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PARAMETRIZED ERROR FUNCTION BASED BANACH SPACE VALUED
UNIVARIATE NEURAL NETWORK APPROXIMATION

GEORGE A. ANASTASSIOU

ABSTRACT. Here we research the univariate quantitative approximation of Banach space
valued continuous functions on a compact interval or all the real line by quasi-interpolation
Banach space valued neural network operators. We perform also the related Banach space
valued fractional approximation. These approximations are derived by establishing Jack-
son type inequalities involving the modulus of continuity of the engaged function or its Ba-
nach space valued high order derivative or fractional derivaties. Our operators are defined
by using a density function induced by a parametrized error function. The approximations
are pointwise and with respect to the uniform norm. The related Banach space valued
feed-forward neural networks are with one hidden layer. We finish with a convergence
analysis.

1. INTRODUCTION

The author in [1] and [2], see Chapters 2-5, was the first to establish neural network ap-
proximation to continuous functions with rates by very specifically defined neural network
operators of Cardaliaguet-Euvrard and ”Squashing” types, by employing the modulus of
continuity of the engaged function or its high order derivative, and producing very tight
Jackson type inequalities. He treats there both the univariate and multivariate cases. The
defining these operators “bell-shaped” and squashing” functions are assumed to be of
compact suport. Also in [2] he gives the Nth order asymptotic expansion for the error of
weak approximation of these two operators to a special natural class of smooth functions,
see Chapters 4-5 there.

The author inspired by [[15], continued his studies on neural networks approximation by
introducing and using the proper quasi-interpolation operators of sigmoidal and hyperbolic
tangent type which resulted into [3] - [[7]], by treating both the univariate and multivariate
cases. He did also the corresponding fractional case [8].

In this article we are greatly inspired by the related works [16], [17].

Let h be a general sigmoid function with h(0) = 0, and y = =1 the horizontal
asymptotes. Of course  is strictly increasing over R. Let the parameter 0 < r < 1
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and z > 0. Then clearly —x < z and —x < —rz < rx < z, furthermore it holds
h(—z) < h(—=rz) < h(rz) < h(z). Consequently the sigmoid y = h (rx) has a graph
inside the graph of y = h (), of course with the same asymptotes y = +1. Therefore
h (rz) has derivatives (gradients) at more points « than h () has different than zero or not
as close to zero, thus killing less number of neurons! And of course h (ra) is more distant
from y = 41, than A (x) it is. A highly desired fact in Neural Networks theory.

Different activation functions allow for different non-linearities which might work bet-
ter for solving a specific function. So the need to use neural networks with various acti-
vation functions is vivid. Thus, performing neural network approximations using different
activation functions is not only necessary but fully justified.

The author here performs parametrized error function based neural network approxima-
tions to continuous functions over compact intervals of the real line or over the whole R
with values to an arbitrary Banach space (X, ||-||). Finally he treats completely the related
X -valued fractional approximation. All convergences here are with rates expressed via the
modulus of continuity of the involved function or its X -valued high order derivative, or
X-valued fractional derivatives and given by very tight Jackson type inequalities.

Our compact intervals are not necessarily symmetric to the origin. Some of our upper
bounds to error quantity are very flexible and general. In preparation to prove our results
we establish important properties of the basic density function defining our operators which
is induced by a parametrized error function.

Feed-forward X -valued neural networks (FNNs) with one hidden layer, the only type
of networks we deal with in this article, are mathematically expressed as

N, (z) = cha((aj ~x)+b;), zeR’, seN,
=0

where for 0 < j7 < n, b; € R are the thresholds, a; € R? are the connection weights,
¢; € X are the coefficients, (a; - x) is the inner product of a; and x, and ¢ is the activation
function of the network. Here we work for a parametrized error function. About neural
networks in general read [18], [19], [21]. See also [9] for a complete study of real valued
approximation by neural network operators.

2. BASICS

We consider here the parametrized (Gauss) error special function

2 [N e
erf)\z:—/ e dt, \>0,z€R, (D
VT Jo

which is a sigmoidal type function and a strictly increasing function. It is acting here as an
activation function.

Of special interest in neural network theory is when 0 < A < 1, see 1. Introduction.

It has the basic properties

erf(A0) =0, erf(—Az)=—erf(\zx),
2
erf (A(+00)) =1, erf (A(=00)) = -1,
and
(erf (\x)) = %e*(’\x)i z € R. 3)
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We consider the function
1
(@) =1 (erf M@+ 1) —erf Az - 1)), 2 €R, 4)
and we notice that

X(=2) = 3 (enf (A= + 1)) = erf (A~ — 1)) =

L erf (A= 1) —erf (Ala+ 1) =

T erf (M= 1) +erf (\a + 1)) =

Lerf @) —erf (M~ 1) = x (&) s
Thus x is an even function.

Sincex+1>ax—1,thenerf (A(z+1)) >erf(A(x—1)),and x (z) > 0,all z € R.
We see

erfA

x(0) = 5 (©6)

Let x > 0, we have that
X () = 5 ((erf A+ 1)) — (erf (A = 1)) =

12\ [ xer®  xteen®) A 1 1
G ¢ ) = 577  emr ~ e @

A e,\z(w—1)2 _ e,\Q(x+1)2
<0,

2/7 \ @)’ 22 (@—1)?

proving X’ (z) < 0, for z > 0. That is ¥ is strictly decreasing on [0, 00) and it is strictly
increasing on (—o0, 0], and x’ (0) = 0.

Clearly, the x-axis is the horizontal asymptote of .

Conclusion, x is a bell symmetric function with maximum

erfA
x(0) = ——.

Let h : R — [—1,1] be a general sigmoid function, such that it is strictly increasing,
h(0)=0,h(—z) = —h(x), h (+o0) =1, h(—o0) = —1. Also h is strictly convex over
(—00, 0] and strictly concave over [0, +00), with h(2) € C (R), see [14].

So erfAz is a special case of h. Furthermore x () is a special case of the following
general function

w(x)::i(h(x—i—l)—h(x—l)),xeR, ®)
see [14].
We have
Theorem 2.1. ([[14])) It holds
Y ¢(—i)=1 VzeR )

Thus
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Corollary 2.2. It holds

)
Y x@-i)=1 VzeR (10)
i=—00

We have
Theorem 2.3. ([14])) It holds -
/ Y (z)de = 1. (11)
Thus
Corollary 2.4. We have that
/00 X () dz = 1. (12)

Hence x () is a density function on R.
We need

Theorem 2.5. ([14]) Let0 < a < 1, and n € N withn'=% > 2. It holds
> (1—h(n'=>-2))

> Y (ne —k) < 5 , (13)
k= —o0
tnx — k| > ntme
with .
o RO 22)
n—-+oo 2

Thus we obtain
Corollary 2.6. Let0 < o < 1, andn € Nwithn'=% > 2, \ > 0. It holds

i X (nz — k) < (l—erf(/\gnl_"‘—Q)))’ (14)
k=—00
{ s nx — k| > ntme

lim (1 —erf ()\ (nl_" — 2))) _o.

n—-+00 2

with

Denote by |- | the integral part and by [-] the ceiling of a number.
Furthermore we need

Theorem 2.7. ([14]) Let x € [a,b] C R and n € N so that [na] < |nb|. It holds
1

Solnb] ¢@m_k)<wﬂ)

k=[na]

, Va €la,b]. (15)

Therefore we derive

Corollary 2.8. Let x € [a,b] C R, A > 0 andn € N so that [na] < |nb|. Then
1 1 4
< - . (16)
Z]Lfn:ana] y(nz—k) x(1) erf(2x)
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Remark. As in [14], we have that
[nb]
lim Y x(nz—k)#1. (17)

n—00
k=[na]

Note. For large enough n we always obtain [na] < |nb|. Also a < £ < b, iff [na] <
k < |nb|. As in [14], we obtain that

[nb]

> x(nz—k) <1 (18)

k=[na]
Let (X, ||-]|) be a Banach space.

Definition 2.1. Let f € C ([a,b],X) and n € N: [na] < |nb]. We introduce and define
the X -valued linear neural network operators

ZIE:nb[Jmﬂ (k> X (’I’LLU - k)
Z}Eﬂana] X (7’L£L' B k)

A, (f,x) = , « € [a,b]. (19)

Clearly here A, (f,z) € C (]a,b],X). For convenience we use the same A,, for real
valued function when needed. We study here the pointwise and uniform convergence of
A, (f,z) to f (x) with rates.

For convenience also we call

[nb]
A5 (foa) = > f< > (nz — k), (20)
k=[na]
(similarly A7 can be defined for real valued function) that is
A} (f @)
An (fiz) = : 1)
S o X (nz — k)
So that A (f.2)
An(fy2) = f (@) = =g = —— = [ (@)
IE ana] X (nx — k)
AL ()= £ (@) (S X (= b)) )
leéanna-\ X (’ILSC - k) .
Consequently we derive
[nb]
[An (f,2) = f (@) < o f 2N Ay (fx) = f(2) k%ﬂ X(nz—k)[]l. (23)
That is
4 Lnb] K
b0 = £ @ < s | 3 (7(5)-r@)xta-n). v

We will estimate the right hand side of (24).
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For that we need, for f € C ([a, b] , X) the first modulus of continuity

wi (f,0)qp = w1 (f,0) := sup If(x) = f W), 6>0. (25)
z,y € [a,b]
|l —y| <9

Similarly, it is defined w; for f € Cyp (R, X) (uniformly continuous and bounded func-
tions from R into X), for f € Cp (R, X) (continuous and bounded X -valued) and for
f € Cy (R, X) (uniformly continuous).

The fact f € C ([a,b],X) or f € C, (R, X), is equivalent to %i_r)r(l)wl (f,0) =0, see

[}
Definition 2.2. When f € C,5 (R, X), or f € Cp (R, X), we define

A, (f,x) = Z f(i)x(n;v—k),neNxeR, (26)
k=—o00

the X -valued quasi-interpolation neural network operator.

Remark. We have that

k
£ (2)| < 191z < 4o

7 (5) | =0 < Wlx o = 0. @
and
A k A
) f(n>HX(nx—k) <ok ( S x(nx—k)>,
k==X k==X
and finally
> Hf <fz>HX(”x‘k) < fllooz (28)
k=—o00

a convergent in R series.

So the series > o f (%) X (nx — k) is absolutely convergent in X, hence it is con-
vergentin X and A,, (f,z) € X.

We denote by || f]|, := sup | f ()|, for f € C([a,b],X), similarly is defined for

z€la,b

felCp (R X).

3. MAIN RESULTS

We present a series of X -valued neural network approximations to a function given with
rates.
We first give

Theorem 3.1. Let f € C ([a,b],X),0<a<1l,neN:n'"*>2 X>0,z € [a,b].
Then
i)

4 1 o N
40 (2 = £ @) < [m (f, n) T+ (1-erfA (nie - 2)) ||f||oo] .

and
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ii)
[An (f) = flloo < p- (30)
We notice lim A, (f) = f, pointwise and uniformly.
The speed Ofcanvergence is max (na , (1 —erf ( — 2))) .
Proof. As similar to [[13]], p. 293 is omitted. [l

Next we give

Theorem 3.2. Let f € Cp (R, X),0<a<1,neN:n'"*>2 XA >0,z €R. Then
i)

HZn (f,{E) - f(x)H <w (f7

and

ii)

1) +(1—erfA(n ™ =2)) Iflo =1 B

nOé

[An (F) = fll o < 1 (32)
For f € Cup (R, X) we get lim A, (f) = f, pointwise and uniformly.
The speed ofconvergence is max ( - (1 —erf ( l—a _ 2))) .
Proof. As similar to [13], p. 294 is omitted. [

In the next we discuss high order neural network X -valued approximation by using the
smoothness of f.

Theorem 3.3. Let f € CV ([a,b],X), n,N € N0 < a <1, A>0,2 € [a,b] and
nl=% > 2. Then
i)
[An (f,2) = f(2)]| <

@) (x —erf(nt=® — ;
e an ”l LY TR IR

1— b\ lfa_2 (N) bh— N
o8t g

ii) assume further fU) (z9) =0, j = 1, ..., N, for some xo € [a, b], it holds

4, (£.20) = f (20)] < 5
1—erfA(nt—o—2 () b—a)y
{wl R } )

and
iii)

4 ol Hf(j)Hoo 1 (l—erf/\(nl_(’—Q)) ,
||An(f)—f||mém ;T W—F (b—a)J

9 +

1 —erfX(n'= M (b -
l (f(N) na>mz$m+( Do el s H (35)

Again we obtain lim A, (f) = f, pointwise and uniformly.
n—roo
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Proof. As similar to [[13], pp. 296-301 is omitted. (]

All integrals from now on are of Bochner type [20].
We need

Definition 3.1. ([12]]) Let [a,b] C R, X be a Banach space, & > 0; m = [a] € N, ([-] is

the ceiling of the number), f : [a,b] — X. We assume that f(™) € L, ([a,b] , X). We call
the Caputo-Bochner left fractional derivative of order «:

1 * —a-1
D2, = — )™ ) () dt b. (36
(D)) = ey [ =0T e Vo elad]. G6)
Ifao € N, weset DO, f = f (™) the ordinary X-valued derivative (defined similar to
numerical one, see [22], p. 83), and also set Dgaf = f.

By [12]], (D2, f) (x) exists almost everywhere in x € [a,b] and D, f € Ly ([a,b], X).
If || fem)|, (aplx) < 00 then by [12], D¢, f € C([a,b], X), hence ||DZ, f|| €
C ([a,0]).

We mention

Lemma 34. ([I1]) Let o > 0, « ¢ N, m = [a], f € C"™ ([a,b],X) and f™) €
L ([a,b] , X). Then D&, f (a) = 0.

We mention

Definition 3.2. ([10]) Let [a, ] C R, X be a Banach space, & > 0, m := [«]. We assume
that £ ¢ L ([a,b],X), where f : [a,b] — X. We call the Caputo-Bochner right
fractional derivative of order a:

— m b
(DF-f) (z) = Fiml)—oo / (z=a)" "7 f) (2)dz, Vo €lab].  (37)

We observe that (D" f) (z) = (—1)" f™ (z), form € N, and (DJ_f) (z) = f ().

By [10], (D" f) (x) exists almost everywhere on [a,b] and (Dg"_ f) € L1 ([a, b], X).

I [fO),  anx) < o and a ¢ N, by [10l, Dy f € C([a,b],X), hence
Dy £ € C([a,b]).

We need

Lemma 3.5. ([11]) Let f € C™* ([a,b], X), f™) € Lo ([a,b], X), m = [a], a > 0,
a ¢ N. Then Dy f (b) = 0.

Convention. We assume that

Dg, f(x) =0, for v < xo, (38)
and
Dy f (x) =0, for x > xo, (39)

Sforall z,xy € [a,b].
We mention

Proposition 3.6. ([[11]]) Ler f € C™([a,b],X), n = [v], v > 0. Then DY, f (x) is
continuous in x € [a, b).

Proposition 3.7. ([11]) Let f € C™ ([a,b],X), m = [«], « > 0. Then D}_f () is
continuous in z € |[a, b).
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We also mention

Proposition 3.8. ([11]) Ler f € C™ ' ([a,b],X), f"™) € Lo ([a,],X), m = [a],
a > 0and ) "
a _ _ pym—a—1 ¢(m)
D%t ()= pgmgy L =" ) 0)
forall z,xo € [a,b] : © > xo.

Then D, f () is continuous in .

Proposition 3.9. ([11]) Let f € C™ ' ([a,b],X), f" € Lo ([a,],X), m = [a],
a > 0and

Dy _f(x) = 55— / T (=)™ 0 () e, 1)

forall x,xq € [a,b] : xg > .

Then Dy _ f (x) is continuous in .
Corollary 3.10. ([11]]) Let f € C™ ([a,b],X), m = [a], @« > 0, z,z9 € [a,b]. Then
D¢, f(x), Dy _f (x) are jointly continuous functions in (x, o) from [a, b]2 into X, X
is a Banach space.

We need

Theorem 3.11. ([11]]) Let f : [a,b]2 — X be jointly continuous, X is a Banach space.
Consider

G(x) = w1 (f (',1’)75, [1‘717]), (42)
§>0,z€a,b.
Then G is continuous on [a, b .

Theorem 3.12. ([L1]) Let f : [a,b]2 — X be jointly continuous, X is a Banach space.
Then

H(x) =wi (f (2),0[a,z]), 43)
x € |a,bl, is continuous in x € [a,b], § > 0.

We present the following X -valued fractional approximation result by er f A based neu-
ral networks.

Theorem 3.13. Leta > 0, N = [a], a ¢ N, f € CV ([a,b],X), 0 < B < 1, A > 0,
z€la,b,neN:n=P > 2 Then

i)
N1 £(h) A
An ()= X o, (= ap) @) - £ )| <
=t 7
4 (w1 (D2 £, 5) g + 91 (D2 f ) )
erf (2A)T (a+1) nob
1—erfi(n'=8 -2
(B (102 o 4 D5 ey - )

(44)
i) if f9 (x) =0, forj=1,.... N — 1, we have

4n () = f @I <

4
(a+1)erf(2))
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(s (D21, 3) 1 (DS 7))

nob

—er nt=h —
(1 X )(Hm Pl (@ = @ + D%l 0y (b x)a)},

2
(45)
iii)
HAn (frz) = f (@) <
N-1 -
I { 3 (1A= =)
erf 2 % + (b — a)j 5 +
1 (m (DS 1. 77) g + 1 (D175 )
T(a+1) nes ’
L—erfi(nt=8 -2
( erf <2” )> (||D°“ Hlloo faay @ = @ +1D% fll o0 (b w)“)}}a
(46)
V€ lab],
and
iv)
[Anf = fllo <
R f ) it
m JE::I T vl +(b— a)j 5 +
T )
I'(a+1) neb '
L—erfi(nt=F -2
( erf (271 )>(b—a)“<zup 1D £l foray + s | D 1| ,[zb)}}'
(47)

Above, when N = 1 the sum 3" ;' - = 0.
As we see here we obtain X -valued fractionally type pointwise and uniform convergence
with rates of A, — I the unit operator, as n — Q.

Proof. 1t is very lengthy, as similar to [[13], pp. 305-316, is omitted. (]

Next we apply Theorem [3.13|for N = 1.

Theorem 3.14. Let 0 < o, < 1, f € C'([a,b],X), € [a,b], n € N: nl=8 > 2
A > 0. Then
i)
[An (f,2) = f(@)]| <
4 ( ( f iﬁ) +CLJ1 (D*va nﬁ)xb])+

erf (2N T (a+1) nO‘B
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I—erfA(nt=f -2
( &l (2n )><HDa f” ,[az] —a)* +[|D% fll o (o (O x)a>},
(48)

and

i)

4
[Anf — flloo < I'(a+1)erf(2))

( Sup wi (D f’ nﬁ) la,z] + Sup wi (Dfxf’ nlﬁ)[a:b]>

z€[a,b] z€la,b]
+

nob

1—erfx(n'=F -2 o
G ) L e L N E S |
? (49)

When o = % we derive

Corollary 3.15. Let 0 < 3 < 1, f € C'([a,b] , X), x € [a,b, n € N:nl7F > 2, X\ > 0.

Then
i)
[An (f,2) = f(2)]| <
. <w1 (D2 1, n5>[ e (Démf7nlﬁ>[m,b])
erf (2\) T ns !
(1 —erfA (27114 —2) ) (HD2 fH o Vi —a)+ HD} o (b— x)) } ,
h (50)
and
ii) N
[Anf = flloo < TN
(:czl[lfb]wl (D2 / ”ﬁ)[a@] * le[lfb]W1 (D*%wf’ Jj)[z’b])
: ’
1—erfl(n'=F% -2 L 3
s e T A LY R LY N B
(51)

We finish with

Remark. Some convergence analysis follows:
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Let0 < B <1, f € C'([a,b],X), x € [a,b], n € N:n'=F > 2, X\ > 0. We elaborate
on (31). Assume that

1 1 K
wi (D;;’_f, ﬁ> <=, (52)
and . X
wi (sz ,ﬂ) <=, (53)
V€ la,b), Vn €N, where K1, Ky > 0.
Then it holds
sup wi (Df_f, n%) + sup wi (Dézfa n%a)
z€[a,b] [a.7]  z€[a,b] [,b]
<
B =~
nz
(K1+K3)
EtKs) (g4 Ky K
"2 = ( 38 ) = s> 54
nz n=2 n=2

where K .= K1 + Ko > 0.
The other summand of the right hand side of (51)), for large enough n, converges to zero
lferf)\(n17672)
at the speed | ———5——=
Then, for large enough n € N, by and (54) and the last comment, we obtain that

1—erfi(n'=F —2)

n 2
where M > 0.
_ 1-8_ _ A(nl=8_
If n%ﬁ 2 W . then 5 > W , and consequently

|Anf — fll in converges to zero faster than in Theorem This because the
differentiability of f.
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