—/<_ k :l_ﬁ
k+1—« k+1—«

< =
a kk+1—k)

k a

Therefore, [a/(x}* +y,)] =k + 1. Thus, for all ||y||, < &'(K), we have f,(x** 4 y) =£,(x**) = 1 for even
k and £,(x** + y) = £,(x*?) = 0 for odd k, therefore establishing{x'?, ..., x**} € Sf,‘(,(). O

5.2.2. Proof of Lemma 5.3
Proof of Lemma 5.3. We set

G=WoWE " pWi2 . pW!
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where W'x=A‘x+b" and A® € R¥>*V1, b* € R™ are defined as follows: let A}, =0, A], =6"" and
A}; =0 otherwise, and, for £ > 1, A}, = 1 and Aj; = 0 otherwise, and b* = 0 for every £. Clearly

e, €RM if kis even

Wlxk,5 —
0cRY  ifkisodd

and it is therefore easy to see that ¢(x**) = 1 if k is even and @(x**) = 0 if k is odd. By the definition of
x4, we have £,(x**) =1 if k is even and £,(x**) = 0 if k is odd, and therefore @(x**) = f,(x*?) for all k.
O

5.2.3. Proof of Lemma 5.4

To prove Lemma 5.4, we will state and prove the following:

Lemma 5.5. Fixm,neN, A e RV BeR™" and z € RY. Suppose that

R={a’ o’ o™, ... o} c R

is a set such that |R|> N + 1, the sequence {(xk}“r ' is strictly decreasing and a =0 for j>1
and all k. Then there exist a matrix C € R™™, q vector veR" and a set S CR of the form S =
{of, a*tY, L, oYY such that |S| > |R|/(N + 1) and Bp(Aa +7) = Ca + v, forall a € S.

Proof of Lemma 5.5. Write B= (b k)’_'l”kk A= (ajyk);jlv,;f:fv °. We claim that the set Q defined by
Q= {(Sgn(al,lul +wi), sgn(ag iy +wy), . . ., sgnlay, u; + WN)) | u€R}.

contains at most N + 1 (unique) elements, that is, | Q| < N + 1, where we define sgn(x) = 1 for x > 0 and

sgn(x) = —1 for x < 0. To see this, note that if we allow the value of 8 to vary over R, then each of the
linesy=a+z1,y=a18+ 2, ..., y=ayB + zy intersect the line y =0 at most once. Between
each of these intersections, the vector (sgn(a; ;8 + z), sgn(a, B + z2), . . ., sgn(ay1 B + zy)) is constant.

As there are at most N such intersections, we note that if

Q= {(Sgn(al,lﬁ +wi), sgn(a B +wa), ..., sgn(ay, p + WN)) | B €R}.

then |Q'| <N + 1 follows because partitioning a line by at most N intersections gives at most N + 1
regions between the intersections. As Q C @/, the proof that |Q| <N + 1 is complete.

We can now define S. By the pigeonhole principle and the fact that |Q| < N + 1, there exists a subset
of R with cardinality at least |R|/(N + 1) such that the vector

sgn(a., o +2)= (Sgn(al,lal +21), sgn(az ) + 22), - . ., sgnlay o + ZN))

is constant over « in this subset. Let S be a subset of R of maximal cardinality satisfying this constant
sign condition. Then clearly |S| > |R|/(N + 1). To see that S = {&*, &*"", ..., &'}, for some s and z,
suppose by way of contradiction that no such s and ¢ exist. Then there are j, and k, such thatj, + 1 <k,
o, af €8S and o't ¢ S. But then, as S is assumed to be of maximal cardinality, there must be an £
for which sgn(a,, lo/ + z;) = sgn(ay, 1011 + 1) # sgn(ay, lot”+ + z1). However, since {otl ., is a strictly
decreasing sequence by assumption, we see that if @,; > 0 then a“ot’ +z, > az,lozl "z, > a/@lo{f' +z
and similarly if a,; <O then agiylo:{‘ +z < ag,loz’l"+1 +z < ae,laf‘ + z; which is a contradiction. This

establishes that S = {o*, o**!, ..., o**""!}, for some s and t.

We now show how to construct C and v. Recall that, foralla € S, o, =03 = - - - = a, =0, and so the
i-th row of Bp(A«x + 7) is given by ZN bi;jp(a; 04 + z7). Since sgn(a; o + z;) is constant over o € S,
we must have that for each j either p(a;,0; +z;) =0 or p(a;,0; +w;) = a;,01 + z;, for all @ € S. In the

former case, we define d;; =0 and y;; =0 and in the latter case we deﬁne d;j=b;a;, and y;; = b;;z;.
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Therefore, by construction, the i-th row of Bp(A«x + z) is given by ZN=1 (d,- o+ J) Thus, defining the
i=mj=N

matrix C = (c;;);—; ., = and the vector v € R" according to

N N
Ciy = Z dig, ¢;=0, forj>1, and V= Z Vik
k=1

k=1

immediately yields that the i-th row of Bp(Aa + z) satisfies Y, (disoty + i) = >, cixti + V. Asii
and @ € S were arbitrary, this implies that Bp(Ax + z) = Ca + v for all o € S, thereby concluding the
proof of the lemma. O

With Lemma 5.5, we can now prove Lemma 5.4.
Proof of Lemma 5.4. We begin by proving the following claim:
Claim: There exists a set
S={w,wt w o owT cw wh L w')

for some s € N and n € N, a matrix M € R">™ and a z € R such that, for all w € S, we have p(w) =
Mw + z and so that |S| > 3m.

To see the validity of this claim, we proceed inductively by showing that there are sets S, C

{w',w?, ..., w'}, matrices M* € RN*M and vectors z* € R™ for £ =1, ..., L such that
@) S| =3m-(Ne+1)--- (N + 1),
(ii) S, = {w', wstt ..., wete} for some s,, n, € N.

(iii) @(w) = WEpWE oWt W p(M*w + z°) whenever w € S,, where the W' are affine maps and
p is applied coordinatewise.

The induction base is obvious by taking S, = W, M' = W' and z' = b'. The induction step will follow
with the help of Lemma 5.5. Indeed, assuming the existence of S;, M* and z* for some ¢ < L, we apply
Lemma 5.5 with B=A*"'", A = M*, R= 8, and w = 7* to obtain some set S, ,, a matrix M**! and a vector
Vi for which A p(M*w + z9) = M 'w +v**! for w € Sy, and thus W p(Mfw + 2°) = M 'w +
21+, where we set z7! = v 4 b1 With the completed induction in hand, the proof of the claim
follows by setting S =S;, s =5, n =n,, M = M* and z = 7-.

Using the claim, we can now complete the proof of Lemma 5.4. Indeed, define the disjoint sets S~,
S+ as follows:

S ={weS|glpw)=1/2}, S ={weS|glpw) <1/2}

For any we S, we have ¢(w)=Mw + z. Furthermore, any such w has w,=w;=---=wy=0.
Therefore, (w) =M, ,w, + z. In particular, g o ¢ restricted to S is monotonic in the first coordinate
of vectors in S. This implies that

S> — {Wkl, Wk]+l, Wk1+2, e Wkl+’1—l}’ S< — {sz’ sz-%—l, Wk2+2, . Wk2+12—1}

for some k; and k, and ¢, t, with #; + t, = |S| > 3m. Furthermore, by 3 and the fact that the range of f
is the set {0, 1}, we must have f(w) = 1 for all even i and f(w') = 0 for all odd i or f(w') = O for all even
i and f(w') = 1 for all odd i. We will consider these two cases separately

Case 1: f(w') = 1 for all even i and f(w') = 0 for all odd i. We define the sets
SEE =W |w eS8, ieven}, S =W |w eS8, iodd}

For w € §%=, we have f(w) = 1 and g(¢(w)) < 1/2, whence we obtain |g(¢(w)) — f(w)| > 1/2. Similarly,
for w € 89> we have f(w) =0 and g(¢(w)) > 1/2 and we thus obtain |g(p(w)) —f(w)| > 1/2. We set
U = S§5> U 82= and conclude that for any w € U we have |[f(w) — g(p(w))| > 1/2.
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The claim about the cardinality of I/ follows by noting that |S®<| > [(r, — 1)/2] and that |S%>| >
[(t, — 1)/2]. Therefore, (using the disjointedness of S&> and %)

U =185+ 1877 = [(1; — 1)/2]1 + [(, — 1)/2]
>t —1+6—-1D/21=[t+1)/21-1>[3m/21—1>m  (5.4)
Case 2: f(w') = 0 for all even i and f(w') =1 for all odd i. The proof here is similar to that of Case 1.
This time however, we define the sets
S™ ={w|w eS8, ieven}, S’“={Ww|w eS8, iodd}

An analogous argument to the above allows us to conclude that |g(¢(w)) —f(w)| > 1/2 for all w e U,
where this time U = S%> U §%=. The argument that |U/| > m is identical to (5.4) except we replace
references to S®= with S&> and references to S%> with S=. O

5.3. Proof of Theorem 2.2

We require two further lemmas specific to the proof of Theorem 2.2. These are stated as Lemmas 5.6
and 5.7.
Lemma 5.6. For y €(1,2), define the probability distribution P ={p;}2, on N by py_1 =py=

1C.(»)i7, forj €N, where C.(y) = (Z;Lj‘VY1 is a normalising factor.
Fix 60 e N and let X, X,,. .., Xy be i.i.d. random variables in N distributed according to P. Next,

consider the random set whose elements are the values of X, , X, ..., X, and enumerate it as S =
{Z,,2,,...,Zy}withZ, <Z, < --- < Zy (note that N, the number of distinct elements of S, is an integer-
valued random variable such that N < 0). Then, setting ¢, = (1 — e~} /2 and ¢, = C,(y)/(y — 1), we
have

(i) P(N>¢,07) > 1—c20-CD,
(i) P(max S <n)>1—c,0[n/2]'”, foralln €N, and
(iit) P (ZN: X(Z41 -2 oy <1/5 ‘ N= n) <e™'® for all integers n such that 10 <n < 0.

J

Proof. Throughout this proof, we will use the convention that for a random variable Y : Q — £ the
notation {¥Y = u} for u € 2 means the set {t € Q| Y(t) = u}.

For item (i), define the random variable M, to be the number of different unique values taken by
the random variables [X,/27 ,..., [X,/2] and note that P (N < 8) <P(M, < B), for B € R. Now, as the
random variables [X;/2],j=1,...,r, are i.i.d. and distributed according to the zeta distribution with
parameter y, it follows from [82, Lemmas 4, 3] that E[M,] > (1 — e %®)9'¥ and o2 := Var[M,] <
E[M,] <0, and hence Chebyshev’s inequality yields

— e G — e G

l—e G -2 40-@/v=D
a'v

1 — e—C;(V)
<P(IM; —E[M,)| > ——0"" .0 | < <
20 20

T (1 — e Gy’

which implies item (i).

The proof of item (ii) is simple. Note that {max S <n} = ﬂ;:l {X; <n} and, for each j,

n Ul/zJ o0
C
P <m=Y p=Y COo)7'=1-Ck) | t7di=1- —f(yl) lnj2)'~",
o o ln/2) Y =
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and hence, as the X; are independent,
P(maXSSn):P()(JSn)HZ< C(V)L/ZJI y> >1 C(y)el_ /2J1 y
Y — Y —

where the last inequality follows by Bernoulli’s inequality.

Item (iii) is somewhat more involved. We start by outlining the strategy: the set S may contain pairs
of the form (Z;, Z;;,) = (2i — 1, 2i), that is, an odd natural number followed by the next even one. We
will condition on the set of j where (Z;, Z;,,) is such a pair, as well as the specific value of Z.

More precisely, for fixed sets Z and 7 with |Z| = |J|, enumerated by

I: {il7 i2’ R 7im} and j: {jlijs .. sjm}9

letA={1,...,N}\ (J U(J + l)) where J + 1:= {j + 1 |j € J}. We will condition on the event F';_;
which occurs pre01se1y when N =n, (Z,,Z;, 1) = (2i, — 1,2i,) for £ € {1, 2, ..., m}, and, on the indices
in A, the set S contains no odd—even pairs, that is, (Z,, Z,.,) ¢ {(2i — 1,2i) | i € N} for all a € A with
a<nand (Z,_,,7Z,) ¢ {(2i —1,2i) | i € N} for all a € A with a > 1. With varying Z and J, these sets
Fr 7 partition the event {N = n}.

The intuition behind this construction is as follows: conditional on Fz 7, whenever j € J we have
Zjyy —Z;=1 and hence Xz, 7 oa) = 1. Thus for sets J with [J|>n/5, we are done. If instead |J |
is small, then |.A| will be relatively large. For a € A, we will argue that every Z, has equal probability

of being an odd number or the even number following it, owing to the assumption that p,;_; = p,; and
the assumption that if a < n then (Z,,Z,,,) ¢ {(2i — 1,2i) | i e N} and if a > 1 then (Z,_,,Z,) ¢ {(2i —
1,2i)|ie N}

This will allow us to conclude that the indicator random variables xz, o for a € A are independent
symmetric Bernoulli random variables (that is to say, they take the values 1 and 0 each with probability
1/2). The desired bound will follow by an application of Hoeffding’s inequality.

We are now ready to present the formal proof. If 6 < 10 there is nothing to prove, so assume that
6 > 10 and fix an n such that 10 < n < 6. Consider arbitrary sets Z C Nand J C {1, ...,n — 1} so that

mi=|I|=|T|<nand TN(JT +1)=2, (5.5)
and define A:= {1,...,N}\(jU(j~|—1)). Enumerate Z ={i,...,i,} with ij<---<i,, J=
Uiseoosjmp withj, <---<j,,and A={a,,...,a,.,,} witha, <--- < a,_,, and define the event

FIJ—{N—nmﬂ« 0 Zipe) = 2ig = L2} 0 () A(Zar Zur) # 21— 1,20)

=1 acAa<n
ieN
N () (ZnZ)#Qi—1,20)
acA,l<a<n
ieN

Note that, for every n € N, we have

WWN=n= |J Fzs (5.6)

ZcN,Jcdl,...,n—1}
satisfying (5.5)

that is, the events Fz ; for different Z and J partition the event {N = n}, and thus our strategy will be
to prove the bound P (Z] | Xizy1-7 odty S /S ‘ Fr j) < e/ for each of these events.

The argument relies on bounding from below the number of indices j such that Z,, — Z; is odd. For
J € J, this will be easy, as Z;; — Z; = 2i; — (2i; — 1) = | is always odd, by definition of F7 ;. Forj € A,
we will need the following claim which we prove last.

Claim: For any Z, J and A as above, the indicator random variables Xz, oaq> @ € A, conditional on
Fz 7 are independent symmetric Bernoulli variables.
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Armed with the claim, the counting argument is as follows. Note that, on the event F7 ;, for
ke{l,...,n—2m— 1} such that a;,, > a; + 1, we have that {Z,,, .. ., Z,, ..} ={Z,,, 2i, — 1, 2i,, 2i,y —

L2, 205 — 1,264, Z,,, }forsome t € {1,2,...,m}and where s = |J N{a, ..., a1 — 1}
Hence,
agp1—1 s—1
Z Xizes1~2 0dd) Z X(2ip—1-Zy 0dt) + Z Xi@iry)~irse—1) 0dd) T X(Zag, 21 odd)
t=ay =0
= Xtz eveny + 1T W{as - s — B+ Xz, | o)
2 |t7 N {aln ey Qg — l}l + X{Z,,Hl—Zuk even}s (57)

where we used the simple observation that Xizay even) & XiZuy,, 0dd) = X(Zay | ~Zay even)- This motivates defining
random variables E, withk € {l,...,n—2m — 1} conditioned on the event Fz ; according to

1, Z,41 —Z, isodd
E, = , forks.t a.,=a +1,and
0, Z,+1 —Z, iseven
0, Z,. —Z,isodd
Eﬂk = K ¥ . . for k s.t. Ay > Ay + 1,
1, Z,,, —Z,iseven

which, as a consequence of the Claim, are themselves independent symmetric Bernoulli random

. .y N—1
variables. Thus, writing U := » | _|" X(z.,-z o> ON the event F7 ; we have

n—2m—1 ap41—1
U= Z Xize11-2, 0dd) + Z Z X(Ze11~24 0dd)
L<ay or L=ay_oy, k=1 l=ay
> |jm{l3-'-3al - 1}|+|Jm{an72m9---’n}|
gy —1
+ Z X(Z1~2ay 000 + Z Z X(Ze41-2¢ odd)
1<k<n—2m—1 1<k=n—2m—1 (=ay
g1 =ar+1 A1 >ag+1
= |jm{1’ c.sap — 1}| + |jm{an—2m7- . ’n}|
+ > E.+ ), (IUn{an...,a —1YI+E,)
1<k<n—2m—1 1<k=<n—2m—1
apy1=ap+1 a1 >ap+1
n—2m—1 n—2m—1

=TI+ Y E,=m+ Y E,, (5.8)
k=1 k=1

where the second inequality is due to (5.7) and the penultimate equality follows from the observation
that | 7 N{ay, ..., a1 — 1} =0 whenever a;,, = a, + 1.

Now, forsets Z C Nand 7 C {1, ...,n — 1} satisfying (5.5) as well as m = |Z| = | J| < n/5, we have
that (5.8) implies U > ZZ;T"H E,,, which together with Hoeffding’s inequality yields

n—2m—1

P(U=n/5|Frs) <P( Y Ey=n/5|Frs)

1
< —2<_ —
con(-2(}
where in the last inequality we used n — 2m — 1 > n/2 (recall that n > 10). On the other hand, in the
case when m = |Z| = |.7| > n/5 we have IP’(U <n/5 ‘ FIJ) — 0 directly from (5.8).

n/S

n—2m-—1

)2(n —2m— 1)) < exp (—n/100)
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Therefore, we have shown that for any Z, J satisfying (5.5), IP’(U <n/5 ’ FIJ> <exp (—n/100)
and so using (5.6)

]P’(U < n/5,N:n> = Z IP’(U <n/5 ‘ FI,J>]P(FI,.7)

ZcN,Jc{l,...,n—1}
satisfying (5.5)

<exp (—n/100) IP’( U Fw> =exp (—n/100) P(N = n),
ZcN,Jc{l,...n—1}
satisfying (5.5)
which yields the desired bound after dividing both sides by P(N = n).

It remains to prove the Claim. To this end, fix n, Z={i, <...<i,}, T ={i <...<jn.} and A=
{a; <...<a,»,} satisfying (5.5). Then, conditional on Fz 7 we can write Z, =2[Z,/2] — Xz, oda}» fOr
a € A, where the x,, . are random variables taking values in {0, 1} and the [Z,/2] are random variables
taking values in N \ Z and moreover [Z,, /2] < ... < [Z,, ,. /2].Now,forasetld = {u; <... <u,_s,} C

N\ Z denote Fy, = (,"{[Z, /2] = u;} so that for any b € {0, 1}~

P <{X(Z,,] odd} = bl’ ey X{zﬂnﬁm odd} — b}l*Zm} FI,j)
= 3 P (0t =b1s - Ky i =bun} | Frp N F) PGFy | Fr )
UCN\T
= Z P ({X{z,,l odd) = 0,..., XiZa, 5, 0dd) = 0} ‘ FrzzN Fu) P(Fy | Fr.7) (5.9)
UCN\T
=P <{X(zal odt) =0, .oy X\Za,_,,, 0dd} = 0} ‘ FI,J) >

where in (5.9) we used the fact that p,._, = py;, for all j € N. It hence follows that the X124y 0dd)» 1<j<
n — 2m, conditional on F7 ; are independent symmetric Bernoulli variables, establishing the Claim and
thus completing the proof. O

Lemma 5.7. Fix an even K € N and let {ot_/}le be such that O <oy, <oy <1 foralll <k<K-—1.
Furthermore, let Ny € N. Then there exists a neural network 1 : R¥ — R with the ReLU non-linearity
p(t) = max{0, t} such that

0 whenever x, € oy, a,_ ] withk=2 mod 4

Y(x) = forallxeR™ and ke (2,3,...,K}.

1 whenever x, € [y, o] withk=0 mod 4°
(5.10)

Proof. We may w.l.o.g. assume that K is divisible by 4. Indeed, if K is not divisible by 4, we can extend
the sequence {o;}5_, by adjoining two new elements (say ok /2 and ax/4) at the end of the sequence.
We additionally set ax,; = 0 for convenience. Now, for £ € {1, ..., K/4}, define the single-layer neural
network
V() = (0taemy — 0tge—y) (/O(CW—z —x1) = p(atgey — x.))
— (oty — 054&4-1)71 (p(oeu —x1) — P(Que41 _xl))7 for x e R™.

One now easily verifies that v,(x) =1 whenever x; € [0y, otqe_;] and ¥,(x) =0 whenever x; € R\
(ot4e41, 004e_2). Hence, setting ¥ (x) = Zsz/ T Y(x) yields the desired network. O]

We are now in a position to prove Theorem 2.2:

Proof of Theorem 2.2. We begin by defining the sets C; and C,. Let C, = {f,:R? — [0, 1] | a € [1/2, 1]},
where f, is defined as in (5.2). Since all norms on finite dimensional vector spaces are equivalent, let
D > 0 be such that || - || < DJ| - ||. To define the set of distributions, we first set § = €/(2D). For each
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Kk €[1/4,3/4], define the distribution D, on [0, 11V

pr if x=xk*

X~D, <+ PX=x= o
0  otherwise

where py_; = py = C;(3/2);7/* for j € N and x** is defined according to (5.1). We set C, ={D, |k €
[1/4,3/41).

Let ¢y, ¢, and C,(3/2) be the constants defined in Lemma 5.6 with y set to 3/2. We choose the
constant C so that each of the following hold:

C>4c®, 5.11)

C >2001log (8)*%c;*?, and (5.12)

C>4-8c). (5.13)

Fix a€[1/2,1] so that f, € C; and « € [1/4,3/4] so that D, €C,. Let T ={x',...,x} and V =
{y',...,y'} be the random multisets drawn from this distribution as in the statement of the theorem.

Then by the definition of the distribution D, , we can write (after removing repetitions and reordering)
TUVas S:= TUY={x%9 x28 x5 . x**} where the random variable N satisfying N <r+s
is the number of unique elements in 7 U} and where Z;, < Z, < - - - < Zy. For shorthand, we also set
7=x%"forj=1,2,...,N.

Since C/2>2-(8¢,)? (by (5.13)) and C(rV 5)*/(2p*) = 4°c;°/2 > 2 (by (5.11) and the facts that
(rvs)/p>1andc;' > 1) we obtain

C(r Vv s)? _ C(r v s)* N C(r Vv s)? 2. (8c,)*(r Vv 5)? 4252 8¢, (rv s)\’ t1l—2
P 2p? 2p? P p

and thus item (ii) of Lemma 5.6 with y = 3/2 yields

P <max{keN|x""5 eTUV)< IVC(FP—\:S)Z—D —Pp <ZN§ [CUVS)TD

p2
>P(z,<2 <w)2+1 DY o (r+s)
- - p - \‘[(Scz(rvs))z + 1—‘ _ IJ
o (r+s)
- >1-—p/4. 5.14
Gatrvam - Y G149

Writing Npq := (N + 1) - - - (N1 + 1), by the Assumptions (2.3) and (5.12), we obtain
|_Cl(r+ 5)2/3J 2 LCZ/SCqupde Z |_2002/3 log (8)qurodJ Z 3Oq]\,prod-

Therefore, we can apply item (iii) of Lemma 5.6 to see that

N—-1 N—-1
IP)( Z Xifalc D ac} > 6qumd> =P ( Z Xiziy1~2zi 0dd} = 6‘1Nprod)
i=1 i=1

r+s n—1

n
ZP< Z X{Zis1—Zi odd} > 3 )Nzn)P(Nzn)

i=1

v

2
n=[cy(r+s)3]
r+s

Zexp (—%) P(N =n)

n=lci(r+s)3]

|:l —exp (— L%J)} “P(N > Lei(r + 9)*?]) (5.15)
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where the application of Lemma 5.6 is justified by the bound |c,(r + $)*?] > 30gN,a > 10 and the
initial equality in the first line is justified by the fact that f,(z') depends only on the parity of i, a fact
itself readily seen from the definition of f, and 7'.

Now, by differentiating it is easy to see that the function p — p log (8/p) is increasing on (0, 1). Hence
for p < 1, we have p=*log (8) > p~' log (8) > log (8/p) and so combining this with (2.3) and (5.12) gives

100 100 100

Furthermore, using item (i) of Lemma 5.6 with y = 3/2, we obtain ]P(N >c(r+ s)2/3) >1—c(r+
$)71% > 1 —p/4, where the final bound follows because r + s > Cp~® (which, in turn, is due to the
Assumption (2.3)) and (5.11). Using this result together with (5.16) in (5.15) yields

2/3 2/3:~—2 2/3 -2
r‘““) erlc P szoo P k’g(g)Jzp*log(8>—1zlog<8/p>—1. (5.16)

N—-1
IP)( Z Xta@HHu@y > 6qurod> > (1 —ep/8)(1—p/4)>1—p/2 (5.17)
i=1
Combining (5.14) and (5.17), we see that the probability that both
C(rV s)> =
max{ke N |1 e TUV} < ’77—‘ and Z X yhy > 0gNproa (5.18)

i=1
occur is at least 1 — (p/4 +p/2) > 1 —p. We will now proceed to show that each of (i) through (iii)
listed as in the statement of Theorem 2.2 hold assuming that this event occurs.

Proof of (i): Success — great generalisability

To see that 7,V € Sf((m)/p), note that (5.12) and ¢;' > 1 yields C*#* > (4[t] + 3)(4[1] + 4) for all
t > 1. Applying this inequality with t = C((r V 5)/p)* > 1, we deduce that

2\ 2 2 2 -1
L5 e (55) =[5 ) (55 +9)]
p p p p
2
(%2
p

where ¢'(n) =[(4n + 3)(4n + 4)]'. Therefore because we assume that max{ke N|x* e T UV} <
{C(’—V‘)z—‘ Lemma 5.2 yields 7,V C {x'9, ..., x[Cov9*/?o1) ¢ Gl C Sf(’c(,m /)

2| ([C(rvs)?? /p?)

The construction of ¢ satisfying (2.5) is immediate: we take ¢ to be the neural network ¢ defined in
Lemma 5.3. We conclude that ¢(x) =f,(x) for all x € 7 UV (this establishes (2.5)). Because ¢(x) = f,(x)
for all x € T and because R € CF, we conclude that R ({¢>(xf)};=1, {f(xf)}];l) =0. Thus (2.4) holds,
completing the proof of (i).

Proof of (ii): Any successful NN in A\, — regardless of architecture — becomes universally
unstable

Our next task will be to show that if q3 € NNy, and g:R — R is monotonic, then there is a subset
T C T UV of the combined training and validation set of size |7’| > g, such that there exist uncountably
many universal adversarial perturbations n € R? so that for each x € T Eq. (2.6) applies.

To this end, note that (5.18) implies that there exist natural numbers k; <k, <. .. < kg, Such that
4> z’f’“ and f,(z") £ f,(Z) forall i € {1, . . ., 6¢Nyoq — 1}. Moreover, by the definition of 7,V and S,
there exist m; such that z;' = x/"* and such that x"* € 7'U V. For such i and any w € [0, 8 A &((r V 5)/P)),

we define the vectors w'” =z 4 we,. We also define the sets W* := {w"” | i € {1, ..., 6¢Npoa}}-
Because of the definition of x*° given in (5.1) and the definition of 7, we have zy =z = .. =
29 =0 and 25 =x"°, In particular, {z |ie({l,..., 6gNproa}} = X0 i€ {1, ..., 6GNyoa}} € SZ‘E(m)@)

where we have used Lemma 5.2 and the bound (5.19). Since ||z — W' | = < &((r V 5)/p), We
conclude that f,(z") =f,(w™) for i € {1, ..., 6¢Nyoa}. Thus, f,(W) =f.(z") #f,(Z+") =f, (W) for
ie{l,... 60Ny — 1.
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We can now use Lemma 5.4 to conclude that for each w € [0, A e((r V 5)/p)) there exists a set Z®
and a set U C W* with the following properties:

(1) Z° c{1,2,...,6GNyea}
Q) U ={w|ieI)

(3) Forall weU®, |g(p(w)) — fu(w)| > 1/2.
@) U] =2q.

By the pigeonhole principle and the finiteness of {1, 2, ..., 6¢N,.q}, there exists an uncountable set
Q C[0,8 Ae((rV s)/p)) suchthat forall w € 2, Z¢ is independent of w. Let Z denote this common value
and let Z, := {i|i € Z,m; even} and Z,, := {i | i € Z, m; odd}. Note that |Z| > 2q; otherwise, |U{°| < 2q
for some w. Therefore, at least one of |Z;| > g or |Zy| > g: we now split into two cases depending on
which of these two sets has cardinality at least g.

Case 1: |Z¢| > q.

In this case, we choose T = {x"™* | i € I;}. For each w € , define n® = (w, —8§,0,...,0) € R? and
H={n"|weQ}. Then the set H is uncountable, for each i € Z; and w € ©2 we have X"t e =
Wi, |GG 4 1) — £ + )] = |g(@w')) — fu(w)] = 1/2 and [In]l < Dlin“ll, = D@ + 8) <
2D$ < €. Furthermore, |[supp(n®)| = 2. We conclude that (2.6) holds.

Case 2: | Iyl > q

In this case, we choose T= {x"* | i € Ip)}. For each w € 2, define n° = (0,0,0,...,0) € R* and
H={n"|weQ}. Then the set H is uncountable, for each i €7, and w € 2 we have x"id 4 =
W, |g(@Gm 4 1)) — o6 4 )] = |g( @) — fu(w)| = 1/2 and [°ll < DI, = D < DS <
€. Furthermore, |supp(n®)| = 1. We conclude that (2.6) holds.

Proof of (iii): Other stable and accurate NNs exist

Finally, we must show the existence of i/, which we do with the help of Lemma 5.7. To this end,
we set K = [C((r v 5)/p)*] and define {o;}?% by oy =x)° + £((r V 5)/p), oy = X° — &((r V 5)/p) for
k=1,...,K. Wefirstclaim that 0 < apx < 0t <--- <, <o < 1.

Because C> 4%, p<1and (r Vv s)> 1 we have

a p* 1 1

< ~ <1
kT eV —a—am o T

o) =

and similarly we obtain 2[C((r v 5)/p)*1 + 1 —k <2(C((r v $)/p)*) +2 — k <4(C((r V 5)/p)?).

Therefore,
a p4 - a p4
Oy = — —
ET2AICW(rv ) pP 1+ 11—k CHrvs)* ~4C((rv s)/p?  CHrvs)
2 2
> p _ p =0
8C(rv s 42C(rv s)?
A simple calculation also shows that foreachj=1,...,K —1
s i+1,8 a a _1
B = = > 2K + 1 — )(K — 0]

G+2—00+1-0 - K+l-0E&K—0 "~

On the other hand, once again employing the result that C*#*> > (4[f] + 3)(4[f] + 4), for all ¢ > 1, (which
is a consequence of (5.12)) with = C((r V s)/p)* we obtain

2e((r v $)/p) =2C*(C((r v 5)/p)") > < 2[(4K + 3)AK + H]™' < [2(K + 1 — 1)K — )]

We therefore conclude that oy > oy = le,a —e((rvs)/p) > x’f']’g + &((r Vv s)/p) = 11, and thus the
conditions to apply Lemma 5.7 are met.
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Now, let ¢ be the network provided by Lemma 5.7 with this sequence {aj}/?fl. Because of the
definition of o; and the conclusion of Lemma 5.7 we have

0 ifx; e[x’ —e((rvs)/p),x* +e((rvs)/p)] and k is odd

s {1 i3, €144 — (7 5)/p) 5 +o((r v 5/p)] and ks even

Moreover, because of Lemma 5.2, the fact that the value of £, (x) depends only on x; and the bound (5.19)

= 0 ifx ex’ —e((rvs)/p),x"* +e((rvs)/p)] and k is odd
T ifx e[ —e((r v s)/p), X + e((r v 5)/p)] and k is even
In particular, ¥ (x)=f,(x) whenever x, €[x"’ —e((rVvs)/p),x’ +e((rvs)/p)] for any
ke{l,2,...,K}.
To see that ¥ (x)=f.(x) for all xe B, (T UV), note that, for every xe€ B, (T UV),

there exists an x** €7 UV such that [x*° —x|| <e((rVs)/p). Then, by the assumption
that max{€eN|x* e TUV} <[C((rvs)/p)*] occurs in (5.18), we have k<K, and so
x € [Xy —e((rvs)/p),x\’ +e((r v s)/p)]. But we have already shown that for such x, ¥ (x) =f,(x).
Thus, the proof of the theorem is complete. O

5.4. Tools from the SCI hierarchy used for Theorem 3.5

In order to formalise the non-computability result stated in Theorem 3.5, we shall summarise appropriate
definitions and ideas on the ‘SCI hierarchy’ [11-13, 25, 30, 43, 59, 60]. The material in this section very
closely follows the definitions and presentation in [9] with slight adaptations made owing to the different
focus of this paper. Working with the SCI hierarchy and general algorithms allows us to show the non-
computability is independent of both the underlying computational model (e.g., a Turing machine, BSS
machine) and local minima as in Remark 3.7.

It also allows us to easily make non-computability statements applicable to both deterministic and
randomised algorithms. We include the ensuing discussion to ensure that this paper is self-contained.

5.4.1. Computational problems
We start by defining a computational problem [11]:

Definition 5.8 (Computational problem). Ler Q2 be some set, which we call the input set, and A be a
set of complex-valued functions on Q such that for 1,1, € Q, then v, =, if and only if f(1,) =f(1,) for
allf € A. We call A an evaluation set. Let (M, d ) be a metric space, and finally let E : Q@ — M be a
function which we call the solution map. We call the collection {8, 2, M, A} a computational problem.

The set €2 is essentially the set of objects that give rise to the various instances of our computational
problem. The solution map E : 2 — M is what we are interested in computing. Finally, the set A is the
collection of functions that provide us with the information we are allowed to read. As a simple example,
if we were considering matrix inversion then £ might be a collection of invertible matrices, & would
be the matrix inversion map taking €2 to the set of matrices and A would consist of functions that allow
us to access entries of the input matrices.

In the slightly more complicated context of a computational problem, the neural network problem
formulated in Section 3 can be understood as per the following:

Definition 5.9 (Neural network computational problem). Fix d,r €N, a classification function
[:RY — {0, 1}, neural network layers and dimensions LandN = (N, = 1,N,_,,...,N,, Ny =d), respec-
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tively, as well as €,€ and a cost function ReC}'f_’é. The neural network computational problem

:f;/e\/ﬁ ™D Qﬂ./e\,fR.(N,L)’ M%,/e\,/R,(N,L)’ A;?i,/e\,/n,(N,m}
is defined as follows:
(1) The input set QNN ) is the collection of all T with T ={x',...,x'} a finite subset of R* such
that T € S, L With &'(n) == [(4n+3)(dn +4)]™".
(2) The metric space Mf,r,e,R,(N, 1, IS set to R" with the distance function induced by || - ||, where * =

1,2 or oo as per the statement of Theorem 3.5.
(3) The solution map E;‘f :/e\,[R,(N, 1, is given by the following: for a training set T, we let

A5 = argmin R ({p())_,, (fODYL,)

PeENNNL

and then Ejj\f ,Je\,fn,m, (1) ={p(NY_, for ¢ € A% Note that B is potentially multivalued if AS- has
more than one element — this will not be a problem for our theory and will be explained further in
Remark 5.15.

(4) The set Aﬁfﬁ,fﬁ,m, L is given by

ANN - o =PI (5.20)

e RANL) —
where fi*(T) = xjf gives access to the jth coordinate of the kth vector of the training set.

To reduce the burden on notation, we will abbreviate

NN ONN NN ANN NN NN NN
{‘-‘ »Q ’M ’A }_{"‘fre’R(NL)’ereR(NL)’Mj;eR(NL)’A ;eR(NL)}

where there is no ambiguity surrounding the parameters f, r, €, R, N, L.

Remark 5.10 (Ex1stence of a neural network). It may not be a priori obvious that the set .A5- is non-
empty and thus E ._. e, N e (T) is well defined. In fact, this is an immediate consequence the fact that the

cost function R is a member of C]-"j‘ defined in (3.4) and the definition of argmin_ given in (3.3). In
particular, the existence of an approximate minimiser is guaranteed since R is bounded from below.

5.4.2. Algorithms

In this section, we shall describe the algorithms that are designed to approximate the solution map E in
a computational problem {E, 2, M, A}. We shall start with deterministic general algorithms:

Definition 5.11 (General Algorithm). Given a computational problem {E, 2, M, A}, a general
algorithm is a mapping T : Q — M U {NH} such that, for every « € Q, the following conditions hold:

(i) there exists a non-empty subset of evaluations Ar(t) C A, and, whenever I'(t) # NH, we have
[Ar()] < o0,
(ii) the action of T" on v is uniquely determined by {f(1)}ear)»
(iii) for every ! € Q such that f(\') =f() for all f € Ar(v), it holds that Ar(U') = Ar(0).

Remark 5.12 (The purpose of a general algorithm: universal impossibility results). The purpose
of a general algorithm is to have a definition that will encompass any model of computation and that
will allow impossibility results to become universal. Given that there are several non-equivalent models
of computation, impossibility results will be shown with this general definition of an algorithm.
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Remark 5.13 (The power of a general algorithm). General algorithms are extremely powerful com-
putational models with every Turing or BSS machine a general algorithm but the converse does not hold.
Thus, a non-computability result proven using general algorithms is strictly stronger than one proven
only for Turing machines or BSS machines.

In particular, general algorithms are more powerful than any Turing machine or BSS machine, or
even such a machine with access to an oracle that provides an approximate minimiser

¢ € argmin, R ({J)(x/)};zl, {f(xi)};:l>

(;ENNN‘L

for every inexact input provided to the algorithm, or an oracle that detects when an algorithm has encoun-
tered local minima. It is for this reason that we stated in Remark 3.7 that local minima were not relevant
to Theorem 3.5.

Remark 5.14 (The non-halting output NH). The non-halting ‘output’ NH of a general algorithm may
seem like an unnecessary distraction given that a general algorithm is just a mapping, which is strictly
more powerful than a Turing or a BSS machine. However, the NH output is needed when the concept
of a general algorithm is extended to a randomised general algorithm (RGA). A technical remark about
NH is also appropriate, namely that A(¢) is allowed to be infinite in the case when I"(¢) = NH. This is
to allow general algorithms to capture the behaviour of a Turing or a BSS machine not halting by virtue
of requiring an infinite amount of input information.

Owing to the presence of the special non-halting ‘output’ NH, we have to extend the metric d,, on
M x Mtody:MU{NH} x M U{NH} - R., in the following way:

dp(x,y) ifx,yeM
dp(x,y)=140 ifx=y=NH 5.21)
00 otherwise.

Definition 5.11 is sufficient for defining a RGA, which is the only tool from the SCI theory needed
in order to prove Theorem 3.5.

Remark 5.15 (Multivalued functions). When dealing with optimisation problems, one needs a frame-
work that can handle multiple solutions. As the set-up above does not allow E to be multivalued, we
need some slight changes. We allow E to be multivalued, even though a general algorithm is assumed
not to be. For ¢ € 2, we define dist \((2(¢), I'(¢)) := inficg) da(x, I'(1)). That is to say, the error that I" is
assumed to incur in trying to compute E(¢) is the best (infimum) of all possible errors across all values
of E(v).

One final definition that is useful is that of the minimum amount of input information, defined if A is
countable. Although this definition has its own uses in other work on the SCI hierarchy, in the context
of this paper it will only be useful to address a technicality in the next section.

Definition 5.16 (Minimum amount of input information). Given the computational problem
{8, 2, M, A}, where A={f, |keN, k<|A|} and a general algorithm T, we define the minimum
amount of input information Tr(¢) for T and 1 € Q as

Tr(1):= sup{m e N|f, € Ar(1)}.

Note that, for t such that I"(t) = NH, the set Ar(t) may be infinite (see Definition 5.11), in which case
Tr(1) = o0.
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5.4.3. Randomised algorithms

In many contemporary fields of mathematics of information such as DL, the use of randomised algo-
rithms is widespread. We therefore need to extend the concept of a general algorithm to a randomised
random algorithm.

Definition 5.17 (Randomised general algorithm). Given a computational problem {E, Q, M, A},
where A ={f, | ke N, k<|Al}, a RGA is a collection X of general algorithms T : 2 — M U {NH},
a sigma-algebra F on X, and a family of probability measures {P,},cq on F such that the following
conditions hold:

(Pi) Foreach: € Q, the mapping I'™:(X, F) — (M U {NH}, B) defined by I''™"(I"') = I"'(t) is a random
variable, where B is the Borel sigma-algebra on M U {NH}.

(Pii) ForeachneNand i€ 2, we have {T' e X | Tr(1) <n} € F.

(Piii) Foralli,, 1, € Q and E € F so that, for every I' € E and every f € Ar(1,), we have f(1,) =f(1,), it
holds that P, (E) =P, (E).

It is not immediately clear whether condition (Pii) for a given RGA (X, F, {P,}.cq) holds independently
of the choice of the enumeration of A. This is indeed the case, but we shall not show this here (see [9]
for further information).

Remark 5.18 (Assumption (Pii)). Note that (Pii) in Definition 5.17 is needed in order to ensure that
the minimum amount of input information (i.e., the amount of input information the algorithm makes
use of) also becomes a valid random variable. More specifically, for each ¢ € 2, we define the random
variable

Tt (1):X — N U {00} according to " — Tr-(¢).

Assumption (Pii) ensures that this is indeed a random variable.

As the minimum amount of input information is typically related to the complexity of an algorithm,
one would be dealing with a rather exotic probabilistic model if T (¢) were not a random variable.
Indeed, note that the standard models of randomised algorithms (see [5]) can be considered as RGAs
(in particular, they will satisfy (Pii)).

Remark 5.19 (The purpose of a randomised general algorithm: universal lower bounds). As for a
general algorithm, the purpose of a RGA is to have a definition that will encompass every model of com-
putation, which will allow lower bounds and impossibility results to be universal. Indeed, randomised
Turing and BSS machines can be viewed as RGAs.

We will, with a slight abuse of notation, also write RGA for the family of all RGAs for a given a
computational problem and refer to the algorithms in RGA by I'™". With the definitions above, we can
now make probabilistic version of the strong breakdown epsilon as follows.

Definition 5.20 (Probabilistic strong breakdown epsilon). Given a computational problem
{8, 2, M, A}, where A ={fi | ke N, k <|Al}, we define the probabilistic strong breakdown epsilon
€:5:[0, 1) = R according to

€pg(p) =supfe > 0, | VI'™ € RGA 31 € Q such that P (dist o (""", E(1)) > €) > p},
where I''™ is defined in (Pi) in Definition 5.17.

Note that the probabilistic strong breakdown epsilon is not a single number but a function of p.
Specifically, it is the largest € so that the probability of failure with at least e-error is greater than p.

5.4.4. Inexact input and perturbations

Suppose we are given a computational problem {&, 2, M, A}, and that A = {f;};cs, where B is some
index set that can be finite or infinite. Obtaining f; may be a computational task on its own, which is
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exactly the problem in most areas of computational mathematics. In particular, for ¢ € 2, f;(1) could be
the number e 7' for example. Hence, we cannot access f;(1), but rather f;,(¢) where f;,(t) — f;(1) asn — oo.
In this paper, we will be interested in the case when this can be done with error control. In particular,
we consider f;,, : 2 — D, 4+iD,, where D, := {k27" | k € Z}, such that

10 (OYies — i(O}eslle <277, Ve Q. (5.22)

We will call a collection of such functions A,-information for the computational problem. Formally, we
have the following.

Definition 5.21 (A,-information). Let {E, 2, M, A} be a computational problem with A = {f};cp.
Suppose that, for each j € B and n €N, there exists an f;, : Q@ — D, +iD, such that (5.22) holds. We
then say that the set A= {fin 17 € B, n € N} provides A -information for {8, Q, M, A}.

We can now define what we mean by a computational problem with A;-information.

Definition 5.22 (Computational problem with A, -information). Given {E, Q, M, A} with A =
{f;}jep, the corresponding computational problem with A-information is defined as:

{8, Q, M, A} := {E,Q, M, A},
where

Q= {zz {510 f20-fi30s - D}y [LEQ, a2 Q2= D, + D, satisfy (5.22)} , (5.23)

E(@D)=E@), and A = {]7,,1 Yinepxn whereff,-w,,(f) =fi.(1). Givenani e Q, there is a unique 1 € 2 for which
1= {(}j-’l(L),ﬁ,z(L),ﬁ,3(t), e )}jeﬁ (by Definition 5.8). We say that this 1 € Q2 corresponds to 1 € Q2.

Remark 5.23. Note that the correspondence of a unique ¢ to each 7 in Definition 5.22 ensures that &

and the elements of A are well defined.

One may interpret the computational problem {E, €2, M, A} ={E, @, M, A} as follows. The col-
lection €2 is the family of all sequences approximating the inputs in €2. For an algorithm to be successful
for {E, 2, M, A}*1, it must work for all 7 € €, that is, for any sequence approximating ¢.

Remark 5.24 (Oracle tape/node providing A,-information). For impossibility results, we use general
algorithms and RGAs (as defined below), and thus, due to their generality, we do not need to specify
how the algorithms read the information.

The next proposition serves as the key building block for Theorem 3.5 and is proven in [[9],
Proposition 9.5]. Note that the proposition is about arbitrary computational problems and is hence also
a tool for demonstrating lower bounds on the breakdown epsilon for general computational problems.

Proposition 5.25. Let {8, 2, M, A} be a computational problem with A = {f; | k € N, k < |Al} count-
able. Suppose that " € Q and that {\!}°, is a sequence in Q2 so that the following conditions
hold:

(Pa) For every k <|A| and for all n € N, we have |fi(¢)) — fi(:°)] < 1/4".

(Pb) There is a k > 0 such that inf,1cz(1),2¢z00) daa(V', V) > k.

Then the computational problem {E, 2, M, A}*' satisfies €3,(p) >k /2 for p € [0, 1/2).

5.5. Stating Theorem 3.5 in the SCI language - Proposition 5.26
A slightly stronger formal statement of Theorem 3.5 in the SCI language is now as follows.

Proposition 5.26. There is an uncountable collection C, of classification functions f as in (2.1) — with
fixed d > 2 — such that for
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(1) any neural network dimensions N= (N, =1,N;_,,...,N;, Ny =d) with L > 2,
(2) any r >3(N, +1) - - (N + 1),
(3) and any € > 0, € € (0, 1/2) and cost function R € CF<<.

There is an uncountable collection Cs of disjoint subsets of QﬁfﬁfR,(N. 1, SO that for each QeC, the
computational problem

NN A NN NN A
=f.r.e,RN,L)? Q, Mf‘,r,a,R,(N,L)’ Af}r,e,R,(N,L)}

has breakdown epsilon €5,(p) > 1/4 — €/2, for all p € [0, 1/2).

To see that Proposition 5.26 implies Theorem 3.5, assume that Proposition 5.26 holds and sup-
pose that I' is a randomised algorithm (in either the BSS or Turing models). The existence of ¢
stated in Theorem 3.5 is guaranteed as per the discussion in Remark 5.10. Furthermore, I' is also a
RGA and hence we can consider T" restricted to € for each 2 € Cs. Since the computational problem
{Eﬂfnm,w Q, Mﬁfnm.w A}Yr’fe‘fRy(N_L)}Al has e3,(p) > 1/4—€/2>1/4—3é/4, for all pe[0,1/2)
there must exist a training set 7 = 7(2) with 7 = {x', 22, . . ., x’} for which

P, — (GOl = 1/4 = 3¢/4) > p,

for any ¢ € argmin R ({gp(xf)}]f:l, {f(xj)}]’.':l) (this is itself a consequence of Remark 5.15).
YeENNN.L

We now choose C> = {T(£2) | € C3}. Because C; is an uncountable collection of disjoint sets, C, is
uncountable and thus Theorem 3.5 follows.

5.6. Proof of Proposition 5.26 and Theorem 3.5

As demonstrated in the previous section, to prove Theorem 3.5 it suffices to prove Proposition 5.26. We
begin by starting the following useful lemma:

Lemma 5.27. Recall the set-up of Proposition 5.26 and the vectors x** defined in (5.1). For any § €
(0, &'(r)) and arbitrary

¢ € argmin, R ({p(")}_,, {f,(@)}_,)) (5.24)

WENNNﬁL
we have |p(x*%) — f,(x*)| <€ forall ke {1,...,r}.

Proof. By Lemma 5.3, there exists a neural network ¢ € N Ay, with @(x*%) = f,(x**) for all k. In par-
ticular, R ({¢(x*)}_,, {f(@*)}._;) = 0. Thus, by (5.24) and the definition of the approximate argmin as
in (3.3), we must have that

R (o)), FO)))) <e

and the conclusion of the claim follows because R € CF i’g as defined in (3.4).

Now that we have proven Lemma 5.27, we are ready to prove Proposition 5.26.

Proof of Proposition 5.26. As in the proof of Theorem 2.2, we begin by defining the sets C, and C;. Let
C,={f,:R?*— [0,1] ] a €[1/2,1]}, where f, is defined as in (5.2). Fix a € [1/2,1] and « € [1/4,3/4],
define 7}* := {x',x*, ..., x"*} where the values x** (each depending on « and a) are defined in (5.1).
We define * := {7, |8 € [0, €/(r)). By Lemma 5.2, we have 7;* € 8%, so that ¥ € V. Note also
that noting that the Q0 are disjoint as an immediate consequence of (5.1). Finally, we set C; := (Q |k e
[1/4,3/41}, .
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Now we have defined C, and C;, we will show that for any « € [1/4, 3/4] the computational problem
{ENN QK MNN ANN}A]

has breakdown epsilon €},;(p) > 1/4 — €/2, for all p € [0, 1/2). This will be done using Proposition
5.25. We will define (" := 7 and ¢} := T,.

By (5.1), we see that [|x/*" — x|, <4 for j=1,2,...,r. Hence (recalling the definition of
ANN), property (Pa) from Proposition 5.25 holds.

Fix n € N sufficiently large and let ¢, and ¢, be arbitrary neural networks so that

¢o € argmin, ({7, {f.()),)
QeNNNL

g e argmin, ({pe* N, (L6 L) - (5.25)
9eENNNL

By Lemma 5.4 and the assumption that |7 =r>3(N, + 1) - - - (N, + 1), we conclude that
max_|go(") — £ = 1/2.
j=12,....r

By contrast, Lemma 5.27 shows that max;_,,_, |, (") — f,(*")| < &. Combining these two results

and the fact that £,(x"°) =f,(#*™") foreach j=1,2, .. ., r yields
_max o (x") — ()| = 1/2 — €.
j=12,....r

Therefore, since both the £' and ¢*> norms are bounded from below by the £~ norm and ¢, and ¢,
were chosen arbitrarily according to (5.25), we have inf,i gy v2ez00) d m(Ul, v >1/2 — € where d s
the £* norm with % = 1,2 or co. Hence, property (Pb) from Proposition 5.25 holds with k =1/2 — €,
thereby concluding the proof. O
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