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Abstract

Neural Networks (NNs) are essential components of intelligent systems because
they produce efficient solutions to problems of overwhelming complexity for conven-
tional computing methods. There are lots of papers showing that NNs can approxi-
mate a wide variety of functions, but comparatively very few discuss their limitations.
To illustrate the role played by information coding in NN computations we define
and study sensitive and robust Boolean functions. We also prove that an exponen-
tial large set of functions in the first group are exponentially difficult to compute by
multiple-layer perceptrons (hence incomputable by single-layer perceptrons) and a
comparatively large set of functions in the second one, but not all, are computable
by single-layer perceptrons. This suggests that the success of NNs, or lack of it, are
in part determined by properties of the learned data sets. Finally we use polynomial
threshold perceptrons to compute all Boolean functions with quantum annealing and
present in detail a QUBO computation on the D-Wave Advantage.

1 Introduction

NN is a computing paradigm that radically differs from conventional computing. NNs
can learn how to solve a problem through training with big data representing an 1/0 rela-
tion: they produce empirical data-based knowledge different from model-based knowledge
generated from the execution of fully crafted and understood algorithms. Model-based
approaches allow explainability and are amenable to rigorous analysis while data-based
techniques are hard to interpret and understand. NNs work amazingly well in a variety of
areas, like automatic speech recognition, image recognition, natural language processing,
drug discovery and toxicology, automatic game playing, etc. They also have an increas-
ing number of applications in software and systems engineering. Despite their empirical
successes, very little is understood about how machine learning (ML) models accom-
plish their tasks. Explainable-Al is an active research topic focusing on the generation
of models explicating the behaviour of Al-enabled systems [1]. The distinction between
data-based and model-based knowledge is essential in systems engineering, where NNs
are integrated in critical systems whose failures can be harmful for their environment.
For instance, using end-to-end ML-enabled solutions in autonomous systems, such as self-
driving cars, has been the object of hot debates as it is practically impossible to estimate
their trustworthiness |2, 3]. The trend moves toward intelligent systems that adequately
combine data-based and model-based components and take the best from each approach
by determining trade-offs between performance and trustworthiness. This trend is also
boosted by the striking similarity between these two computing paradigms and the two
types of human thinking [4]: fast non-conscious thinking relies on a data-based empirical
learning process while conscious slow thinking is the result of a procedural explainable
reasoning. Human mind combines in an admirable way the two types of thinking to



produce knowledge and solve problems. Hence, it is natural to investigate how the two
complementary computing paradigms can be combined in the best possible manner to
address the machine intelligence challenge.

It is well understood that data-based empirical learning should be robust to data
variations and guaranteeing this property is a non trivial problem. Intuitively, robustness
can be conceived as a metric property of the learned data sets such that the meanings of
very “close” representations do not significantly differ. While there is some understanding
of robustness, there is a lack of comprehension of its invariances and determinants.

If we recognise that NNs work well in some cases, but not in all, then, natural questions
arise: What NNs are good for? When should we use them and when not? How significant
are the cases when NN’s do not work? Are they practically irrelevant or just esoteric
cases interesting only from a theoretical point of view? Is it possible to distinguish
between problems where the application of NNs is obvious and problems where model-
based solutions are more adequate? How can we combine these two types of solutions?

Our work is motivated by the observation that NNs seem to be more adequate for
the classification of robust massive information: small modification of the input will not
drastically affect the classification result. This typically happens for NNs dealing with
sensory information and implementing perception functions like in medical image analysis
or face recognition. However, there are applications where using NNs hardly makes sense.
For example, is it possible to train a NN to check a given property (even a syntactic one)
from the analysis of the source code of programs? The answer is probably no because
software correctness is very sensitive to small changes of the source code. Moreover,
the relationship between software syntax and its meaning defined by the operational
semantics of the programming language can be deep and intricate. Similar issues can
arise when we may try to use NNs as monitors for detecting failures of software systems.
How much confident can we be in their verdicts obtained after a sufficiently long training
with testing data sets that distinguish between accepted and non-accepted test sequences?
Our confidence in such NN oracles would decrease as their sensitivity to input change
increases.

Another question that naturally rises is how the coding of information may impact
the complexity of the learning process. Considering again the previous example, the same
program can admit a large variety of semantically equivalent representations at different
abstraction levels e.g. source code, object code or even in the form of a transition system if
the program is finite state. How the adopted type of representation affects the complexity
of the learning process? Conversely, consider data sets with properties that are easy to
learn. Can transformations of their representation by “weird” scrambling functions affect
robustness and thus increase the learning complexity? For instance, if convexity of data
sets is important for learning a given property, what is the complexity for representations
obtained using codes that jeopardise their convexity?

In this paper we study only NN’s computations of Boolean functions. To illustrate
the role played by information coding in NN computations we define sensitive and robust
Boolean functions and prove that an exponential large set of functions in the first group
are exponentially difficult to compute by multiple-layer perceptrons (hence incomputable
by single-layer perceptrons) and a comparatively large set of functions in the second one,
but not all, are computable by single-layer perceptrons. This suggests that the success
of NNs, or lack of it, are in part determined by properties of the learned data sets.

The paper starts with a minimal amount of notation, defines the notions of sensitive
and robust Boolean functions and introduces three infinite classes of Boolean functions
PARITY,, R., R? used as case studies. We move to limitations of single-layer and multi-
layer perceptrons in computing the sensitive functions PARITY,,, which are the most
difficult to compute. In contrast we prove that the robust functions like R}, R? are
computable by single-layer perceptrons. Then we give more general results, including



the fact that the set of sensitive functions which are computed by multi-layer percep-
trons (MLPs) with a single hidden layer and an exponential number of hidden units is
exponentially larger than the set of threshold functions.

Finally, we use polynomial threshold perceptrons to compute all Boolean functions
with quantum annealing and present in detail a QUBO computation of PARITY, on the
D-Wave Advantage. We end with a few conclusions and two open questions.

2 Classes of Boolean functions

The set of binary strings of length n is denoted by {0,1}". Bits will be denoted by z,y
and bit-strings by x,y: depending on the context we will write x = (x1,x2,...,2,) or
X = x1x2 ... %,. The Boolean operations will be denoted by ~ (negation), V (disjunction)
and omitted - (conjunction). The set of reals is denoted by R; a vector of n real-valued
components is denoted by w.

In this paper we study Boolean functions of n > 1 variables f : {0,1}" — {0, 1},
shortly, functions. The true/false points of a function f are denoted by T'(f) = {x €
{0,1}" | f(x) =1} and F(f) ={x € {0,1}" | f(x) = 0}, respectively.

Every function f : {0,1}2 — {0,1} can be naturally extended to n > 2 vari-
ables in the following way: fo = f and f, : {0,1}" — {0,1}, fu(z1,22,...,2,) =
fo(fo—1(x1,...,2n_1),xy). In this way we get the functions of n variables OR,,, XOR,,
but not X NOR,,. We denote by RL, R2:{0,1}" — {0,1} defined by RL(x) = OR,(x)
and R%(x) = z; and by PARITY,, : {0,1}" — {0, 1} the function

1, if the number of 0’s in x is odd,

PARITY,(x) = { (1)

0, otherwise.

Lemma 1. For every n > 1, PARITY,, = XOR,, for even n and PARITY, = XOR,
for odd n.

Proof. Tt is seen that PARITY; = XOR and PARITY,i1(x1,%2,...,%nt1) =
XOR(PARITY, (21, %2, ..., %n), Tns1). 0

In what follows a function f will be represented in full disjunctive normal form [5,
p. 123]. The number of true points of f will be denoted by #7T'(f). By d we denote the
Hamming distance between strings of length n: d(x,y) is the number of positions ¢ such
that z; # y;.

Example 1. If T(f) = {111,100,001}, then d(x,y) = 2 for all distinct x,y € T(f).
The Boolean function PARITY3 has this property, but R% and R% do not have 1it.

3 Computing with single-layer perceptrons

A binary classifier is a function which decides whether or not an input belongs to a specific
set. A linear threshold computing unit or (single-layer) perceptron [6, p. 7] is a function
Pyw : R" = {0,1}, depending on two parameters, a threshold § € R and a vector of n
weights w = (w1, wa, ..., w,) € R", defined by

' 0, otherwise.

Example 2. For every n > 1, the functions R., R% are threshold functions.



Proof. We have: R}L =P (1.1,..1) and R?L =P ~1)- O
27 Iy 27 b EARAS ]

Theorem 1. |7, Theorem 3.7| A function f of n > 1 variables is a threshold function
if and only if for every positive integer k, for every sequence x1,Xa,...,Xx € T(f)) and
every sequence yi,y2,-..,yr € F(f) we have Zle X; # Zle Yi.

Example 3. It is known that XOR and X NOR are not threshold functions [8]. The
functions PARITY,, cannot be computed by perceptrons too.

Proof. Consider the following four vectors in {0,1}": x; = 077201, xo = 07210,
y1 = 077200, y2 = 0" 211. For every n we have PARITY,(x1) = PARITY,(xy
PARITY,(y1) = PARITY,(y2), PARITY,(x1) # PARITY,(y1) and x; + X2
y1 + y2, so the conclusion follows from Theorem 1.

On s

4 Sensitive vs. robust functions

In the previous section we have proved that R} and R2 are computable by perceptrons,
but PARITY,, is not. What is the reason for these different results? What make some
functions, but not all, computable by perceptrons, and more generally, easy computable
by NNs?

As it was pointed out in [9], this phenomenon is not surprising, we just need to ask
the question differently. First, how can NNs approximate functions well in practice, when
the set of possible functions is exponentially larger than the set of practically possible
NNs? Indeed, there are 22" different functions of n variables, so an NN implementing a
generic function in this class requires at least 2" bits to describe, that is, more bits than
there are atoms in our universe if n > 260 (not a large number of variables for practical
applications). A similar analysis points to an exponential difference between the number
of different functions of a fixed number of variables (double exponential) and the number
of polynomial NNs.

To provide an answer to the question above, let us first note the difference between the
functions PARITY,,, on one side, and the functions R and R2, on the other side. For
PARITY,, a single bit in the input x can flop the value of PARITY,(x) from 0 to 1 or
vice-versa. In contrast, R} and R2 are more robust for variations of their inputs. Indeed,
for R}, if two inputs x,y contain each an 1, say z; = 1 and y; = 1, then R} (x) = R(y),
and only R.(0,...0) = 0; for R we have R2(x1,22,...,7n) = R2(21,92, ..., Yn), for all
T1, T2 ey Ty Y2, - -+ Yn € {0, 1}

This suggests that sensitivity vs. robustness can cause differences in NNs computabil-
ity or incomputability of functions, so we will propose a model for them. Informally, a
function is sensitive if a “small variation" in the input will determine a jump in the values
of the function from 0 to 1 or vice-versa; a function which is not sensitive will be called
robust.

Definition 1. Fiz a function f of n > 1 variables. We say that f is

f(y)
y)

(a) strongly sensitive if for all x,y € {0,1}"™ with d(x,y) = 1, we have f(x) ,
=0.

(b) sensitive if for all x,y € {0,1}"™ with d(x,y) =1 and f(x) =1, we have f(
It is clear that strong sensitiveness implies sensitiveness, but the converse implication
is false. Indeed, the function f(00) =1, f(x) = 0, for x # 00 is sensitive as d(00,01) =

d(00,10) =1, f(00) = 1 # f(01) = f(10), but not strongly sensitive as f(01) = f(11) =
0,d(01,11) = 1.

Next we show that Example 1 is in fact more general:



Proposition 1. Assume that f is a function with n > 1 variables. Then the following
two conditions are equivalent:

(a) The function f is sensitive.

(b) For every distinct x,y € T(f), d(x,y) > 2.

Proof. For the direct implication we assume by absurdity the existence of x,y € {0,1}"
with d(x,y) = 1 and f(x) = f(y) = 1. Then, by (a) f(x) = f(y), a contradiction.
Conversely, if we assume by absurdity that there exist x # y,x,y € T(f) such that
d(x,y) =1, then by (b), d(x,y) > 2, a contradiction. O

Corollary 1. No (strongly) sensitive function is a threshold function.

Proof. Consider a sensitive function f of n > 1 variables. Let us take x',x” € T(f),
hence by Proposition 1, d(x’,x”) > 2. Then, there exist 1 < i < j <n, u,v,z such that
x' = uz;vejz, X" = ug;vejz. We now choose y' = uz;vejz, y” = uz;vi;z. We note
that d(x,y’') =d(x",y")=1land X' +x" =y +y", x',x" € T(f), y',y" € F(f). The
conclusion follows from Theorem 1. ]

MLPs have more computational power than perceptrons. An MLP consists of an
input layer, intermediate (hidden) layers and an output layer [10], see Figure 1. An
MLP P : R™ — R"™ is defined by L mappings acting on a sequence of spaces
(R™, R72 ... R™) [11], P! : R — R™ P2 . R™ — R% .. PL=1 . Ru-1 - R
where each P! (1 <14 < L) consists of j perceptrons defined as:

3

pii @y b Y 2w 2 05
05w; 0, otherwise,

such that a) a = x € R™, al € R™,..., al~! € R, b) w' € R(™+1X7) denotes the
weight matrix connecting it" layer to (i 4+ 1) layer; w§ is the j*" row of matrix w’, c)
9 € R(Mi+1x1) is the threshold vector and 0;- is the j"" row of this vector, d) n; is the
number of units in the ith layer (1 < i < L) and nz, is the number of units in the output
layer. The mappings above feed the input patterns into the hidden layers to categorise
different classes in the output layer. When we have just one unit in the output layer, the
MLP is called binary classifier.

Input Layer Hidden Layers Output Layer

Figure 1: MLP with an input layer, two hidden layers and an output layer

Example 4. Figure 2 exemplifies a three-layer MLP with one hidden layer.



n=3n=2n=1

Wl € ]RZXBI WZ € RIXZ
x=a’€ R%a'e R

' e R>L,02€R

Figure 2: A simple example of an MLP with a hidden layer

Theorem 2. |[Universality Theorem 7.1 |7, p. 74-83|| Ewvery function of n > 1 variables
can be computed by an MLP with a single hidden layer.

Theorem 3. Every sensitive function of n > 1 variables with k = #(T(f)) is computed
by an MLP with a single hidden layer and exactly k hidden units.

Proof. By Theorem 2, every function can be computed by an MLP with a hidden layer
by mapping each x € T'(f) to a unit in the hidden layer [12, p. 3|; as k = #(T(f)), an
MLP with a single hidden layer can compute f with k hidden units.

By sensitivity and Proposition 1, for all x,y € T'(f) we have d(x,y) > 2, so points in
(T'(f) cannot be combined to reduce the disjunctive normal form [13, p. 162]), hence the
number of hidden units cannot be reduced. As each true point is a node in the hidden
layer, the hidden layer cannot have less than k units [12]. O

Corollary 2. FEvery function PARITY,, withn > 1 is computed by an MLP with a single
hidden layer and exactly 2"~ hidden units.

Comment 1. In [9] a similar result was proved for a more complicated function: n
variables cannot be multiplied using fewer than 2" perceptrons in an MLP with a single
hidden layer.

Theorem 4. For every n > 2 there exist 22" _ 9 sensitive, not strongly sensitive
functions which are computed by MLPs with a single hidden layer and an exponential
number of hidden units.

Proof. Take a strongly sensitive function f (for which #7(f) = 2"~ !) and remove from
T(f) a subset of P containing 2”2 points. Then for every non-empty subset S C P
we consider the function fg whose set of true points is T'(fs) = (T'(f) \ P) U S. Every
function fg is sensitive by Proposition 1, not strongly sensitive by Corollary 2, and
as #(T(fs)) > 2"2, every MLP with a single hidden layer that computes it has an
exponential number of hidden units by Theorem 3. Furthermore, the number of all
functions fg is at least 22" " — 2. O

Corollary 3. The set of sensitive functions of n > 2 wvariables which are computed by
MLPs with a single hidden layer and an exponential number of hidden units is exponen-
tially larger than the set of threshold functions.



Proof. The set of threshold functions of n > 1 variables has less than on’ functions, |7,
Theorem 4.3|, while by Theorem 4, the set of functions which are computed by MLPs with
a single hidden layer and an exponential number of hidden units has at least 22" _ 9
functions.

O]

Which functions are strongly sensitive? We first prove some invariants of strongly
sensitive functions. The following results follows directly by the definition of strong
sensitivity.

Lemma 2. If f is a strongly sensitive function of n > 1 wvariables, then the func-
tions f, fr (where 7 is a permutation of the set {1,2,...,n}) defined by f(x) =
f(x), fr(x122 ... 20) = f(Tr(1)Tr(2) - - - Tr(n)) are also strongly sensitive.

Proposition 2. Let f be a function of n > 1 wvariables. The following statements are
equivalent:

(a) f is strongly sensitive.
(b) The function gr(x,xns1) = XNOR(f(X), Tny1) is strongly sensitive.

(¢) The function hy(x,zn41) = XOR(f(X),Tnt1) is strongly sensitive.

Proof. Assume first that (a) is true and take XTpi1,yynt1 € {0,1}""! such that
d(XTp+1,YYn+1) = 1. Permuting the variables and using Lemma 2 we can assume that

ZTnt1 = Yn+1 and d(x,y) = 1. From the sensitivity of f it follows that f(x) = f(y),
hence we have:

9 (X, Tpp1) = f(X) 1 V f(X) Tag1 = f(¥) Tua1 V FY) Tor1 = 95(Y, Tns1),

so gy is strongly sensitive.
Next assume that (b) is true and take x,y € {0,1}" such that d(x,y) = 1. By
(b) g7(x,Znt1) = gf(y,ns1) because d(Xxpi1,yZns1) = 1. Indeed, if by absurdity

f(x) # f(y), then g¢(x,2n41) = f(X) Tny1 V f(X) Tng1 = f(¥) Tnp1 V [(Y) Tng1 =
95(¥s Tnt1) 7# g7 (¥, Tny1), a contradiction.

Finally, by Lemma 2, gy is strongly sensitive if and only if h; = gy is strongly sensitive,
that is, (b) is equivalent to (c). O

The following equalities are easy to verify:

Lemma 3. The following relations are true for all x,y,z € {0,1}:
1. XOR(x,XOR(y,z)) = XOR(x, XOR(y, 2)),
2. XOR(z,XOR(y,2)) = XOR(z, XOR(y, 2)).

Theorem 5. The functions PARITY,, and PARITY,,n > 1 are the only strongly sen-
sitive functions.

Proof. Clearly, PARITY,, is strongly sensitive; by Lemma 2, PARITY,, is also strongly
sensitive.

If f,, is a strongly sensitive function of n > 2 variables, then f,(z1,...,2p—1,2,) =
XOR(fn-1,2n), where fr_1(z1,...,2n—1) = fu(z1,...,2n-1,0). By Proposition 2, f,_1
is also strongly sensitive. In this way we get the sequence of strongly sensitive functions
fn=1, fn—2, ..., fo satisfying the relations

filzr, ..., @i—1,2;) = XOR(fi—1, ;). (3)



Out of all 16 functions of 2 variables only two, PARITY2, PARITY,, are strongly
sensitive. Going backwards via (3) and using Proposition 2 we infer that every strongly
sensitive function of n > 2 variables can be obtained by n — 1 compositions of XOR and
XOR. From Lemma 3 we deduce that in the set of 27! functions obtained from all
compositions of XOR and XOR there are only two distinct functions, PARITY,, and
PARITY,,. O

Comment 2. Every strongly sensitive function f of n > 1 variables has #(F(f)) = 2”1

From Corollary 1 we deduce that every threshold function is not sensitive, that is,
“there exist x,y € {0,1}" such that d(x,y) = 1 we have f(x) = f(y)”; this property
seems to be a weak form of robustness. The condition “for every x,y € {0,1}" such that
d(x,y) = 1 we have f(x) = f(y)” is too strong, as it is satisfied only by the constant
functions. A better definition is:

Definition 2. The function f is robust if for every x € {0,1}" there exists y € {0,1}"
such that d(x,y) =1 we have f(x) = f(y).

Example 5. Every function f with T(f) = {x,y} and d(x,y) = 1 is robust and threshold.
Proposition 3. The functions R. and R? are robust and threshold.

Proof. 1f x € {0,1}" with RL(x) = 1 we can find an y € {0,1}" such that d(x,y) = 1
and Rl (y) = 1. If x contains only one 1, then y can be obtained by from x by replacing
a single bit 0 with 1; otherwise y can be obtained from x by replacing a single bit 1
with 0. If RL(x) = 0, then x = 0", so we take y = 10"~ % d(x,y) = 1 and RL(y) = 1.
If x € {0,1}" with R%(x) = z; = 1, then every y € {0,1}" such that y; = 1 and
d(x,y) = 1 satisfies R2(y) = 1; the case R2(x) = 0 is similar. By Example 2, R and
R? are threshold functions. O

A function is monotone in case for every x <y (that is, for every 1 <i < n we have
x; < y;) we have f(x) < f(y).

Example 6. Monotone non-constant functions are robust, but not all of them are com-
putable by perceptrons.

Proof. The set of threshold functions of n > 1 variables has less than on’ functions, |7,
Theorem 4.3|, which is a smaller subset of the set of monotone functions whose cardinality

is the Dedekind number D,, > 2(ln72J), [14], hence.
O

5 Quantum annealing computation of polynomial threshold
perceptrons

A polynomial threshold unit is a generalisation of a perceptron in which the linear thresh-
old is replaced by a polynomial threshold, see [15, p. 5]. In detail, for a positive integer
n we define the set [n] = {1,2,...,n} and the multi-set [n]™ containing all possible
selections with repetitions of at most m objects from [n].

Example 7. Forn =3 and m = 2 we have [3]2 = {0, {1}, {2}, {3}, {1,1},{2, 2}, {3, 3},
{1,2},{1,3},{2,3}}.



Consider a multi-set S € [n]? and an input vector x = (21, 72,...,2,) € R". By x5 we
denote the product of z; for ¢ € S. For instance, we have g = 1, w9 3y = (301 = Taw3,
x{l,l} = x%

A polynomial threshold perceptron is defined by a vector parameter wg, with S €
[n]™. The function Py : R" — {0,1} computed by a polynomial threshold perceptron
with parameter wg is

1, if > wrxr >0
mo) — , Tes ;
Pus () { 0, otherwise. (4)

Example 8. Forn =3, m =2 and x = (z1,z2,23) € R" the weighted sum of inputs for
the polynomial threshold perceptron has the form:

2 2 2
wp + w121 + waZe + wsr3 + w1127 + W2 2% + W3 3x3 + W1 201T2 + W1 313 + W2, 3T273.

If the input vector x = (z1,22,...,2,) € {0,1}", then z] = x; for all » > 1 and
i=1,2,...,n. For example, in this case [3]? = {0, {1}, {2}, {3}, {1,2},{1,3}, {2,3}}.

Example 9. Forn,m =2 and x = (x1,72) € {0,1}? we have [n]? = {0, {1}, {2},{1,1},
2,2}, {1,2}} = {0, {1}, {2}, {1,2}}. The weighted sum of inputs z, is z = wy + w21 +
Wiy + wyigy172. If we take S = 22, wy = —%7111{1} = wygy = 1 and wy ) =
-2,z =21+ 29 — 22179 — %7 then the polynomial threshold perceptron computes XOR,
see Table 1. If we take S = [2]?, wy = %:w{l} = wpgy = —1 and wy 9 = 2, then
S =1[2%2=—21 — x3 + 2m120 + %’ then the polynomial threshold perceptron computes
XNOR.

Table 1: Polynomial threshold perceptron for XOR of two variables.

1 | xo | 2 PVZVS (r1,22) | T1 ® @2
0]0]—3 0 0
01|41 1 1
10} 3% 1 1
1)1 ] -4 0 0

Theorem 6. [Universality Theorem [16, p. 53|| Every function of n variables is com-
putable by a polynomial threshold perceptron with degree of n.

Corollary 4. Every function PARITY,, is computable by a polynomial threshold percep-
tron of degree n.

A Quantum Unconstrained Binary Optimisation (QUBO) problem is an NP-hard
mathematical problem consisting in the minimisation of a quadratic objective function

q(x) =x"Qx,

where x € {0,1}" and Q = (Q;;) is an n X n matrix:

¥ = min Z 2;Q; ;. (5)

n
R 1

The matrix ) can be chosen to be upper-diagonal so can write

q(x) = Z Qiiri + Z Qi jTir;.

1<j



The diagonal terms ();; are the linear coefficients and the non-zero off-diagonal terms
Qi j,% < j are the quadratic coefficients. The quantum annealing computer D-Wave
solves natively QUBO problems [17, 18|.

To compute a polynomial threshold perceptron using quantum annealing computation
we need to turn the polynomial in (4) into an equivalent quadratic one. To this aim we use
the Reduction by Substitution method [19, p. 1237] implemented by the make quadratic
function in [20]. Suppose that x1x9z3 € {0,1}3. The product of x1x5 is replaced by a
new variable x4, x1x9x3 = T3x4, Where x4 = x129; to enforce the last equality a penalty
function is added to xz3x4. Accordingly,

T122T3 = Hgln{xgm + MP(x1,22;74)},

where, M is the penalty and

P(l‘l, 9, x4) = X1T2 — 2(331 + xg)l‘g + 3LU4.

Similarly, a polynomial term involving more than three variables can be reduced to a
sum of quadratic ones by sequentially reducing the degree of the terms by one.

Corollary 5. Fvery function with any number of variables can be computed by a quantum
annealing program (on D-Wave).

Proof. By Theorem 6 and the Reduction by Substitution method, a QUBO objective
function can be obtained which is computable on D-Wave. O

Corollary 6. Fvery function PARITY,, is computable by a quantum annealing program
(on D-Wave).

Example 10. For n = 4 we have

4
Py (71,72, 73,24) = —T0 — T1 — T2 — T3
+ 2201 + 2z072 + 22073 + 22122 + 22123 + 22273
— 4:60.731:132 — 41’0(1)1%3 — 4%01’2:113 — 4(1:1%2%3
+ 8xgxr1x223.
To convert the five non-quadratic terms to quadratic ones in vas we use the D-Wave

make quadratic function [20]. To this aim we define two ancillary variables x4 = xoxy
and x5 = xox3. Next, we reformulate Pff,s based on x4 and xs5:

pa(x) = —xg — 1 — X2 — 3
+ 224 + 2z + 2w023 + 220122 + 20103 + 25
—dxoxy — dxzxy — 4075 — 4T175
+ 8xyx5 + M (P1 + P2),

where, P1 and P2 are the penalty functions and M is the penalty weight [21]:

P1(zg, z1;x4) = zow1 — 22024 — 20124 + 34, P2(29, x3; T5) = xox3 — 2x9w5 — 22325 + 3T5.

Accordingly, for M =5 we have

10



po(x) = —xg — x1 — T3 — x3 + 224 + 225
+ 22010 + 22023 + 22129 + 27123
—dxoxy — dxzxy — 4025 — 4T1T5
+ 8x4x5
+ 5xgx1 — 102024 — 102124 + 1524
+ bxoxg — 10zoxs — 10x325 + 1525

Last we simplify the above equation and get

pa(X) = —x9 — 1 —x9 — a3+ 1724 + 1725
+ dxox1 + 2x072 + 22023 + 22122 + 22173 + Drons
— 10xgxy — 102124 — 4924 — 4324
—4dxoxs — 4x1xs5 — 1009205 — 102325

+ 8.%'4.%5

The Appendixz contains the computation details. The visualisation of Q@ on D-Wave
Advantage using D-Wave Inspector is presented in Figure 4 and Figure 3: as expected,
there is no broken chain. It is easy to check the correctness of the QUBO formulation
p2(x), d.e. for all x € {0,1}%, PARITY,(x) = 1 if and only if x is a solution of the
QUBO problem pa(x).

6 Conclusions

The paper contributes to the investigation of a not yet fully explored problem of compu-
tational limitations of NNs. Solutions to that problem are especially important as NNs
are broadly used in intelligent systems despite the lack of a theory for understanding
and providing guarantees for their behaviour. Our study is limited to NNs implementing
Boolean functions, but we believe that the results can be transposed to other domains too.
Starting from the observation that NNs are good enough for the classification of massive
data that exhibit some kind of robustness we provide a framework for formalising this
property and provide related computability results. We initially introduce three charac-
teristic and simple classes of functions and show how the complexity of NNs computing
them is correlated with this property. Then we show how these results can be generalised
to classes of functions depending on the robustness, or its opposite, sensitivity, of their
representations.

Our study raises a whole host of problems about the computability of classes of
functions and in particular the following open questions: Does there exist £ > 0 such
that every robust function is computable by an MLP with a single hidden layer and at
most k£ hidden units? How can one combine classical and quantum computing with NN
computing to obtain better results?
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Appendix: QUBO for PARITY,

We have used the function make quadratic from Dimond Library of the Ocean SDK,
there is a library named Dimod [20] to generate the QUBO for P2 . in Example 10.

#Computing f 4 with D-Wave

import dimod

from dwave.system import DWaveSampler

from dwave.system import DWaveSampler, EmbeddingComposite

poly = {(0,): —1, (1,): —1, (2,): —1, (3,):—1, (0, 1): 2, (0,2): 2
3

(0,3):2, (1,2):2, (1,3):2, (2,3):2,(0, 1, 2): —4, (0, 1, 3): —4,

(0, 2, 3): —4, (1, 2, 3): —4, (0,1,2,3): 8}
bgm = dimod.make quadratic(poly, 5, dimod.BINARY)
a=list (bgm.to_qubo())
print (a)

make quadratic.py

[{(0, 2): 2, (0, 3): 2, (0, 1): 5.0, (0, *0%1°): —10.0, (0, ’2%3°'): —4,
(1, 2): 2, (1, 3): 2, (1, ’0%1’): —10.0, (1, ’2+3°): —4, (2, ’0x1’): —4,
(2, 3): 5.0, (2, '2%37): 10.0, (3, ’0x17): 4, (3, 72%37): 10.0,
(70«17, ’2%3°): 8, (0, 0): —1.0, (1, 1): —1.0, (2, 2): —1.0,
(3, 3): —1.0, (’0%1°, ’0%1°): 17.0, (’2%3°, ’2%3’): 17.0}, 0.0]

print(a).txt

The coloured terms in the output (0% 1 and 2 * 3) are the auxiliary variables x4 and z5.
Accordingly, the QUBO @ was created and used on D-Wave Advantage for minimisation.
Bellow the process and the results are shown. The minimum energies (—1) correspond
exactly to the values of x such that PARITY,(x) = 1.

Q={("x0",’x2"):2, (’'x0’,’x37):2, (’'x0’,’x1’):5, (’x0’,’x47):—10, (’'x0’, ’x5’): —4,
('x17,'x27): 2, (’'x17, "x37):2,(’x1’,’x47):—10, (’x1’,’x5"):—4, ('x2’, ’'x4’): —4,
('x27,'x37):5, ('x2’,’x57):—10, (’'x3’, 'x4’): —4, (’'x3’, ’x5) —10,('x4’,’x57):8,
(’x0’, 'x07): —1, (’x1’, ’x17): —1, (’'x2’, ’'x2’): —1, (’'x37, ’x3’): —1, ('x4’, ’'x4’): 17,
(x5, 'x57): 17}

sampler auto = EmbeddingComposite( DWaveSampler(solver={’topology type eq’:’pegasus’}))

sampleset = sampler auto.sample qubo(Q, num_reads=1000, answer mode=’histogram ’,

chain_strength=10)

print (sampleset)

E4 minimisation.py

x0 x1 x2 x3 x4 x5 energy num_oc. chain_b.
0 0O O 1 0 0 ©O —1.0 71 0.0
1 0 1 1 1 0 1 —1.0 113 0.0
2 1 0 1 1 0 1 —1.0 108 0.0
3 1 1 1 0 1 o0 —1.0 31 0.0
4 1 0 0 0 0 O —1.0 37 0.0
5 1 1 0 1 1 0 —1.0 46 0.0
6 0 1 o o0 o0 o —1.0 70 0.0
7 0O 0 o0 1 0 O 1.0 65 0.0
8 1 1 0O O 1 0 0.0 27 0.0
9 0 1 1 0 0 O 0.0 39 0.0
10 1 1 1 1 1 1 0.0 45 0.0
11 1 0 1 0O 0 O 0.0 24 0.0
12 0 O 1 1 0 1 0.0 61 0.0
13 0 0 O O 0 o 0.0 28 0.0
14 1 0O o0 1 0 O 0.0 31 0.0
15 0 1 0 1 0O O 0.0 42 0.0
16 1 1 1 1 0 1 3.0 9 0.0
17 0 1 1 0 1 0 3.0 2 0.0
18 1 0O 0 1 0 1 3.0 14 0.0
19 0 1 0 1 0 1 3.0 9 0.0
20 1.0 1 0 1 O 3.0 6 0.0
21 1. 1. 0 0 0 O 3.0 4 0.0
22 0 1 0 1 1 o0 3.0 5 0.0
23 1 0O O 1 1 0 3.0 7 0.0
24 0 1 1 0 O 1 3.0 36 0.0
25 1 0 1 0 O 1 3.0 16 0.0
26 1 1 1 1 1 0 3.0 7 0.0
27 0 O 1 1 0 O 3.0 13 0.0
41 1 0 1 0 o0 1 3.0 1 0.166667
28 1 1 0 1 0 1 5.0 1 0.0
29 O 1 1 1 1 0 5.0 2 0.0
30 1 1 1 0 O 1 5.0 9 0.0
31 1 0 1 1 1 0 5.0 2 0.0
32 0 0 O 1 0 1 6.0 1 0.0
33 1 0 1 1 1 1 6.0 2 0.0
34 1 1 0 1 1 1 6.0 3 0.0
35 0 1 1 1 1 1 6.0 2 0.0
0O 1 0 0 1 o0 6.0 1 0.0
1 1 1 0 1 1 6.0 2 0.0
1 0 1 1 0 O 6.0 2 0.0

12



39
40

0
0

0 1 0 O 1 6.0 2 0.0
1 1 1 0 0 6.0 4 0.0
[ 'BINARY’, 42 rows, 1000 samples, 6 variables]

D-Wayve output.txt

Figure 3: @ graph Figure 4: Graph @ in Pegasus graph
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