MALAYA JOURNAL OF MATEMATIK
Malaya J. Mat. 12(03)(2024), 233-244.
http://doi.org/10.26637/mjm1203/001

Approximation of time separating stochastic processes by neural
networks revisited

GEORGE A. ANASTASSIOU*! AND DIMITRA KOULOUMPOU?

L Department of Mathematical Sciences, University of Memphis, Memphis, TN 38152, U.S.A.
2 Section of Mathematics, Hellenic Naval Acadeny, Piraeus, 18539, Greece.

Received 12 December 2023; Accepted 14 April 2024

Abstract. Here we study the univariate quantitative approximation of time separating stochastic process over the whole
real line by the normalized bell and squashing type neural network operators. Activation functions here are of compact
support. These approximations are derived by establishing Jackson type inequalities involving the modulus of continuity of
the engaged stochastic function or its high order derivative. The approximations are pointwise and with respect to the Lp
norm. The feed-forward neural networks are with one hidden layer. We finish with a great variety of special applications.
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1. Introduction

The first author in [2] and [3], was the first to establish neural network approximation 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” activation functions are assumed to be of compact support. The
functions under approximation were from the whole R into R. Here we perform quantitative approximations of
time separating stochastic processes by these neural network operators. We follow the above-described pattern
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and produce pointwise and L, quantitative estimates. This article is a continuation of [4], where the activation
functions had been over the whole real line.
We give several interesting applications. Specific motivations came by:

1. Stationary Gaussian processes with an explicit representation such as
X; = cos (at) & + sin (at) &, € R,
where &, &2 are independent random variables with the standard normal distribution, see [6].

2. By the “Fourier model” of a stationary process, see [7].

Feed-forward 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)+bj), x€R* seN,
=0

where for 0 < j < n, b; € R are the thresholds, a; € R? are the connection weights, c; € X are the coefficients,
(a; - x) is the inner product of a; and z, and o is the activation function of the network.

2. About Neural Networks Approximation

In this section we follow [3].

Definition 2.1. (see [5]) A function b : R — R is said to be bell-shaped if b belongs to L' and its integral is
nonzero, if it is nondecreasing on (—oo, a) and nonincreasing on [a,+00), where a belongs to R. In particular
b (x) is a nonnegative number and at a b takes a global maximum; it is the center of the bell-shaped function. A
bell-shaped function is said to be centered if its center is zero. The function b (x) may have jump discontinuities.
In this work we consider only centered bell-shaped functions of compact support [=T,T|, T > 0.

Example 2.2. (1) b (z) can be the characteristic function over [—1,1].
(2) b(x) can be the hat function over [—1,1], i.e.,

14z —1<2<0,
bx)=q1—z, 0<z<1
0, elsewhere.

Here we consider functions f : R — R that are either continuous and bounded, or uniformly continuous.

In the article we follow we study the pointwise convergence with rates over the real line, to the unit operator,
of the “normalized bell type neural network operators”,

Dy O G )

(Hn (f)) () : ; ()
S bt (2 - £))
where 0 < a < 1 and z € R, n € N. The terms in the ratio of sums (1) can be nonzero iff
nl—® <x—k) <T, ie. m—k’ < ;
n n n-—¢
iff
nr—Tn® <k <nx+Tn". 2)
S
=]
MJM
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In order to have the desired order of numbers
—n? <nx—Tn* < nz+Tn* <n?, 3)

it is sufficient enough to assume that
n>T+|z|. “)

When z € [T, T] it is enough to assume n > 2T which implies (3).

Proposition 2.3. Leta < b, a,b € R. Let card (k) (> 0) be the maximum number of integers contained in [a, ).
Then
max (0,(b—a)—1) <card(k) < (b—a)+1.

Note 2.4. We would like to establish a lower bound on card (k) over the interval [nx — Tn®, nx + Tn®). From
Proposition 2.3 we get that
card (k) > max (2Tn® — 1,0) .

We obtain card (k) > 1, if )
2Tn* —1>1 iffn>T =.

So to have the desired order (3) and card (k) > 1 over [nx — Tn®, nx + Tn®), we need to consider
n > max (T—|—|x\,T_é). (5)

Also notice that card (k) — +00, as n — +o0.

Denote by [-] the integral part of a number and by [-] its ceiling. Here comes the first result we use.

Theorem 2.5. ([3], Ch.1) Let x € R, T > 0 and n € N such that n > max (TJr || ,Tfi) . Then

(H, (1)) (2) — f ()] < wi (f, T) , ©)

nl—oz

where wy is the first modulus of continuity of f.
The second result we use follows.

Theorem 2.6. ([3], Ch.1) Let x € R, T > 0 and n € N such that n > max (T—|— || ,T‘é) .Let f € CN (R),

N €N, such that fN) is a uniformly continuous function or fN) is continuous and bounded. Then

N | ¢G) ()] T9
(Hy () (x) = f (z)] < Zm

Jj=1

N
o (0 Ly T
" pl-o NipN(1-a)
Notice that as n — o0 we have that R.H.S.(7)— 0, therefore L.H.S.(7)— 0, i.e., (7) gives us with rates the
pointwise convergence of (H,, (f)) () — f (z), asm — +oo, x € R.

@)

Corollary 2.7. ([3], Ch.1) Let b(z) be a centered bell-shaped continuous function on R of compact support
[~T,T]. Letx € [-T*,T*], T* > 0, and n € N be such that n > max (T + T*,T*i>, 0 < a < 1. Consider
p > 1. Then

T R
||Hn (f) - f”p,[—T*,T*] S w1 (f, nl_@) .2 . T*p,

i
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From (8) we get the L, convergence of H,, (f) to f with rates.

Corollary 2.8. ([3], Ch.1) Let b(x) be a centered bell-shaped continuous function on R of compact support

[-T,T). Let x € [-T*,T*], T* > 0, and n € N be such that n > max (T—i— T*,T‘é), 0 < a < 1. Consider
p > 1.Then

[Hy () = fllpope ey < )

N Tj ’ ||f(j)||p,[7T*,T*] + Wy (f(N) T > Q%TNT*%
‘n

nj(l—a)j! 1-a | NIipN(1-a)’

Jj=1

where N > 1.

Here from (9) we get again the L, convergence of H,, (f) to f with rates.

2.1. The ”Normalized Squashing Type Operators” and their Convergence to the Unit with Rates
We need

Definition 2.9. Ler the nonnegative function S : R — R, S has compact support [-T,T), T > 0, and is
nondecreasing there and it can be continuous only on either (—oo,T| or [-T,T]. S can have jump
discontinuities. We call S the ”squashing function” (see also [5]).

Let f : R — R be either uniformly continuous or continuous and bounded.
For z € R we define the "normalized squashing type operator”

T e f(E)-SE (a—8))

(Kn () (2) : = , (10)
e N G )]
0<a<landn € N:n>max (T—l— || ,T‘é). It is clear that
) S e £ ()5 (0 (2~ £)) y
where
[nx+Tn] k
W = 1=a, —— 1.
k=[nz—Tn]
Here we give the pointwise convergence with rates of (K, f) (z) — f (x),asn — 400,z € R.
Theorem 2.10. (/3], Ch.1) Under the above terms and assumptions we obtain
T
K (f) (@) = f (@) < wn ﬁﬁ . (12)

We also give
Theorem 2.11. ([3], Ch.)Letz € R, T > 0 andn € N such that n. > max (T + |z ,T—é) Let f € CV (R),

N € N, such that f'N) is a uniformly continuous function or fN) is continuous and bounded. Then

N | @) (2)| TI
(E () (@) — F (@) < (S L@ T
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N
o (0 Ly T
' pl-a NipN(1—a)

So we obtain the pointwise convergence of K,, (f) to f with rates.

Note 2.12. The maps H,, K, are positive linear operators reproducing constants, in particular

H,(1) = K, (1) = 1. (14)

3. Time Seperating Stochastic Processes

Let (Q, F, P) be a probability space, w € Q;Y7,Ys,...,Y,,,m € N, be real-valued random variables on ) with

finite expectations, and hq (t), ha(t),...hm(t) : R — R, such that h;(t), ¢ = 1,2,......m are all uniformly
continuous or h;(t) i = 1,2, ......m are all continuous and bounded for every i = 1,2, ......m .
Clearly, then
Y (tw) =Y hi(t)Yi(w),t € R, (15)
i=1

is a quite common stochastic process separating time.
We can assume that h; € C"(R),i =1, 2,...,m;r € N. Consequently, we have that the expectation

m

(EY) (t) =) _hi(t)EY; € C(R) or C"(R). (16)

A classical example of a stochastic process separating time is
(sint) Y1 (w) + (cost) Ya(w),t € R.

Notice that |sint| < 1 and |cost| < 1.
Another typical example is

sinh(¢)Y1(w) + cosh(t)Ya(w), t € R. (17)
In this article we will apply the results of section 2, to f(¢) = (EY) (t). We will finish with several applications.
See the related [6], [7].

4. Main Results

We present the following general approximation of the seperating stochastic processes by neural network
operators.

Theorem 4.1. Let (EY)(t) as in (16), Let alsot € R, T > 0 and n € N such that n > max (T + || ,T’é).
Then

(. () () = () 0] < (B, 5 ). 18)
where wy is the first modulus of continuity of E(Y").

Proof. E(Y) are uniformly continuous or continuous and bounded in R, Thus, the conclusion comes from
Theorem 2.5. u

Our second main result follows.

3

s
2
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Theorem 4.2. Let (EY)(t) as in (16), Let alsot € R, T > 0 and n € N such that n > max (T + || ,T’i).

Then
E(Y)Y (t)| 17

N
(Ha (B(Y))) (8) = (BEQ) ()] < [ Y ‘

2 i), 19
i
N
o~y T T
a (@™ L) e

Notice that as n — oo we have that R.H.S.(19)— 0, therefore L.H.S.(19)— 0, i.e., (19) gives us with rates the
pointwise convergence of (H, (E(Y))) (t) = (E(Y)) (t), asn — 400, z € R.

Proof. Notice that Let (E(Y)) € CV (R), N € N, such that (E (Y))(N) is a uniformly continuous function or
(E (Y))(N) is continuous and bounded. Thus, the conclusion comes from Theorem 2.5. [ |

We continue with,

Corollary 4.3. Let (EY)(t) as in (16). Let also b(x) be a centered bell-shaped continuous function on R of
compact support [=T,T]. Lett € [-T*,T*], T* > 0, and n € N be such that n > max (T +T* T’*),
0 < a < 1. Consider p > 1. Then

[1Hn (E(Y)) = E(Y)

T 1,1
p,[—T’ﬂT*] S w1 <E(Y) > . 2p T P, (20)

nl—a

From (20) we get the L,, convergence of H,, (E(Y')) to E(Y") with rates.

Corollary 4.4. Let (EY)(t) as in (16). Let also b(x) be a centered bell-shaped continuous function on R of
compact support [T, T]. Lett € [-T*,T*], T* > 0, and n € N be such that n > max (T + 7T T_*),
0 < a < 1. Consider p > 1. Then

[Hn (E(Y)) = EXY)l, —7e 1) < @0
o

1 N %L
p,[=T*,T*] (N) T 20 TNT™p
ni(=a) 1 ! ((E(Y)) g nla) NipN(i-a)’

j=1
where N > 1.
We also give the next

Theorem 4.5. Let t € R and (EY)(t) as in (16). Under the terms and assumptions of Definition 2.9 and the
“normalized squashing type operator” as defined in (10). We obtain

T
K (BY) (0 = (BY) (0] e (BY. L0 ). )
Proof. From Theorem 2.10. |
We also give

Theorem 4.6. Lett € R, T > 0 and n € N such that n > max (T + || ,Tfé> . Let also (EY')(t) as in (16).

Then
v | |1
(K (EY)) () ~ Z e |t (23)
uke
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w1 ((EY)‘N> T ) ™

nlfoz ’ N!nN(l—a) :
So we obtain the pointwise convergence of K,, (EY') to (EY') with rates.

Proof. (EY) € CV (R). Further more (EY)(N) is a uniformly continuous function or (EY)(N) is continuous
and bounded. Hence the conclusion comes from Theorem 2.11. |

5. Applications

For the next applications we consider (€2, F, P) be a probability space and Y7, Y5 be real valued random variables
on 2 with finite expectations. We consider the stochastic processes Z;(t,w) fori = 1,2,3,4 where ¢t € R and
w € () as follows:

Z1(t,w) = sin (&) Y1 (w) + cos (&t) Ya(w), (24)
where £ > 0 is fixed;
Zs(t,w) = sech (ut) Y1 (w) + tanh (ut) Ya(w), (25)
where p > 0 is fixed.
Here secha == — = ==,z € R.
1 1
Zs(t,w) = T e_gltyl(w) 1T e—egtYQ(w)’ (26)

where /1, /5 > 0 are fixed;

Za(t,w) = " Yi(w) + e " Ya(w), 7)
where p1, ug > 0 are fixed;
The expectations of Z;,7 = 1,2, 3,4 are

(EZy) (t) = sin (§t) E(Y1) + cos (§t) E(Y2), (28)

(EZ5) (t) = sech (ut) E(Y1) + tanh (ut) E(Y3), (29)

1 1
(BEZ;) (t) = WE(YH + WEO@’ (30)
(EZy) (t) =™ ""E(Y1) + e~ " E(Ya). 31

For the next (EZ;) (t),7 = 1,2, 3, 4 are as defined in relations between (28) and (31) respectively.
We present the following result.

Proposition 5.1. Lett € R, T > 0 and n € N such that n > max (T + || ,T’é). Then fori=1,2,3,4

T
(1, (B20) (0) - (52) ()] < 1 (B2, 5 ). 62)
where wy is the first modulus of continuity of (EZ;).
Proof. From Theorem 4.1. n

We also give

3

s
2
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Proposition 5.2. Lett € R, T > 0 and n € N such that n > max (T + |zl ,T*i). Then fori = 1,2,3,4

N ‘(EZi)(j) (t)‘ Ti

|(Hn (EZ:)) (t) — (EZ;) (t)] < Z; B T + (33)
J:
T TN

Notice that as n — oo we have that R.H.S.(33)— 0, therefore L.H.S.(33)— 0, i.e., (33) gives us with rates the
pointwise convergence of (H,, (EZ;)) (t) = (EZ;) (t), asn — 400, x € R.

Proof. From Theorem 4.2. [ |

We continue with,

Corollary 5.3. Let b(x) be a centered bell-shaped continuous function on R of compact support [=T,T)]. Let
€ [-T*,T*], T* > 0, and n € N be such that n > max (T—l—T*,T_*) 0 < a < 1. Consider p > 1. Then
fori=1,2,3,4
T w1
|Ho (EZ)) — (BZ)|, e g < ((EZ) > 2% . T*%. (34)

From (34) we get the L,, convergence of H,, ((EZ;)) to (EZ;) with rates.

Corollary 5.4. Let b(x) be a centered bell-shaped continuous function on R of compact support [=T,T)]. Let
€ [-T*,T*], T* > 0, and n € N be such that n > max (T—l—T*,T_*) 0 < a < 1. Consider p > 1. Then
fori=1,2,3,4

| Ho (BZ3) = (BZ)|, g 1 < (35)
e —
3 S WS +on ((BZ)™ L 21T
ni(—a) | 1 i "pl-a | NipN(I-a)’

Jj=1
where N > 1.
Proposition 5.5. Under the terms and assumptions of Definition 2.9 and the “normalized squashing type

operator” as defined in (10). Then for = 1,2, 3,4 we obtain

Ko (BZ) () — (EZ) (8)] < wn ((Ez» , T) . 36)

n
Proof. From Theorem 4.5. n
We also give
Proposition 5.6. Lett € R, T > 0 and n € N such that n > max (T + |z| ,T‘é) .Thenfori=1,2,3,4
2)" (1) 77

N
(Kn (EZ:)) (t) — (EZ;) (t)] < Z "nﬂ(l“ + (37
j=1

N
w~ T ' T
<(EZ ) nla) NipNQQ—a)®

So we obtain the pointwise convergence of K, (EZ;) to (EZ;) with rates.

Proof. From Theorem 4.6.

e

s
2
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6. Specific Applications

Let (2, F, P), where €2 is the set of non-negative integers, be a probability space, Y7 1, Y2 1 be real-valued random
variables on (2 following Poisson distributions with parameters A1, A2 € (0, c0) respectively.
We consider the stochastic processes Z; 1 (¢,w) fori = 1,2, 3,4, where t € R and w €  as follows:

Z11(t,w) = sin (&) Y11 (w) + cos (§t) Ya1(w), (38)
where £ > 0 is fixed;
Z1(t,w) = sech (ut) Y1 1(w) + tanh (ut) Y2 1 (w), 39)
where 1 > 0 is fixed.
1 1
Zza(t,w) = mym(w) + mym(w), (40)

where /1, {5 > 0 are fixed,;

—e Mt e Hat

Zyi(t,w) =e Yii(w)+e Yo 1 (w), (41)

where p1, o > 0 are fixed;
Since E (Y1,1) = Ay and E (Y3,1) = A2, the expectations of Z; 1,7 = 1,2, 3,4, are

(EZ1,1) (t) = Aisin (€8) 4+ Aecos (&t) (42)

(EZ31) (t) = Msech (ut) + Ag tanh (ut) , (43)
A A

(EZs 1) (t) = 1+eﬂm + 13 ;fézt, (44)

(EZyq) (t) = A= " 4 Ageme ™ (45)

For the next we consider (2, F, P), where Q@ = R, be a probability space, Yi,2,Y5 9 be real-valued random
variables on € following Gaussian distributions with expectations /i1, ji2 € R respectively.
We consider the stochastic processes Z; (¢, w) fori =1,2,3,4, where t € R and w € €2 as follows:

Z1,2(t,w) = sin (&) Y1 2(w) + cos (§t) Ya 2(w), (46)
where £ > 0 is fixed,;
Z3,9(t,w) = sech (ut) Y1 o(w) + tanh (ut) Y2 o(w), 47)
where p > 0 is fixed.
1 1
Zg,g(t,w) = WYLQ(Q}) + W}@’Q(w), (48)
where 1,5 > 0 are fixed;
—puqt - t
Zia(t,w) = e " Yig(w) + e Yaa(w), (49)

where p1, po > 0 are fixed;
Since E (Y7 2) = fi1 and E (Y3 2) = fi2 , The expectations of Z; 2,7 = 1,2,3,5 are

(EZy2) (t) = f11sin (1) + figcos (§t), (50)
(EZ3z2) (t) = fisech (ut) + fiz tanh (ut) (5D
f f
(BZs2) () = 1= = + 75 oot (52)
(EZas) (t) = fne™® """ + frge"' (53)
D
S
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Furthermore, we consider (§2, F, P), where {2 = [0, c0), be a probability space, Y 3, Y2 3 be real-valued random
variables on () following Weibull distributions with scale parameters 1 and shape parameters ;1,72 € (0, 00)
respectively.

We consider the stochastic processes Z; 3(¢,w) fori = 1,2, 3,4, where t € R and w €  as follows:

Z13(t,w) = sin (§t) Y1 3(w) + cos (&t) Ya 3(w), (54)
where £ > 0 is fixed;
Z 3(t,w) = sech (ut) Y1 3(w) + tanh (ut) Y2 3(w), (55)
where p > 0 is fixed.
1 1
Z33(t,w) = ﬁﬂ 3(w) + myz,?,(w)’ (56)
where /1, {5 > 0 are fixed;
Zig(t,w) = e Yig(w) +e T Yag(w), (57)

where 1, uo > 0 are fixed;
Since E (Y1 3) =T (1 + %) and E (Yo 3) =T (1 + 712) , where I (-) is the Gamma function, The expectations
of Z;3,1=1,2,3,4, are

(EZy5)(t) =T (1 + ;) sin (é¢) +T <1 42 ) cos (£t) , (58)

1+
2

1
(EZy3)(t) =T <1 + 7) sech (ut) + tanh (ut) , (59)
1

71

7u2t

1+ ©61)

r(i+3)
(EZss)(t) =T (1 + 1) = (1 + 1) — (60)
(1+5)¢

(EZ43) (1) = 1“<1+711) ey

We present the following result.

Proposition 6.1. Lett € R, T > 0 and n € N such that n > max (T + |z| ,T‘é). Then fori =1,2,3,4 and
k=1,2,3

(5200 (0) = (200 (0] < 1 ((BZ2) 75 ) (62
where wy is the first modulus of continuity of (EZ; ;).
Proof. From Proposition 5.1. n
We also give

Proposition 6.2. Lett € R, T' > 0 and n € N such that n > max (T + |z| ,T‘é). Then fori = 1,2,3,4 and

k=1,2,3
N (B2 ()| T
(. (BZ00)) () = (B2 (01 < | 3 —amm— | + (63)
e
wn T TN
w1 <(EZ1,I€) 7n1_&> : NipN(I-—a)

Notice that as n — oo we have that R.H.S.(63)— 0, therefore L.H.S.(63)— 0, i.e., (63) gives us with rates the
pointwise convergence of (H,, (EZ; 1)) (t) = (EZ; 1) (t), asn — 400, z € R.

e
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Proof. From Proposition 5.2. n

We continue with,

Corollary 6.3. Let b(x) be a centered bell-shaped continuous function on R of compact support [—T,T]. Let

t e [-T*,T*, T* > 0, and n € N be such that n > max (T—FT*,T‘i), 0 < a < 1. Consider p > 1. Then
fori=1,2,3,4andk =1,2,3

1

T 1
| Ho (EZi) — (EZip)ll, (e gy < w1 <(Ezz,k) . > L9b T (64)

e’

From (64) we get the L,, convergence of H,, ((EZ;)) to (EZ, ;) with rates.

Corollary 6.4. Let b(x) be a centered bell-shaped continuous function on R of compact support |[=T,T). Let

1

t e [=T*,T*], T* > 0, and n € N be such that n > max (T—i—T*,T‘E), 0 < a < 1. Consider p > 1. Then
fori=1,2,3,4andk=1,2,3

|Hn ((EZix)) — (EZi,k)||p,[_T*7T*] < (65)
i H EZip) Lo
i i R v ((BZig)™ L 2T
= ni(1=a) j1 ! k) ima ) NipN(—a)’

where N > 1.

Proposition 6.5. Under the terms and assumptions of Definition 2.9 and the “normalized squashing type
operator” as defined in (10), fori =1,2,3,4and k = 1,2, 3 we obtain

Ko (EZ0) () — (EZiy) (8)] < wn ((Ez,-,w 7 T) . (66)

nl—a

Proof. From Proposition 5.5. n

We also give

Proposition 6.6. Lett € R, T' > 0 and n € N such that n > max (T + |z ,T‘é) . Then fori=1,2,3,4 and
k=123

N (B2 (@) 9

(50 (BZ0)) (0= (B20) 01 = | 3o — | + (67)
J:
N
oy T T
w1 <(EZz,k) s nl_a> ! NipNA—a)
So we obtain the pointwise convergence of K,, (EZ; 1) to (EZ; 1) with rates.

Proof. From Proposition 5.6. |

S

)
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