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Abstract: This paper focuses on global stochastic (asymptotic) stability for a kind
of stochastic neutral networks with infinite delay and Markovian switching in a fading
memory phase space. Our approach is based on the Lyapunov method, stochastic
analysis technique and M-matrix theory. The results complete some existing ones.
Two examples are illustrated for demonstration of applicability and effectiveness of
the proved theoretical theorems.
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1 Introduction

Recently, some interesting studies in the literature have been reported, such as stability
of dynamical systems, especially stability of neural networks with Markovian switching
and time delay [1H31/6,/11}18].

Thanks to the advantages given by neural networks (NNs) they have attracted much
attention in these few recent years, and we have noted that the number of studies in that
field has rised. NNs systems have witnessed successful applications in many areas such
as securing communication systems, pattern recognition, signal processing, population
dynamics systems, chemical process control and especially, in processing static images
and combinatorial optimization [4]. All these applications are mainly related to the
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dynamical behaviors of the considered systems and their NNs equilibrium points [5}/6}/12,
14].

Since time-delay assignment in neural networks can cause oscillation and instability
behavior, so many researchers have been interested in the study of delay neural networks
[15-17].

It is worth noting that NNs are often perturbed by various kinds of environmental
noises, under which some properties of NNs may change. As mentioned in [12], envi-
ronmental noises can turn a given stable system into an unstable, that is why, one can
find many works that deal with stability of NNs disturbed by white noise. For example,
in |25], the authors have discussed the exponential stability of a kind of NNs with white
noise. They have set the sufficient conditions to guarantee stability of the considered
system. Also, in [27], the authors have studied a stochastic NNs system with infinite
delay, by means of Lyapunov method and It’s formula. They have derived some suffi-
cient conditions to ensure three types of stability. They have also shown that stochastic
stability of the considered system with small noise is maintained if the NNs with infinite
delay, is stable under some conditions. Recently, NNs with Markovian switching have
been considered, because NNs with Markovian switching comprise general NNs as a spe-
cial case [20H24]. For example, in [20], the authors have studied stability of a class of
delayed NNs with Markovian switching in which the jumping parameters are determined
by a continuous-time, and under some conditions, the pth moment exponential stability
is ensured. They have provided a numerical example to validate the theoretical results.
On the other hand, the work in [22] has dealt with stability of delayed stochastic NNs
with Markovian switching. The authors have shown stability of the considered system
and they have verified the founded results on three numerical examples.

To our best of knowledge, stability of stochastic Markovian switched NNs with infinite
delay in a fading memory phase space is not fully investigated in the literature, which is
the subject of our article.

Stimulated by the discussion of the studies mentioned above, our aim in this paper
is to study a kind of stochastic Markovian switched NNs system with infinite delay in
a fading memory phase space, considering white noise, infinite delay, and Markovian
switching in such model. Firstly, the existence and uniqueness of solutions are shown.
Secondly, by defining a Lyapunov Krasovskii functional, and using stochastic analysis
technique and M-matrix theory, we give sufficient conditions to ensure three easily verified
kinds of stochastic stability. These conditions are in terms of the coefficients of the
system. Finally, two numerical examples are provided to test the proposed conditions
and results.

This paper is organized as follows: we start by this introduction, then, in Section
we give the used notations in this paper and we define the model to study. After that,
we introduce the definitions of three types of stochastic stability. In Section [3] existence
and uniqueness of solutions for the studied system are established. Then, the three types
of stochastic stability are discussed after styding existence and uniqueness. In Section
two numerical examples are given.

2 Preliminaries

For the sake of simplicity, we give the following notations of this paper. Write R for
the set of real numbers and R™ for n dimensional Euclidean space. Denote a A b (a V b)
be the minimum (maximum) for (a,b) € R% For matrix A, its trace norm is defined
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1
by |A| = (Trace(ATA))Q, with A7 its transpose. Let C* = {gb € C((—o0,0;R™) :
alim e"?¢(6) exists in R"}, with p > 0, denote the family of continuous functions ¢
——0o0

defined on (—o0,0] with norm |¢|, = sup e*?|¢(6)|.
<0

The process x; : (—00,0] — R™ 6 — x:(0) = z(t + 0);—oc0 < 6 < 0 can be
regarded as a C*-value stochastic process, where z;(6) = (z}(0),22(0), ...,27())T. The
initial data of the stochastic process is defined on (—o0,0]. That is, the initial value is
xo(0) = &(0) for —oo0 <6 <0.

We define C* £ {¢ € C*;|¢|, < a}. Let G be a vector or matrix. By G > 0 we mean
each element of G is non-negative. By G > 0 we mean G > 0 and at least one element
of G is positive. By G > 0 we mean all elements of G are positive.

Let (Q, F,3, P) be a complete probability space with a filtration § = {F; }+>¢ satis-
fying the usual conditions, and W(.) be a Brownian motion defined on the space. The
mathematical expectation with respect to the given probability measure P is denoted by
E(.). Let r(t) be a right-continuous Markov chain on the probability space taking values
in a finite state space M = {1,2,..., N} with the generator I' = () nxn given by

Yee At + o(At), k#¢

Pir(t+At)=2/r(t) = k) =
(r( + ) /7”() ) {1+ykkAt—|—o(At)7 otherwise,

where At > 0 and 7,y > 0 is the transition rate from k to £. If k = £, it follows
N

Yok =— .  Yee- We also assume that Markov chain r(¢) is independent of Brownian
£=1,0#k
motion W (t), and it is irreducible in the sense that the system of equations

' =0
’ 1
{77]1:1, (1)

has a unique positive solution, where 1 is a column vector with all component being 1.
The positive solution is termed a stationary distribution.
For any M > 0, define two random variables 73, and 7,7 as follows:

Th = inf{t > to : [y(t)] > M, [¢], < M,a.s.},

T = int{t > to : [y(t)| < M, |&], > M,a.s.},

where y : [0,4+00) x @ — R is a continuous stochastic process. The general NNs with
infinite delay can be described as Volterra integro-differential equations as follows:

u(t) = —Du(t) + Ag(u(t)) + [ CKT(t — s)g(u(s))ds + J, (2)

’U/Z(t) = —dzuz(t)—i-z a”gj(uj(t))—&—z cij/_ K”(t—s)gj(uj(s))ds—i—JZ, 1= 1,2, ey 1,

J=1 Jj=1
3)
where u(t) = (ui(t),ua(t), ..., un(t))T € R™ is the state vector associated with the neu-
rons, D = diag(dy,da, ...,dy,) > 0 is the firing rate of the neurons, A = (ai;)nxn and
C = (¢ij)nxn are connection weight matrices J = (J1, Ja, ..., J,)T is the constant external
input vector, g(u) = (g1(u1), g2(u2), ..., gn(un)? is the neuron activation function vector,
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and K;; : [0,4+00) — [0,400) (i, = 1,2,...,n) are piecewise continuous on [0, +0o0)
satisfying
+o00
Kij(s)e"*ds =K. i,j=1,2,..,n. (4)
0
where K is a positive constant depending on .
As mentioned in Section |l ' it is assumed that system . ) has an equilibrium point
u* = (uj,ul,...,u)). The conditions, which guarantee that system has a unique
equilibrium point, can be found in |26| By making a transformation :c(t) = u(t) — u*,

system can be rewritten as

#(t) = —Da(t) + AF (= / CKT(t — $)F(x(s))ds, (5)

T

where F(z(t)) = (gl(:vl(t) + ui),g2(xa(t) + ud), ., gn(xn(t) + uj‘l)) £
(f1(z1(2)), fo(@2(t)), ..., fn(xn(t)))t. The main purpose of this paper is to study
system disturbed by white noise and Markovian switching, which, naturally, could be
generalized into stochastic NNs with infinite delay and Markovian switching as follows:

dx(t):[—px(t)+A(r / O(r KTt—s)F(x(s))ds}dt

B(r(t)Q(z(1))dW (t),

where A(r(t)) = (a” r(t)))nxn, C(r(t)) = (c”( (t )))nxn, B(r(t)) = (bij(r(t)))nm and
Q) = (q1(z1(t)), g2(x2(1)), .., gn(@y, (t))) represents the disturbance intensity of white
noise satisfying Q(0) = 0.

For any k € M, system (@ can be regarded as the result of the n stochastic NNs
with infinite delay

(6)

dx(t)z{ z(t)+ Ak / C(k)KT(t—s)F (m(s))ds}dt—I—B(k)Q(:E(t))dW(t),
(7)

switching from one to the others according to the movement of the Markov chain.
For any (¢, k) € C* x M, we denote

E(¢, k) = —D¢(0) + A(k)F(¢(0)) + [* C(k)KT (t — s)F(¢(s — t))ds,
H(¢, k) = B(k)Q(¢(0)).

Let C%! (]R” X Ry x M, R+) denote the family of all nonnegative functions V (z, ¢, k)
on R™ x Ry x M which are continuously twice differentiable in x and one differentiable
int. If Ve C* (R" x Ry x M;R,), define an operator LV from R™ x Ry x M to R by

LV (z,t, k) = Vi(z,t, k) + Vp(z, t, k) E(xg, k) + %Trace [HT(xt, )V (2, t, k)H(z¢, k)]

N
+ Z ’YkgV(x, t, E),
/=1

where
oV (z,t,k)

Vi(z,t, k) = It

oV (z,t, k) oV (z,t, k:))

,Vx(x,t,k):( B
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and
82V(a:,t,k;)>
TLXTL.

Bxiaxj

In the sequel, we introduce the following concepts of stochastic stability.

Vaulo,t. k) = (

Definition 2.1 [24]. The trivial solution of system (6) with initial data 2, = ¢
is said to be stochastically stable if for every pair € € (0,1) and « > 0, there exists a
0 =d(e, ) > 0 such that

P{|x(tat07€)‘ <ot 2> t()} >1—e,
whenever (¢, k) € C§ x M.

Definition 2.2 [24]. The trivial solution of system (6) with initial data @, = £ is
said to be stochastically asymptotically stable if it is stochastically stable and, moreover,
for every € € (0,1), there exist dyp = do(¢) > 0 such that

P{tgnolox(tt()vg) :0} 21—6,

whenever (£, k) € Cf x M.

Definition 2.3 [24]. The trivial solution of system (6] with initial data z;, = £ is
said to be globally stochastically asymptotically stable if it is stochastically stable and,
moreover, for any (£, k) € C* x M,

P{ tlggo x(t, to, &) = 0} =1.

3 Main Results

In this section, we derive the criteria which are concerned with the three kinds of stochas-
tic stability defined in Section for the solution to system @ The proof is based on the
Lyapunov method, generalized It’s formula, some inequalities, and M-matrix technique.
Let us introduce first the following assumption.

Assumption 3.1 For each j € {1,2,...,n}, functions g; : R — R and ¢; : R — R
satisfy global Lipschitz conditions

lgj(@) — g; (W) V lgj(z) — q;(y)| < Ljlz —y|, for z,y€R, (8)

that is,
[F(z)| v |Q(z)| < Llxl, (9)

where L = max{Lq, Lo, ..., L,}. In addition, the initial data z,, = & satisfies |{| :=
sup [£(0)] < oc.
<0

Let us denote

1 _
B 1= —d+ LIAK)| + SLA|B(R) +nKLIC(K)], ke M,

and A := —diag(261,252, ...,20,) — T, where d = min{dy, ds, ...,d, }.
Now, we introduce an existence and uniqueness result for the solution of system @
The steps of proof for this result are similar to the proof of Theorem 1 in [13].
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Theorem 3.1 Suppose that Assumption holds. Then system (@ has a unique
global solution on (—oo,00) with initial data £ € C* and r(tg) = ro.

Proof. By definition of the right continuous Markov jump r(.), there is a sequence
{7k }>0 of stoping times such that r(.) is a random constant on every interval [y, Tx+1),
that is 7(t) = () on 7, < t < Tgy1, for any k > 0. We proceed by induction. We
consider first system @ for ¢t € [19,71)

d(t) = [—Dm(t)—i—A(ro)F(x(t))—&—/_ C(ro)KT(t—s)F(x(s))ds]dt

+ B(ro)Q(z(t))dW (t) t (10)
- [ — D(0) + A(ro) F(z:(0)) + [ ) Cro) KT (t — 8)F(a(s — t))ds} dt
+ B(ro)Q(x:(0))dW (t).
By change of variable v = £ — s, we get
dx(t) = [ — D4(0) + A(ro)F(z:(0)) + 0+°° C(TO)KT(U)F(xt(—v))dv} dt
+ B(ro)Q(z:(0))dW ().
For any & € C*, let
{E(f, 7o) = =DE(0) + A(ro) F(E(0)) + J™ Cro) KT (0) F(E(—v))do, )
H(&, ro) = B(ro)Q(£(0)),
then system for t € [19,71) can be rewrite as
dz(t) = E(zy, ro)dt + H(zy, 7o)dW (t). (12)

From (@), @ and (TI), we have
B(&, 70) — E(C, )| < IDIIE(O) — C(0)] + [AGro) |F(E(0)) — F(C(0))
+ [ I RTOIFE) - P
< [DIIE(O) - ¢(0)] + LIA(ro) I€(0) - C(0)
v O IKT @)lE(—0) — C(—v)ldv
< IDIIE(0) = ¢(0)] + LIA(ro) I€(0) - (0)
1 [ IO @)~ (e
< (ID1+ LIA(ro)| +n2LIC(ro) K ) € = ¢l

and

[H(&,70) — H(C, mo)| < LIB(ro)[l€ — Clu-
By the main theorem in [7], system with initial condition £ € C* and r(tg) = ro has
a unique solution on [7g, 7).
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If we consider system for t € [ry,T2), then, becomes
dx(t) = E(xy, r)dt + H(xg, r ) dW (2). (13)
By the same argument of existence and uniqueness as the first step above, system @
with initial condition z,, € C* and r(m1) = r1 has a unique solution on [y, 72).
By induction, system @ with initial condition £ € C* and r(0) = 7 has a unique so-
lution on (—oo,0). Next, to show stochastic stability, we need to following assumption.

Assumption 3.2 Thereis a A = (A, A2, ..., Ay)T > 0 in R such that P = A\ > 0.

Theorem 3.2 Suppose that Assumptions[3.1] and[3.9 hold. Then the trivial solution
to system (@ 1s stochastically stable.

Proof. For any ¢ € (O 1) and « > 0, we choose a sufficiently small § = §(¢, o) < «,

such that for any £ € C 5(5 @)

/\k|£\i +2n*K L|¢|, < Apea?® for any k € M.
The choice of § above is guaranteed by taking

Ae02 + 202K LS < \pea? for any k € M.
Fix any ¢ € C} and write z(t) £ x(t,t9,£). For t > t5, k=1,2,...,N, let

+
ViR = galel b [ 3 Kl - Ol las (1)

=1 j=1
From Assumptions [3.1] and [3.2] we infer
LV (@(t), k) 2 Valw,,k) | — Da(t) + A / C(R)K™ (t = 8)F(a(s))ds]
%JH%LM+%TWWUWMQ@@W %Amt@QﬂMQ®®D}

+ Z ’ykgV(.%‘(t), t, f)
=1

t

= Aozl (1) [ — Da(t) + A(k)F(z(t)) + / CRKT(t - S)F(x(s))ds]

— 00

= KO (0)] + 2 Trace [ (BQE (1) (BR)Q((1)]

i=1 j=1
N 400 N M

F3 [ FeOP + [ 33 Kl — 0]y (2t - )]s
=1 K i,lj,l

= —/\kZdixf(t)Jr)\k sz Zaw )f(;(t))
i=1 i=1
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t n

o S w50 R (¢ — 5)f ((5))ds

T =1 j=1¢=1

_ZZK” )| £ (t) Z(
i=1j=1 i=1  j=
T

+ 3w lel0F

<=M D> dia(t) + A Y |t IZLI% Ml (@)l

=1 i=1

+ % ( En: 2”: b?j(k)) zj: q; (5(t))

i=1 j=1

bij(k)q;(x;(t )2

1

379

t n N
Ae
[ et 303 LKt = ey o) + 3 e Lo
T =1 =1

j=1/¢=1

By using the fact that z(t) = (¢ + 0) = 2+(0) and the transformation v =t — s, one has

n

LV (x(t),t,k) < )\kde +AkL(ZZa3J )%me(t)
i=1 j=1 i=1

(ZZb )Zx (t)

=1 j=1

AN

0 i=1 j=1¢=1
<[ = D difa )P+ L(D Y ek ()" [i(0)
i=1 i=1 j=1 i=1
2 n n n
(B ®) Yo
i=1 j=1 i=1

400 N N

. N A
+ |xt|M|C(k)|L/O SN Kyt e il (~o)ldo] + D e Ll (O)

i=1 j=1 =1

N
1 - A
< [ = d o+ LIA®) + STBOP + 2 RLICH) ol + > e Sl

N
1
< 5(2/\kﬂk + E %Mz)mﬁ
=1

1
< _Z
- 2

Thus, by use of It’s generalized formula, for any t > ¢,

Prlel?-

EV(z(t ATy), t ATy k) = EV (x(to),to, k) + E/MH LV (x(s),s,7(s))ds

to
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= EV(£(0),t0, k +E/ s),8,7(s))ds
< EV(£(0), to, k).
Besides, by use of Assumption and Eq. we obtain

n

+oo T
EV (z(to), to, k) = Zaz (to) +E/ Z to)|f(x;(2to — s))lds)
400 M N

§§E|§|2+E / ZZKU )i (a0 (—0))|dv

=1 j=1
Ak _
< IR + n*KLEIE],.
We also have
[e% fe% >\k a2
V(e ATS), t AT k) > 7|m(t AT
E[]l{‘r;?‘<t}v(x(t A Tg)vt A 7_.7(717 k)] > E[]I{T§<t}v(x( x )’T’I‘ ak')]

A
iE []1{7—5‘<t} |95(7'§t)|2}

Y

2
A A
> 7k0¢2E[]1{Tg<t}j| = ?k(XQP(T;‘ < t).
Consequently,
)\ka
P{T < t} < E(1{7a<t}v( ( ),Tw 5 k))
SEV(x(tATS), tATSE)
A _
< Skl + n*KLIE],
A
< ?kscﬁ,
gives

P{ry <t} <e.
Letting ¢ — oo we have P{7$ < oo} < €, which is equivalent to
Plla(t,to, )| < a,t > to} > 1—e. (15)

This completes the proof.
For stochastic asymptotic stability and global stochastic asymptotic stability, we add
the following assumption.

Assumption 3.3 If A is a nonsingular M-matrix, there is a A = (A1, A, ..., An )T >
0 in RY such that P = AX > 0.

For further properties on M-matrices, we refer the readers to Chapter 2 of [24].

Theorem 3.3 Suppose that Assumptions[3.1] and[3-3 hold. Then the trivial solution
of system (@ 1s stochastically asymptotically stable.
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Idea of proof:
The proof is similar to the one in |13]. The only differences are

e Inequality (17) in [13] becomes: For ¢; and any 1 € (0, 1), there exists a H(eq,d)
sufficiently large such that

< H,6* <t} =1.

P{|$(t7 6*7 50*)

<Ht>0)>1- %1, and P{|z-|,

e Inequality before (20) in [13] becomes

i < Qe
2n2LH
e In a slightly different way as in [13], we define the Lyapunov function by
400 M

Vit k) Z/Z

Kij(s — ) f5(2;(2t — s))|ds.
=1 j=1

Theorem 3.4 Suppose that Assumptions[3.1] and[3.3 hold. Then the trivial solution
of system (@ 15 globally stochastically asymptotically stable.

We omit this proof because it is very similar to the equivalent one in [13].

4 Applications

Two examples are given. In the first example, we consider system @ on R? and the
Markov process r(t) is switching between two subsystems. In the second example, we
define system @ on R? and the Markov process 7(t) switches between tree subsystems.

Example 4.1 Let r(t) be a right-continuous Markovian chain taking values in M =

{1,2} with generator
-1 1
I'= (7ij)2x2 = ( 3 _3) :

Consider a three dimensional system of type @ with the following specifications

12 0 0 15 05 05
D=0 12 0|, A1)=[05 05 0.25],
0 0 12 05 05 0.5
100 025 0 0
B)={0o 1 0|, c)y= 0 03 0|,
00 1 0 0 02
0.5 10 0 02 0 0
A@2)=| 0.8 01 0], c=(0 02 o0
0.25 025 05 00 1 0 0 04
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We rewrite System @ in the following detailed form

da(t) =[— 12x(t) +an( D) f(x(t)) + ara(r()) f (y(2)) + ars(r () f(2(t)
+ 1 en(r®)e ™" (f (@($)+ £ (y(s))+ f (2(s)))ds] dt+bri (r(t)) sina(t)dW (1),

(r(2))
dy(t) =big[— 12y(t)+a21(7’(t))f($( )) + a2 (r(t)) f(y(1)) + azs(r(t)) f(=(t)
+ 1 can(r(£)e™ 2 (f ()4 f(y(s))+ f (2(s)))ds] dt+bas (r(£)) siny ()W (2),
)f(2(t) + asa(r() f(y (1)) + ass(r(t)) f(2(1))
(

dz(t) =[—12z(t) + as1 (r(t)
I can(r()e (F(2()+ F(y(s))+ F(2(5)))ds] dt-+bas (r(£)) sin 2()dW (),
(16)
where f(x) satisfies a global Lipschitz condition with a Lipschitz constant L = 1. We
choose f(z) = .
In order to get the conditions of Theorem

a) We take ¢;(x) =sinz,j = 1,2,3. Then Assumption holds.
b) We choose K(t — s) = e*~t. Then, K = ﬁ for 0 < p < 1.

c) For u = 0.5, we can see that 5, = —0.5870 and [, = —0.1768, so A =
2.1739 —1.000
—3.000 3.3537

which implies immediately that Assumption is satisfied. By Theorem the trivial
solution to System is globally stochastically asymptotically stable.

Figure[I]shows the way of randomly switching between the two subsystems with initial
condition r(0) = 1. Figure [2 shows trajectory of the stochastic approximate solution for
system with initial condition z(t) = sin?(¢), y(t) = 0.5 cos?(t), z(t) = 0.

T 4 T
— Jump process () M

251 q 3r )

Figure 1: Jump process r(t) with initial Figure 2: Approximate solution of system
condition r(0)=1. (16)).

Example 4.2 Let r(t) be a right-continuous Markovian chain taking values in M =
{1,2, 3} with generator

-2 1 1
F=(yj)sxzs=[2 -4 2
3 2 =5

Consider a two-dimensional System @ with the following specification

Do <105 105>’ A1) = G :5>’ B(1) = (é (1)> c@) = (0(-)5 \/()2),
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A(2):(0?3 8:2) B(Z):(\/((? \/gﬁ> C<2):<(1) \/EO\@)

A(3):<0.225 06.255>’ B<3):<(1) (1)> 0(3):<063 095,)'

We rewrite system @ in the following detailed form

dz(t) = [— 15a(t) + au( () h(x(t)) + ar2(r(t))y(t)

f e (r(t))es~ (h(z(s)) + h(y(s)))ds]|dt + by (r(t))q1 (x(t))dW (1), (17)
dy(t) = [— 15x(t) + a21( (t)h(x(t)) + aza(r(t))y(t)

+ [ can(r(®))es (h(x(s)) + hly(s)))ds]dt + ba(r()) g2 (x(t))dW (2),

where ¢1(x) = g2(x) = sinz satisfy a global Lipschitz condition with Lipschitz constant
L = 1,h(z) = sinz. This means that Assumption [3.1]is verified. To assure Assumption
let i = 0.4. Then, we can see that 8; = —1.1277, 82 = —1.0214 and 3 = —8.0210.

So
+4.2554 —1.000 —1.0000

A= |-2.0000 +6.0428 —2.0000
—3.0000 —2.0000 21.0421

Hence, it is guaranteed that A is a nonsingular M-matrix. By Theorem System
is globally asymptotically stochastic stable.

Figure [3] shows a way of random switching between the three subsystems with initial
condition r(0) = 1. Figure 4| depicts the stochastic approximate solution for System
with initial condition x(t) = sin®(t), y(t) = 0.6.

—

3+ 4 3
251 4 2
2 4 1
151 4 0
1 -1

Figure 3: Jump process r(t) with initial Figure 4: Approximate solution of System
condition r(0)=1. 117).

5 Conclusion

We have provided the existence and uniqueness of solutions for a kind of NNs with Marko-
vian switching. Basing on the Lyapunov method and stochastic analysis and M-matrix
theory, we have given the new conditions that ensure stochastic stability, stochastic
asymptotic stability and global stochastic asymptotic stability of neural networks with
Markovian switching and infinite time delay in a phase space. Two simulated numerical
examples under Matlab have been presented to validate the proposed conditions.



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 19 (3) (2019) 384

We notice that the stability of the system depends also on the positive number p asso-
ciated to the phase space. Also the theoretical outcome in this paper can be applied to
many complex systems and other NNs, such as the processing of motion related phenom-

ena.
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