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Abstract: In this paper, we consider the max-product neural network operators of the Kantorovich
type based on certain linear combinations of sigmoidal and ReLU activation functions. In general, it
is well-known that max-product type operators have applications in problems related to probability
and fuzzy theory, involving both real and interval/set valued functions. In particular, here we face
inverse approximation problems for the above family of sub-linear operators. We first establish their
saturation order for a certain class of functions; i.e., we show that if a continuous and non-decreasing
function f can be approximated by a rate of convergence higher than 1/#, as n goes to 4o, then f
must be a constant. Furthermore, we prove a local inverse theorem of approximation; i.e., assuming
that f can be approximated with a rate of convergence of 1/#, then f turns out to be a Lipschitz

continuous function.

Keywords: sigmoidal functions; ReLU function; neural network operators; saturation result; local
inverse theorem

1. Introduction

The introduction of the max-product version of families of linear approximation
operators is due to Bede, Coroianu and Gal (see, e.g., [1,2]) and it led to a new branch
of approximation theory. The new theory of max-product operators has been deeply
studied, and recently the above-mentioned authors summarized their results in a complete
monograph [3].

In general, the max-product version of a sequence/net of linear operators is a family
of nonlinear (more precisely sub-linear) operators with better approximation properties of
their original version: in many cases, the order of convergence is faster than their linear
counterparts [4-6]. Further, the above operators can also be useful, for instance, in the
applications of probability and fuzzy theory involving both real and interval/set valued
functions (see, e.g., [7,8]).

In the present paper, we study the max-product form of the neural network (NN) oper-
ators of the Kantorovich type K,SM), first introduced in [9] and here recalled in Definition 3
of Section 2. In general, the NN operators (see [10]) are strictly related to the theory of
artificial neural networks, which has been introduced in order to provide a very simple
model for the human brain, which is able to reproduce all its main abilities [11-14].

Each basic element composing a neural network is called an artificial neuron; its
behavior is regulated by suitable activation functions, which must represent the two
possible states of the biological neuron: the activation and the quiet phases [15]. From the

Mathematics 2022, 10, 63. https:/ /doi.org/10.3390/math10010063

https://www.mdpi.com/journal /mathematics


https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0000-0003-2310-0939
https://orcid.org/0000-0003-2690-2195
https://orcid.org/0000-0001-8834-8877
https://orcid.org/0000-0002-5743-3144
https://orcid.org/0000-0002-9875-2790
https://doi.org/10.3390/math10010063
https://doi.org/10.3390/math10010063
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/math10010063
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/article/10.3390/math10010063?type=check_update&version=2

Mathematics 2022, 10, 63

20f11

mathematical point of view, functions which better represent the latter fact are those with
sigmoidal shape (see, e.g., [16]).

For the above reasons, in the present paper, we mainly consider the operators K,SM)
activated by suitable sigmoidal functions. Very useful examples of sigmoidal functions
(in view of their importance in learning algorithms, [17]) are, e.g., the logistic and the
hyperbolic tangent functions [18].

However, independently of its biological meaning, in some recent papers, a new
unbounded activation function has also been introduced and deeply investigated. This
function is the so-called rectified linear unit (ReLU) function (see, e.g., [19]), and it is simply
defined by the positive part of x, for every x € R. The ReLU activation is revealed to
be very suitable for training deep (i.e., multi-layer) neural networks, in view of the very
simple form that is assumed by its derivative (whenever it exists).

Here, we show that the above operators can also be based on a certain finite linear
combination of ReLU activation function, and in this case, the approximation properties of

KﬁlM) are also preserved.

Problems of interpolation, or more in general, of approximation, are related to the
topic of training a neural network by sample values belonging to a certain training set:
this explains the interest in studying approximation results by means of NN operators in
various contexts [15,20-24].

Indeed, as can be seen from the references therein, results in this sense have been
studied deeply in terms of various aspects, such as the convergence and the order of ap-
proximation.

In this paper, we deal with the problem of the saturation order and of inverse results
of approximation.

In general, the problem of establishing the saturation order for a family of operators
Ly (see [25-28]), n € N, consists in determining a class of functions D, a certain subclass
& of trivial functions of D, and a positive non-increasing function ¢(n), n € N, such that
there exists ¢ € D\ € with ||L,g — g|| = O(¢(n)), as n — 400, and with the property that,
for any f € D with:

ILnf = fIl = olg(n)), 1= +eo,

it turns out that f € &, and vice versa. Here, || - || denotes any suitable norm on D.
In this case, ¢(n) is said to be the saturation order of the approximation process L, and it
represents the best possible order of approximation that can be achieved on D by the above
approximation operators.

In case of the max-product NN operators of the Kantorovich type, according to the
studies given in [9,29], we expect that for a certain subclass D of C([0,1]) (endowed with
the usual max-norm), with ¢(n) = 1/n,n € N, then f is constant over [0, 1]. Hence, we also
have that the trivial class of functions £ is given by constant functions. Indeed, one of the
main results that we establish in the present paper is exactly the proof of the above claim.

Further, since in [9] it has been proved that, in the space Lip([0,1]), the order of
approximation is exactly 1/n, as n goes to +oo, it is natural to ask if also the converse
implication holds.

In this paper, we proved exactly a local version of such an inverse approximation
theorem, i.e., if the relation:

[, — £ = 0/m), 0+,

olds, with f continuous and non-decreasing, then f belongs to Lip([a, b]),for every sub-
interval [a,b] C [0,1].

2. Preliminaries

By C([0,1]), we will denote the space of continuous functions f : [0,1] — R, while by
C+([0,1]), we will indicate the subspace of C([0,1]) of the non-negative valued functions.
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Furthermore, we will denote by Lip([0,1]) the subspace of C([0,1]) of the Lipschitz con-
tinuous functions on [0, 1], i.e., the space of functions f for which there exists a positive
constant L such that

f) = fWI<Llx—yl,  xyel01].

Finally, we also denote by ||-|  the classical max-norm. Obviously, all the above notations
can be given by replacing the interval [0, 1] with any bounded or unbounded interval
ICR

We now recall the definition of a sigmoidal function introduced by Cybenko [30].

Definition 1. Let 0 : R — R be a measurable function. We call o a sigmoidal function if

lim o(x) =0, and lim o(x) =1
X——o00 X—>+00
In what follows, we consider non-decreasing sigmoidal functions ¢ that satisfy the
following conditions:

(X1) o(x) —1/2is an odd function;
(X2) o€ CZ(R) is concave for x > 0;

(X3) o(x) = O(\x\f”“l) as x — —oo for some a > 0.

Notice that assumptions (Xi), i = 1,2,3 are satisfied by the main examples of sig-
moidal functions known in the literature.

For instance, examples of sigmoidal activation functions are given by oy(x): =
(14+e%)7!, x € R (i.e., the so-called logistic function), and by 0, (x) := (tanh(x) + 1) /2,
x € R (i.e., the so-called hyperbolic tangent activation function). Note that both oy (x) and
0y, (x) satisfy (£3) for all « > 0 in view of their exponential decay at x — —oo.

Further, we can also recall the definition of the sigmoidal functions that can be gener-
ated by the well-known central B-splines of order n € N*

Ma(x) = o, i(—n"(?) (g - i)"fl, x€R,

i=0 +

where the function (x), := max{x,0}. Hence, we can define the sigmoidal function oy,
generated by M,, as follows:

X
o (x) = / M (t)dt, x € R.

Obviously, oy, satisfies assumption (X1) for every n > 1. Further, since M, have
. . . nmni.
compact supports, and the supports are contained in the intervals [f 5 5} , it turns out

that o, also satisfies (X3) for every a > 0. Further, assumption (X2) is satisfied for n > 1.
Now, considering (from now on) a function ¢ that satisfies the above assumptions, we
can recall the definition of the density (kernel) function ¢, that is:

1
Po(x) := E[a(x +1)—0c(x—1)], x€eR.
For the function ¢, the following lemma can be proved.

Lemma 1. (i) ¢ (x) > 0 for every x € R, with ¢s(2) > 0, and limy_,+ 0 po(x) = 0;
(i) ¢po (x) is an even function;
(iii) ¢o(x) is non-decreasing for x < 0 and non-increasing for x > 0;
(iv) po(x) = O <|x|_“_1) as x — doo where w is the positive constant of condition (£3).
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For a proof of conditions (i)—(iv), see [31].
Now, we introduce the following notation used in the literature (see, e.g., [3]) in order
to define the so-called max-product type operators.

Definition 2. Let Ky, Ky be two integers with K1 < Ky and let Ay € R, k =Ky, ..., Ky . Then
we define
Ky
\/ Ak = max{Ak, k= Kl,. . .,Kz}.
k=K,

Now, we recall the following lemma that will be useful in order to show that the
family of operators investigated in this paper are well-defined.

n—1
Lemma 2. ([29]) \/ ¢o(nx — k) > ¢s(2) > 0 for every x € [0,1].
k=0

The definition of the max-product NN operators of the Kantorovich type can now be
recalled.

Definition 3. Let f : [0,1] — R be a bounded and locally integrable function and let n € N,
The max-product NN operators of the Kantorovich type activated by o are defined by:

n— (k+1)/n

| J
¢o(nx —k)n f(u)du
K (7 ) = 0 -

— ,x €[0,1].
\/ ¢o(nx — k)

k=0

Clearly, in view of the properties established in Lemma 2, it turns out that K,(1M) (f, x) are
KOG < 1l < oo

Concerning the assumptions (X1), (£2), and (X3) assumed above, we can observe
that condition (X2) could be avoided, requiring that the sigmoidal function ¢ is such that
o(3) > (1) and condition (iii) of Lemma 1 is fulfilled by ¢,. The main advantage that
can be achieved by the latter fact is that one could apply all the approximation results
established below also to discontinuous and non-smooth sigmoidal functions.

An example of continuous but non-smooth sigmoidal function (given according to the
above remark) is the so-called ramp function oy (x) (see [12]) defined as follows:

well-defined, and, moreover, it is quite simple to observe that ’

&
=

|&=
= Nw

Nl—
2
IN

NI

or(x) == +

|
\/N\w/\
= A

=W
<
=

In particular, oy satisfies condition (£3) for alla > 0, and ¢, turns out to be a function
with compact support; moreover, og(3) > og(1).

Note that (see [27]) the sigmoidal function oy, (3 ) coincides with the ramp function
or; now recalling the definition of the well-known rectified linear unit (ReLU) activation
function (see, e.g., [19,32]):

Preru(x) == (%), ¥ €R,
it turns out that:

O'Ml(3x) = lpRgLu(3x—|—1/2)—l/JRELu(3x—1/2), x eR.
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Thus, the density function Popy, (3 Can be expressed in terms of ReLU activation
function as follows:

Pog (x) = ¢‘7M1(3')(x) = Preeu(Bx+1) —2¢rerur(3%) + Preru(3x — 1), x eR.

As a consequence of the latter relation, the NN operators K,SM) activated by o, (3 -)
can be considered as an NN activated by the above linear combination of ReLU activation
functions. Recently, it has been proved that {g,r1; is very suitable in order to train deep
(i.e., multi-layer) neural networks; see, e.g., [33,34]. For more details concerning {r.11,
see also [19,35].

3. The Saturation Order

It is well known that, if f € C(]0,1]) the family (K,(IM) (f, )) converges uniformly to
f (see [9]). Moreover, we also know that the following quantitative estimates:

as n — oo, there holds if condition (23) is satisfied for « > 1, M > 0 and where:

k(- £, < Mao(11), <1>

@(f3) = suplIF) = F0)] %y € [0,1) with = y| < 1/}

denotes the usual modulus of continuity of the function f € C4([0,1]) (see, e.g., [36]).
From the latter result, it turns out that, if the function f belongs to Lip([0,1]), then the
order of uniform approximation is 1/n, as n — -+oo.

In this section, we study the saturation order for the NN operator of the Kantorovich
type activated by sigmoidal functions; i.e., we show that 1/n is the best possible order of
approximation that can be achieved for non-decreasing functions that belong to C, ([0, 1]).

In order to reach our main purpose, we need some preliminary lemmas.

Lemma 3. Foranyj € {0,...,n—1},n € NT, we have:

n—1

\/ Po(nx — k) = ¢po(nx —j)
k=0

for every x € H - %,% + ﬁ} N[0, 1]. Further, if x € (1 - %,1] we have:
n—1
\ ¢o(nx —k) = ¢o(nx —n+1).
k=0

Proof. Letj € {0,...,n — 1} be fixed and x € [% - %,% + ﬁ] N [0,1]. Observing that
|nx —jl =nlx—j/n| <1/2 2)
and, since ¢, (x) is even and non-increasing for x > 0, we get:
polnx — ) = go(lnx — j1) > ¢o(1/2) > ¢o(2) > 0.
Similarly, if k € {0,...,n — 1} and k # j, we have

|nx —k| =n|lx—k/n| >1/2 ©)]
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and so, using the previous properties of ¢, (x) we have:
Po(nx —k) = ¢o([nx —k|) < ¢(1/2).
Ifx € (1 — %,1} we note that
Inx —n+1|=njx—(n—-1)/n <1

and,ifk #n—1
|nx —k| =n|x —k/n| >1

and the claim follows, arguing as in (2) and (3), respectively. O

Lemma 4. Let I C R be a bounded or unbounded interval and f € C(I). Suppose in addition
that there exists an absolute positive constant C with the property that for every € > 0 there exists

n(e) € N* such that foranyn € N,n > n(e) and j € Z, wzthl iGI we have

j+1 1| < Ce
SYRIGIEH ®
Then f is a constant function.

Proof. Let us choose arbitrary xp,yo € I, xo < yp and € > 0. The contmulty of f 1mphes
the existence of ng(e) € NT, such that for any x,y € I, |[x — xo| < —— |y Yol <

ng s) ’
we have

f(x) = fx0)| <& |f(y) = fyo)| <

We now fix ny = max{n(s), no(e), yo%x() }, where #(e) is the constant arising from the

assumptions, and let us choose arbitrary n € N such that n > n;. Since nl—l < yo — xp, it
follows that there exists k € Z and I € N such that
k—1< k k+1< <k+l< <k—|—l+1‘

x0 < — <
n S 0=y =" = _n_yo_ n

Applying successively the triangle inequality we get

f(x0) ~ flwo)| < ‘f@@._f(k)‘+wf<z>__f(kzl)‘
() ()

+h(k+l)fww.

n

By relation (4), we have

’f(k“’) f(’w)’ <C 01,11,

. k k+1 1 1
andsmcemax{‘xo—ﬁ , % } < u < no(s),weget
ICe
|f(x0) — f(yo)| < o + 2¢
On the other hand, we observe that % — % < yp — xp, which implies that | <

n(yo — xp). Thus, we obtain

|f(x0) = f(yo)| < Ce(yo — xo) + 2e.
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Now, since € > 0 has been chosen arbitrarily, passing to the infimum for € > 0 in the
previous inequality, we deduce that f(x9) = f(yo). By the arbitrariness of xy and vy, it
turns out that f is a constant function on the whole I. [

Lemma 5. Let I C R be a bounded or unbounded interval and f € C(I) be a non-decreasing

function with the property that for any couple a,b, a < b, of inner points of 1, and for every
e > 0 there exists n(a,b,e) € Nt such that foranyn € N, n > n(a,b,€) and j € Z, such that

[ ¢ [a,b], we have
1Y (FHLY &
f( n ) f( 2n = n ®)

n 7 2n
Then f is a constant function over I.

Proof. Letn € N, n > n(a, b, ¢), such that % < b — g, and let us choose arbitrary j € Z such

thata < % < ]Jr71 < b. We observe that for any k € N*, we have

. k. .
l<2]+1<]+71.

n 2kn n

Therefore, applying successively relation (5) we obtain
j+1\ (2 +1
(57) (5
2j+1 4j+1
— <
(o) ~Ca) =
4j+1 8j+1
()~ 50)
2kj 41 2k 41 € [ ok ok
f( 2 )‘f<zk+1n < gy (3= 28m = 2n).

Taking, respectively, the sums of all the terms in the first and second parts of the
previous inequalities, we obtain

JHLY (2T e (1 1Y
f( n ) f( 2ktly | ~m I+a+ tx) =

IN

,(j = 2j,n:=2n)

‘m g‘)‘m :\“""

IN

(j:=4j,n:=4n)

T
=

=R

Since

it follows that

and since f is non-decreasing, we get

THIN ()] < %
SYRIGIE
By Lemma 4 it follows that f is constant in [a, b]. Since a and b are two arbitrary inner

points of I and f is continuous, it easily results that f is constantin I. [

Note that Lemma 4 and Lemma 5 can also be extrapolated from the monograph [3].
Now we can prove the main theorem of this section.
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Theorem 1. Let f € C1([0,1]) be a non-decreasing function such that
M .
|k = fC)| = o(n)

as n — oo. Then f is constant over [0,1].

Proof. Let us choose arbitrary a,b € (O 1) a < b. Further, let n € N be sufficiently
large such that 1 <b—aandb < 1—5-. Now, we fixj € {0,1,...,n — 2}, such that

j#,%—l—ﬂ € [a, b] We have
n—1 (k+1)/
| | Vel B2k [ fan
M) ] 1 (M) 2j+1 k=0 k/n
foutan) =K \Fgn ) =
2]+1
v %( : )

By Lemma 3, it follows that

2i+1 2i+1 .
Yol ) - o3t

which easily implies that

241 U

(M) ]

K <f, 7 )211 / f(u)du.
(i+1)/n

Moreover, recalling that f is non-decreasing, it follows that K,(1M) ( , 2];1) >f (%) ,
and this implies

o< (1) -(25)

Then, we can prove that for every ¢ > 0, there exists n(e) € N such that for any

n € N, withn > n(e) and j € Z, such that JH, 2]2;:1

f<]+nl) —f(z’;l) <

and hence the proof follows by Lemma 5. [

M(f

)—f”oo:o(nfl), as n — 4oo.

€ [a,b], we have

Remark 1. The previous theorem can be easily generalized in the case of functions defined
on arbitrary intervals [a,b], a,b € R, instead of [0,1]. This is possible by defining the
(M)

operators K;, "/ on generic intervals [a, b] (as made in [9]) and then working with continuous
and non-decreasing f : [a,b] — R™.

4. Local Inverse Result

The main aim of this section is to prove an inverse theorem of approximation. We will
use a strategy similar to that presented in the previous section.
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Lemma 6. Let [ C R be a bounded or unbounded interval and f € C(I). Suppose in addition that
there exists an absolute positive constant C such that for any sufficiently large n € N and every

i€z, with L, 21 € T, we have
IHNY (1) <€
(5) - (G)l=% ©

n’ n
Proof. Let us choose arbitrary xg, yo € I, xo < yo. Moreover, lete > 0 with e < yp — xg. The
continuity of f implies the existence of ny(¢) € N, such that for any x,y € I, |x — xg| <
g), ly —yo| < () We have

Then f € Lip(I).

[f(x) = f(xo)l <& |f(y) — flyo)| <&

ﬁ }, and let us choose arbitrary n € N with n > n;.

Proceeding as in the proof in Lemma 4, we get

We now fix n; = max{no(s),

IC
|f(x0) = flyo)| < -~ + 2.
and since € < yg — xg, we get

|f(x0) = f(yo)| < (C+2)(yo — x0)-

Then the thesis follows by the arbitrariness of xg and yp. [

Lemma 7. Let I C R be a bounded or unbounded interval and f € C(I) be a non-decreasing
function with the property that, for any couple a, b, a < b, of inner points of I, there existsa C > 0

such that for every sufficiently large n € Nand j € Z, with REge AR

n ’ 2n

(B () <5 )

€ [a,b], we have

Then f € Lip([a, b]).

Proof. Letn € N be sufficiently large such that % < b —a, and let us choose arbitrary j € Z
such thata < % < % < b. Arguing as in Lemma 5, we get

jH1Y _ [2Hj+1) _C 1,... <% +
f(n) f( o | < (145t +2k —, ke N,

Taking the limit as k — +oco, we obtain

and, since f is non-decreasing,

(51 <%

Hence, by Lemma 6, it follows that f € Lip([a,b]) . O

For results similar to that ones of Lemma 6 and Lemma 7 (only in the case of bounded
intervals), one can see, e.g., [3].
Now we can finally prove a (local) inverse theorem of approximation.
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