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Abstract

In this paper, the 1-type stability and robust -type stability for reaction-
diffusion neural networks (RDNNs) with Dirichlet boundary conditions, time-
varying discrete delays and bounded distributed delays are investigated, re-
spectively. Firstly, we analyze the 1-type stability and robust 1-type stability
of RDNNs with time-varying discrete delays by means of 1-type functions
combined with some inequality techniques, and put forward several ¥-type
stability criteria for the considered networks. Additionally, the models of
RDNNs with bounded distributed delays are established and some sufficient
conditions to guarantee the i-type stability and robust 1-type stability are
given. Lastly, two examples are provided to confirm the effectiveness of the

derived results.
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1. Introduction

In the past several decades, the study of neural networks (NNs) has been
receiving extensive attentions because of their potential applications in var-
ious disciplines, such as associative memory, pattern recognition, parameter
estimation, optimization [1-8]. As a matter of fact, these applications are
mainly dependent upon the dynamical behaviors of NNs. Especially, as one
of the important dynamical properties, stability of NNs has been widely
studied [9-19]. In [12], several new conditions for the exponential stability
of delayed second-order memristive NNs were obtained. The authors con-
sidered the stability of discrete-time NN with time-varying delays, and a
delay-variation-dependent stability criterion was established in [15]. In [16],
a new Lyapunov-Krasovskii functional approach was established for ensuring
delay-dependent stability of NNs.

Nevertheless, it is noteworthy that most of results about the stability
of NNs now available appear the following natures. On the one side, the
NN model is usually limited to a model with precise parameters. However,
the model with parametric uncertainties is more suitable due to external
disturbance and parameter fluctuation. On the other side, the perturbation
and parameters of NNs are highly demanding for the asymptotic stability
of Lyapunov, which makes it difficult for designing network performance.
In addition, the convergence rate of the system is very hard to estimate in
many practical applications, which motivates some scholars to study a new

type of stability, i.e., general decay stability, which is also called to be ¥-type



stability. Actually, ¢-type stability is an extension of the traditional stability,
e.g., exponential stability, log-stability, power-rate stability and p-stability
[20-23]. In [21], the w-type stability for recurrent NNs was discussed by
exploiting the differential inequality. The i-type stability of delayed chaotic
NNs with discontinuous activations was considered in [23].

As well as we know, reaction-diffusion phenomenon is unavoidable in NNs
once the electrons transport in inhomogeneous magnetic field. Hence, taking
the reaction-diffusion terms into consideration in NN is necessary, and some
researchers have devoted themselves to studying the stability of reaction-
diffusion neural networks (RDNNs) [24-31]. A sufficient condition for the
stability of interval RDNNs was obtained in [24]. In [25], the stability of
RDNN was investigated by making use of the Lyapunov functional method.
Moreover, time-varying delays are inevitable during the implementation of
artificial NNs due to the finite switching speed of amplifiers and the inherent
communication time between neurons, which often result in undesired dy-
namics like oscillation, instability, and divergence. Therefore, it is important
and necessary to take the time-varying delays into account and assess the
effect of delays during studying the stability of NNs [32-34]. In [32], the
delay-dependent stability problem of NNs with time-varying discrete delays
was addressed. The exponential stability of recurrent NNs with time-varying
discrete delays was considered in [33]. In addition, it usually has a spatial
nature because of the presence of a very large number of parallel path ways
with a variety of axon sizes and lengths when implementing a neural network
by VLSI in reality. However, the distribution of propagation is not instan-

taneous, which cannot be modeled by discrete time delays. Therefore, it is



requisite to introduce distributed delays in NNs’ modeling [20, 35-40]. The
globally asymptotic stability of stochastic NNs with distributed delays was
investigated in [35]. In [20], the authors considered the i-type stability for
Cohen-Grossberg NNs with distributed and discrete delays. However, the
Y-type stability of RDNN with distributed delays and discrete delays has
never been studied.

Based on the discussion aforementioned, we first construct the models
of RDNN with time-varying discrete delays and bounded distributed delays
respectively in this paper. Then, several y-type stability and robust ¢-type
stability criteria for these considered networks are established respectively.

The rest of this paper is organized as follows. In Section 2, several im-
portant definitions and lemmas are provided. The network models of RDNN
with time-varying discrete delays are firstly presented in Section 3, and then
the 1-type stability and robust ¢-type stability for this kind of network are
investigated. Section 4 is devoted to analyzing 1-type stability and robust
-type stability for RDNNs with bounded distributed delays. Several exam-
ples with simulation results are given in Section 5 to demonstrate the validity

of the obtained theoretical results. Finally, we conclude this paper in Section

6.

2. Preliminaries

Definition 2.1. (see [{1]) If the function ¥(t): Ry — (0,+00) satisfies the
following conditions:

1) ¥ (t) is nondecreasing and differentiable;

2) ¥(0) =1 and p(400) = 400,



3) h(t) == % is decreasing;

4)¥p.q 20, ¥(p+q) < Y(p)v(q);
then it is called to be Y-type function.

Definition 2.2. For R™ > 4(t) = (¢1(t),0a(t), -+ , (1), define
Il = _min m{lm‘%(t)l};
Jory(x.t) = (1 (x. 1), 120, 1), - - yn(x. )T, define
Iy Olfyy = _min (" [ w0

in which (X’t) € 0 x R7 0 = {X = (XlaXQa"' an)T| |Xk| < /Bka k=
1727"'7Q}CRq;'f]:(77177727"'ann)T Cmd7h>0-

Lemma 2.1. (see [{2]) Let Q be a cube |xx| < Br(k = 1,2,---,q) and
real-valued function Z(x) € CY(Q) satisfies Z(x)|oa = 0. Then

| z2oac< s [ (%)dea

where x = (X1,X27 T an)T-

Lemma 2.2. Given function h(x) : [wi,ws] — R provide the integral are

well defined, then

([ )<t [

Proof. From the Holder inequality integral form (see [43]), we can obtain

[ oottt < (f eoray) " (f 9001 ) "



where %jﬁ =1, h € LPlwy,ws], g € Liwy,wy| and 1 < p < co. Particularly,

take p=q =2 and g(x) = 1, then we can deduce

/ (Ol < (w2 — wy) 2 ( / h2<x>dx) "

Equivalently,
w2 2 w2
([ i) < e =) [ r20ax
w1 w1

The proof is completed.

3. -type stability of RDNN with time-varying discrete delays

3.1. Y-type stability analysis
The class of considered RDNN with time-varying discrete delays is de-
scribed by:

“ Z e (o M) =BV 8+ 3 i3 0) + R
+ Zdwfa —7;(1))), (1)

where ¢ = 1,2,--- ,n, x = (X1, X2, " s Xq) € &, R 3 ay > 0 symbols the
transmission diffusion coefficient along the (th neuron; R 3 Y,(x,t) is the
state of the (th neuron at time ¢ in space y; R 2 b, > 0 is the rate at which
the (th neuron resets its potential to rest when it disconnects the external
inputs in network; ¢,; and d,; are the connection strengths of the jth neuron
on the tth neuron; f;(-) signifies the activation function; the transmission
delay 7,;(t) satisfies 0 < 7,5(¢) < 7 (¢, j =1,2,--- ,n); P,(t) is the input of

(th neuron at time ¢.



The boundary condition and initial conditions subject to network (1) are

as follows:
Yilt) =0, (x.1) € 92 x [ty — 7, +00), (2)
}/L(Xat) :¢L(X7t)’ (Xat) € Qx [tO_TatO]a

where ¢,(x,t) (¢t =1,2,--- ,n) is bounded and continuous on  x [to — T, to].

Throughout this paper, we assume that the activation function f(-) sat-

isfies
0< filon) = fu(ao) < F.
aqp — Qg
for any oy, € R, ag # an, where 0 < Fy, k=1,2,--- ,n

Suppose that Y*(x) = (Y (x), Y5 (x), -+, Y. (x))T € R" is an equilib-

n

rium solution of network (1), then it satisfies

Zam(m ) b +Zcufa 00+ 3 (07 00) + Pi(t) = .

OXk

Take e,(x,t) = Y.(x,t) — Y,*(x), we can get

de, ( x, Z " ( o )) “he(xt) + ;qj (V506 0) = £Y7 ()

+Zdu (f; (Y500t = 75(0)) = [V (X)) (3)

where 1 =1,2,--- , n.

Remark 1. As we all know, time delays often inevitable appear in practical
applications, such as communication, information conversion and biological
systems. Especially, it is usual to expect that time delays exist during the

processing and transmission of signals in most circuits. In addition, the
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existence of time delays may lead to some poor performances, including in-
stability, oscillation, chaos and so on. Hence, it is important to evaluate the
effect of delays on stability analysis of NNs, which has become a research
hotspot in recent decades [10-17, 20-24, 26-29, 32-40, 42, 44, 45]. Fur-
thermore, formulating the NNs with time-varying discrete delays is essential
for the engineering applications because the discretization may not preserve
the dynamics of the continuous time counter part even for a small sam-
pling period [34], which motivates the investigation directly for NNs with
time-varying discrete delays [15, 20, 32-34, 38]. As we mentioned before,
reaction-diffusion phenomenon cannot be avoided in NNs once the electrons
transport in inhomogeneous magnetic field. Therefore, we investigate a class

of RDNN with time-varying discrete delays in this section.
Definition 3.1. If there exists a scalar R 5 X\ > 0 such that

In|le(-, t)[|¢
lim sup leC Dlloey
t=oo I [th(E) 1,003

where €(X, t) = (el(Xv t>7 62(X7 t>7 Ty en(X7 t))Tz réb(t) = (1/11(75)7 1/}2(15)7 e ﬂbn(t))T;
»,(t) (e =1,2,--- n) is PY-type function as defined in Definition 2.1, then the

A,

network (1) is called to be -type stable with regard to Y*(x).

Remark 2. In the past several decades, NNs have been extensively applied
to various fields, e.g., associative memory, image processing, parameter es-
timation, signal processing and optimization [1-8]. In fact, most of these
applications depend heavily on the dynamic behaviors of NNs. For instance,

in order to solve optimization problems by using NNs, it is necessary that



each trajectory of the NNs converges to a unique equilibrium point, that is,
the NNs are stable. Hence, many researchers have devoted themselves to
studying the stability of NNs and obtained numerous results, see [9-19] for
instances and the references therein. It is universally known that stability
and convergence are prior conditions for theoretical analysis and design. As
pointed out in [46], it is extremely interesting subject to estimate the solu-
tion’s convergence rate of nonlinear systems. However, the convergence time
or speed of the system is hard to acquire in many practical cases. Due to this,
some new type of convergence rate should be defined, such as convergence
with general decay. In recent years, a new type of stability, i.e. u-stability, is
proposed, which combines the concepts of exponential stability, log-stability
and power-rate stability of NNs [44, 45]. In 2016, Wang et al. [23] firstly
presented the definition of general decay stability based on -type function,
which is also said to be 1-type stability. It extends the concept of p-stability.
Indeed, when NNs possess ©-type stability, it is helpful to solve the optimiza-
tion problem and implement content-addressable memories [22]. Since then,
a great quantity of literatures of 1)-type stability have been reported [20-23].
Unfortunately, the network models in above-mentioned results about ¥-type
stability do not take the diffusion effects into consideration. Therefore, we

investigate the i-type stability of NNs with reaction-diffusion terms in this

paper.

Remark 3. It is obvious that functions ¢(t) = e, ¥(t) = (1 + t)* and
Y(t) = 1+ pln(1 + ¢) for any p > 0 satisfy the conditions 1)-4) given in
Definition 2.1, thus they are all ¥-type functions. Moreover, ¥-type function



offers a basis for the assortment of abstract functions. By introducing -
type function, the i-type stability of RDNNs is defined in Definition 3.1. It
follows from Definition 3.1 that exponential stability and polynomial stability
can be regarded as special cases of the i-type stability when ¢(t) = e and
¥(t) = (1 + t)* for any p > 0, respectively. Therefore, the 1)-type stability

given in Definition 3.1 is a generalization of other stability definitions.

Theorem 3.1. For v =1,2,--- n and ¥t > ty > 0, the network (1) with
respect to Y*(x) is ©-type stable, if there exists some positive numbers r, and

functions ¥, (t)(¢ = 1,2,-+- ,n) such that

el + D E 230 % (0 2, ) (L0)
(Zﬂcm‘_'_‘dLJDFJ 2; 5]% T wa(t) 2bL> (@Z)L(tO))

j=1

+ Z |CLj|F} (;Z)](S;))) J + Z IdLjIFjGLj(t) < 0,
j=1 I j=1

where

1, for to<t<t0+7’m(t>,

Glt) = <¢j<t —7y(1)

.
, for t > tg+ 7,;(t).
55(ho) ) o+ 7s(t)

Proof. Denote

Vi(t) = / & (x. t)dx.

V(te) =Y sup {Vi(e)} < +o0,

—1 to—7<ety
and

Vi) - Ve (20

Vi(t) — V(tg), Vtog — T <t < tg,

) 9 Vt 2 tO 2 07
Hb(t) =

10



where 1 =1,2,--- n.

Obviously, H,

—~

t) is continuous and H,(¢) < 0 for Ve € [ty — 7,%y]. Then,

we will prove H,

—~

t) < 0 for Vt > typ and ¢« = 1,2,--- ,n. Otherwise, there
exists 7 and t1(t; > to) satisfying

H;(t;) =0,

D H;(t)]1=¢, = 0,

Hj(E) <0, VEG [tQ—T,tl], j:1,2, ,n

Then,
_ dei(x,t) - Yilt)\ " [ dilta)
_QAei<X7t)73t dx - + 7V (to) (%’(to)) <m>
-2 [t [Zdw (500t = 75(0) — H7(00)) — et )
de;(x
*ZW( a )+ch FG000) - FY7 (x >>)}dxm
= Yi(th) di(t)
+ 1,V (to) < . (to)) ( . (t1)> : (4)

According to Dirichlet boundary condition and Green’s formula, one can

de;(x,t)
/ bt Zan<Zk O )dX

X S () o

From Lemma 2.1, we can get

Z/ (861 X, t )2d > : a_i/€2< f;)d <5>
8Xk; X/ Pt /Bg O 7 X? X

11
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From (4) and (5), we have
q i n

DY H(|iey < =2) 25 / e; (X, t)dx + 2/ lei(x, t1)] {Z |cijl Fjle;(x, 1)l
~ [ Ja Q =

£ g Eles (ot — n-j<t1>>@dx — 20, [ )iy
(9]

j=1

(38" ()

g fmameonn(38)" ()
+2Z|dilej\// ef(x,tl)dx\// e (x. t1 — 7i;(t1))dx
+QZ|CU|F \// (x, 1) dx\// (x. t1)d

2% ) [ AT ><2i;§i;§)” (26)
+Z|dU|F ([ @temics [ dton =)
+Z\%\F (/ X,tl)dx+/ﬂef(x,t1)dx)
=(§1<|cw|+|dw| 25 ) )+ lealii(e)
nvo () (ZE%) *Z 1 F5Vsth = i)

By H,(t) <0(t=1,2,--- ,n) for any t € [ty — 7,1;], we can obtain

DY H;(t) 1=, < (Z(|’3w| + |di;|) . Z - ) to) @2225) |

J=1

12



#3570 (S20) 4 3 a4V k)Gt

o ;(to)
o (88) s
:V(to)[<i(lcul+ldw| Z“Mw () 2b) (z&;)
+é‘cw‘p (ijg i) +;|dz‘j\FjGij(t1)}

<0,

which is unreasonable. Thus

Vi(t) < V(ty) (;Z)‘(S;)))_n, v=1,2,---,n, YVt >ty > 0.

Moreover, there exist M (ty) and r such that V,(t) < M(to)y,"(t), where
M (to) = max,—19... o {V (to)¥(to)} and 7 = min,—; 5. ,{r,}. Denote V(t) =
(‘/i(t)a ‘/Q(t)a e aVn(t))T and ’ll)(t) = (wl(t)a wZ(t)a e a,lvz)n(t))Ta we have

V() lle,00p = min— 2 o {167 VA < ML) [0 oy
where £ = (£1,&, -+ ,&)T = (1,1,--+,1)T. Obviously,

(M (t) [V () l{g.e) < —rIn([l(t) 1 {g.0))-

According to Definition 2.1, In({[1(%)||¢,00y) > 0fort > to > 0 and In({|1 ()| ¢¢,00}) —

+o00 as time t — +o00. Therefore, one has

In(||V(2)] ¢,00
o UV Ollest)
s (0 )

Equivalently,
In([le, )% op)
lim sup :
t=too I([[¢0(2)l{e,00})
In other words, e(x, t) is ¥-type stable. This completes the proof.

X
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3.2. Robust ¥ -type stability analysis

As we all know, the limitation of equipment and the existence of external
interference in the modeling process of NN may lead to parameter devia-
tions and these deviations are bounded. Therefore, we consider an uncertain
reaction-diffusion neural network (URDNN) with time-varying discrete de-

lays in this section, which can be characterized as follows:

Y.xt) _ 3 9 <abkw) —bYi(x. 1) + Zcbjfj%(%t)) +B(t)

ot — DXk Xk
+Y i (V0at—Tt), =12, (6)
j=1

where Y, (x,t), f;j(-), P.(t), 7,;(t) have the same definitions as in subsection

3.1. The quantities a,x, b,, ¢,j, d,; may be intervalized as follows:

(A ={A = (ap)ng s A~ A< AT i, 0 < a;, <ag < at,
t=1,2,--- ,nk=1,2,--- q,VA € A},

Br :={B =diag(b,) : B- < B< B ie.,0<b <b <b,
t=1,2,--- ,n,VB € By},

Cr:={C = (c;j)nxn : O~ < C < CFie,c; <y <y,

j:1,2,~-~ ,H,VCEC[},

Dy :={D = (dij)nxn: D~ < D < DVjie.,d; <dy <df,u,

j=1,2,---,n,VD € D;}.

\

For convenience, we denote

cfj = max{‘czﬂ, |C;]‘}, drj = max{\dj}\, ‘dm}

14



For the network (6),

Y.(x,t) =0, (x,t) € 0Qx [ty —T,+00),

K(th) = ¢L<X7t)7 (th) S Q x [tO -7, tO]a

(e =

where ¢,(x, n) is bounded and continuous on € X [tg — 7, to].

Let Y*(x
of network (6), then

(0 . - . _
Z(m(m ) +Zcufj 000+ 307000 + R0 =0

where a,j, b,, ¢,;, d,; belong to the parameter ranges defined by (7).

t)
)=

(YF(x), Y5 (x), -+, Vi (x))T € R™ be an equilibrium solution

Take e,(x,t) = Y.(x,t) — Y*(x), we can obtain

ZCL] f] ) f] Y* +Z an ( LkaeL(Xat)>

Xk
—be(xt +ZdL] fiY; —7;4())) _fJ(YJ*(X))) )
where v = 1,2,---,n, ay, b, ¢, d,; belong to the parameter ranges defined

by (7).

Definition 3.2. If for all A € A;, B € By, C € C; and D € Dy, there

exists a constant A > 0 such that

In|le(-, t)[|¢
lim s e, DI 5,00) <
t=oo 0[[Y(8)[] 5,00}

where e(Xv t) = (el(Xv t)7 62(X7 t)7 ) 6n(X7 t))T7 ’ll)(t) = (wl(t)a ?/)2(75), e 777Z)n(t))T;
»,(t) (e =1,2,-+- n) is a Y-type function, then the network (6) is called to

_)\’

be robustly V-type stable with regard to Y*(x).

15



Theorem 3.2. The network (6) with respect to Y*(x) is robustly {-type
stable, if there exists some positive numbers r, and V-type functions ,(t)(¢ =

1,2,--+,n) such that fort =1,2,--- .n and ¥Vt > t, > 0

S y o | (BN
(Z(cbj +d;) QZ— + 1,0, (¢ 2bL> (Wto))

J=1

+§c;‘ij (;}iﬁéo))) +Zd*FG <0,

where
1, for tg <t < to+ 7,;(t),

Gall) = (gt = my(1))
<W) , for t >ty +7,(1).

Proof. Denote
Vi) = [ ety
Q

n

Vi(ty) = Z sup {Vi(e)} < +oo,

to—7T<e<to

=1
and
(wL<)) >Vt>to>07
u(to)
V to vto —7 <t <t
where 1 =1,2,--- ,n.
Obviously, .(t) is continuous and H,(¢) < 0 for Ve € [t — 7,to]. Then,

we will prove H,

A

t) < 0 for YVt > ty and « = 1,2,---  n. Otherwise, there

exists ¢ and t;(t; > tg) satisfying
H;(t,) =0,
DY H;(t)]1=, >0,

Hj(e) <0, Ve € [to—7,t1], j=1,2,--- ,n.

16



Then,

+ v v Git)\ [ i)
D7 Bulf)lemty =VilE)imts 7V (f0) <wi< >) (wim))

/ez Xt [Zd” (fi(Yi(x.t = 73;(8) = f;(Y; (X)) — biea(x, )
L0 (et *

o (k i ) + Z e (F506.8) — £ (0)) } 0|
vV Gilt)\ " [ ilta)

+ 7V (to) <¢i(t0)) (%‘(tl)) . (8)

According to Dirichlet boundary condition, Lemma 2.1 and Green’s formula

one has

k=1
q
Qi 2
<= ) = [ axt)dx
%)
q as
< - —25/62 (x.t)dx (9)
= Ok Ja

From (8) and (9), we have

n

D H ()]s, < - Z w00) [ @2 [t S amletn)

7j=1

+Zd Filej(x.t — Tij(tl))|}dx+7“i7(to) (Z&i) (Zg)
25 feamace 7 (565)  (565)
+ Zd (/ (x,t1)dx + /Q e2(x,t — rij(tl))dx)

17




+Z (/ X,tl)dx+/ge§(x,t1)dx)

:<i(c +d;)F Z ) (th) +Zc FV;(t)

j=1

><zzzt0;> () geroms
. i(t)\

( (ct; + ;) 22 ) (to) <wi(to))

+Z (ngt;;) +Zd*FV (t0)Gij(t1)

V() (d’"( 1) e

Yi(to)
:V(to){<zn:(c;‘j+d* 22 +w ty) — 2b; ) (ZEZ;)
2 (i) s

<0,
which is unreasonable. Thus

Vi(t) < V(ty) (%)_ v=1,2,---.,n, t >ty > 0.

Similar to the proof of Theorem 3.1, we can get

In(lle(-, £)[|% o))
i ’ X
e ([ () le00y)

Therefore, e(x, ) is robustly ¢-type stable. The proof is completed.

18



4. -type stability of RDNN with bounded distributed delays

4.1. Y-type stability analysis
The class of considered RDNN with bounded distributed delays is de-

scribed by:
Y. ( X, Z ( M) ~bYi(x t)+ic Fi(Yi(x 1) + Ri(t)
OXk OXk e j=1 R L
_'_ZdL]/t o P Y

where « = 1,2,--- . n, Y,(x,t), fi(-), P.(t), aw, b, c; , d; have the same
definitions as in subsection 3.1, v;(¢) is the distributed delays which satisfies
0<v;(t)<v(j=12,---,n).

For the network (10),

Y.(x,t) =0, (x,t) € 0Qx [ty —v,+00),

YVL(Xat) = ¢L(X7t)7 (th) € Q0 x [tO - ’U,to],

where ¢,(x,t) (¢t =1,2,--- ,n) is bounded and continuous on €2 X [ty — v, o).
Suppose that Y°(x) = (Y2(x),Y2(x), -+, Y (x))T € R" is an equilib-

rium solution of network (10), then it satisfies

Za (“Lk <X)) —bLYLO(XHidu‘ /t Fi(YP (x))ds

OXk

Take e,(x,t) = Y,(x,t) — Y°(x), we can obtain

8€L n )
Z o (@22 e+ 2 e (505001 - 00)

j=1

19



£ [ (H05009) KT b
where t =1,2,--- n.

Remark 4. Due to the existence of a lot of parallel pathways of varying axon
size and lengths, NNs often have a spatial extent. Then, a distribution of
conduction velocities along these pathways or a distribution of propagation
delays over a period of time may exist in some situations, which lead to
another kind of time delays, that is, distributed delays in NNs. Therefore, it is
necessary to take the distributed delays into account in the study of NNs, and
many literatures on NNs with distributed delays have been published recently
20, 24, 26, 27, 29, 35-40]. As far as we know, the ¢-type stability of RDNN
with bounded distributed delays has never been considered. Therefore, we
concern this topic and derive several i-type stability criteria for the RDNNs
with bounded distributed delays in this section.

Theorem 4.1. The network (10) with respect to Y°(x) is v-type stable, if
there exists some positive numbers r, and functions 1,(t)(¢ = 1,2,--- n)

such that for1=1,2,--- . n and ¥Vt > tg > 0

" o a = V() \ "
(Z(|cu|+ldul)FJ 2; 5 Tt 256) (wb(t0)>

j=1

Y leolrs (28] oS lalew <o
=1 J\0 =1

where
t ) )
/(%(O) ds +to+v—t, for to <t <to +v,
w0 = 7N
t T
¥;(s) ) ’
BN T e for t > 4y + v,
/tv (%‘(to) "
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Proof. Denote

NS

—~
~

SN—
I

/ e2(x, t)dx,
Q

n

Vito) =Y sup {Vi(e)} < +oc,

to—v<e<to

=1
and
_ ¢L(t) )_T'L
V,(t) =V (t V>t >0,
H,(t) = (t) = Vi) (¢L(t0) 0
V.(t) = V(to), Vtg —v <t < tq,
where 1 =1,2,--- ,n.

Obviously, H,(t) is continuous and H,(g) < 0 for Ve € [ty — v, to]. We will
prove the inequality H,(t) < 0 for Vi > to and ¢« = 1,2,--- ,n. Otherwise,
there exists ¢ and ¢;(t; > to) satisfying

H;(t1) =0,
DY H;(t)]=¢, =0,
Hij(e) <0, Veelty—v,th], j=1,2,--- ,n.

Then,

DY H; () |i=e, =Vi(t)|imt, + 73V (t0) (wm ) i (wi(t1)>

Wi(to) Wi(t)
/ (X, ¢ {Zam< dei(x,t )+ch L068) = £Y2(0)))
— biei(x; t +ZdU/

t—v;(t)

(Y5009 — HY°00)) dc} dy

t=t1
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() (56)
_22 / (X, t dx—i—2/|ez X, t) {Zm]me] X, t)]

—|—Z‘dij|Fj/ |€j<X7§)‘d§}dX_Qbi/Qe?(Xutl)dX
j=1

t1—v

= Gi(t)\ T i)
+ 7V (to) <7/1z< )) (dh(tl))

o e () (3]
+2Z|dzj\Fj F0xt) dX\// Ieg X, S \dc> dx

+QZI%IFJ\// ef(x,tl)dx\// e2(x, t1)dx
j=1 @ Q

From Lemma 2.2, we have

D+ ‘t tl\

Z%M ) [ et nV) (thli)_ (%)
+2;|dij|pj\/ / e$<x,t1>dx\/ v / 2(x, s)dsdy
+2i|cij|pj\// e?(x,tl)dx\//ﬂ e2(x, t)dx

<-a% e faconmcenr (3)  (56)
+Z|dw|F (/ (X, t d><+v/tl U/ef(x,c)dxdc)

3 leol ([ e [ dtena)
j=1 Q Q
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= (Z(|Cw| + |dij|) F. Z ) (t) + Z |cij | F5V; (1)

Jj=1 j=1

+ iV (k) (ZSS) (@/)z 2) Z'd“‘F/ V;(s)ds.

By H,(t) <0(t=1,2,---,n) for any t € [t; — v, t1], we can obtain

D+Hl.<t>\t:t1<(Z<\cm|+\dw| —22‘“ %) w ()

Jj=1

+Z|cw|F v (12 >) 03 BT 1)

¥;(to)
o (248) "5
:v<t0>{(2n;<|clj|+|dzj| Z“”ww () 2@) (ZS;)
+élcilej @jxéi) +v;|dij|pjwj(tl)}

<0,

which is unreasonable. Thus

bi(t)
%(to)

Similar to the proof of Theorem 3.1, we can obtain

In(lle(-, )| o))
i ’ S
e ([ () le00p)

In other words, e(x, t) is ¥-type stable. This completes the proof.

V() < V(o) (

) , =12+ n, Vt >ty > 0.
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4.2. Robust V-type stability analysis
The RDNN with parametric uncertainties and bounded distributed delays
is described by:

Yo (M) ~ b0 D)+ 2 ealibet) + Al)

1 Xk Xk
n t
s>y [ R, (1)
j=1 t—v;(t)

where ¢t = 1,2,--- ,n, Y,(x,t), f;(-), P.(t), v(t), have the same definitions
in subsection 4.1, and the parameters a,, b,, ¢, d,; are defined by (7).

Take e,(x,t) = Y,(x,t) — Y,°(x), we can obtain

2l oy o (g = b0+ D (B3 0) = HO700)

n t
F3dy [ (06 - HR00) s,
where a,, b,, ¢,;, d,; belong to the parameter ranges defined by (7).

Theorem 4.2. The network (11) with respect to Y?*(x) is -type stable, if
there ezists some positive numbers r, and ¥-type functions 1, (t)(c = 1,2,--- ,n)

such that forv=1,2,--- . n and ¥Vt > tg > 0

(i(cfj )b =2 Z G P (0 =2 ) <$((t?))

Jj=1

F drF;Wi(t) <0,
2 ]<1/’j(t0) Z

where

t —Tj
1/}j(<)) ’
ds+tg+v—t, for tog <t <tg+w,
/ <¢j(to) ’ ’ ’

/ttv (%)W ds, fort >ty + v.

24

W;(t) =



Proof. Denote

NS

—~
~

SN—
I

/ e2(x, t)dx,
Q

n

V(te) =Y sup {Vi(e)} < +o0,

to—v<eiy

=1
and
_ P, (1) )‘“
Vi(t) = V(t V>t >0,
. KR (2 o
Vi(t) — V(ty), Yty —v <t < ty,
where 1 =1,2,--- ,n.

Obviously, H,(t) is continuous and H,(g) < 0 for Ve € [ty — v, to]. We will
prove the inequality H,(t) < 0 for Vi > to and ¢« = 1,2,--- ,n. Otherwise,
there exists ¢ and ¢;(t; > to) satisfying

H;(t,) =0,
DT H;(t)]e=s, = 0,
Hj(e) <0, Ve €[t —v,ta], j=1,2,--- ,n.

Then,

DY H(t) 1=ty =Vi(t)le=t, + 73V (to) <ZZE?;)_T (Zi&i)
/ bt { ~ v;(t)
ST AR
() (zzz:D

25
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Fi(Y506,9) = fi(Y) (X)) ds — bies(x, )

t=t1




q — n

< - 2(2% +bz'_)/ez2(Xat1)dX+2/Q lei(X: )] {ZC}}FH@J‘(X,M”

P 0 =
oS [ Jewamfaceer () (163)

205 [temcreo (V3 (355)
+Zd </ (x. ta dx+v/tl v/e?(x,g)dxdg)
+Z (/ x,tl)dx+/ (x,tl)dx)

(Z N ><Zz§?§)’”

7j=1

+Zc FV (to) @jgg) +v Zd*FVtO (t)

o (349

:V(t@{(i ¢+ di)F. QZ +mz) ty) — 2b7 ) @EZ;)
)_r +v Zd*FW tl]

+ ch-( ()
; 7\ W(to)
<0,

which is unreasonable. Thus

Vi(8) < V(to) (%2))_”, L= 1,2 m 34 >0,

Similar to the proof of Theorem 3.1, we can obtain

In(fleC NI o))
lim sup =L L -
to+oo  I([[Y0(1)l1,007)
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Therefore, e(x, t) is robustly ¢-type stable. The proof is completed.

5. Numerical Examples

Example 5.1. Given the following RDNN with time-varying discrete

delays and parametric uncertainties:

aY; 7t aY; 7t 3
éf ) — a(XX2 ) Y, (x.t) + > cifi(Yi(x. b)) + Pi(t)
j=1

+Zdbjfj —7,4(1))), (12)

where ¢ = 1,2,3, =1 < y < 1, fi(e) = = (5 = 1,2.3), 7,,(t) =
L+](1 —e7 ), 7=05, Pi(t) = B(t) = P3(t) = 0.

Obviously, Fy = Fy = F3 = 0.25. In particular, we choose to = 0, r =
re =r3 = land 1 (t) = a(t) = ¢3(t) = 0%, The parameters a1, b,, ¢,;, d,;

in the network (12) can be changed in the following given precisions:

’
A[ I{A = (CLL)3><1 - 0.7 < aq < 08,08 < as < 09,09 < as < 1},

B[ I{B = diag(bl,bQ,bg) 1 0.8 < b1 < 09,09 < b2 < 1, 1 < bg < 11},

Cr :={C = (c;) ';+0005<C~<7+001} (13)
I -— — \ty3)3%x3 - 2(L+]) . X Gy x 2(L+]) . ;
1

\ D[ :{D = (dLj)3><3 : m + 0. 015 dLj < m + 002}
Then,

n . . - . B w ¢ —1 n . 'QZ)]‘ ¢ —1
(;(Clj +di;) Fy = 2ay +94(t) — 251) (%1((0))) + ;Clij <¢j((0)))
+ Zd F;G;(t) <0,
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Figure 1: Trajectory of m

with respect to the relative convergence rate A = 1.

(S - os0-30) (29) S0 (20)

j*l

1
+Zd FyGoj(t) < —2.9422— < 0,

e0.02¢

(Fravon 50 ) (20) o (310)

j=1 j=1

- 1
+ ) dy FiGay(t) < —3.4257T— o < 0.

002t
J=1

According to Theorem 3.2, the network (12) with the given parameters de-
fined in (13) is robust 1-type stable with regard to zero solution. The simu-
lation results are displayed in Figures 1 and 2.

Example 5.2. Consider a RDNN with bounded distributed delays and
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Figure 2: ||eb(-,t)||?1ﬁoo}, t=1,2,3.

parametric uncertainties which can be described as follows:

Y, (x,t Y, (x,t 3
é?tc ):aL a(XXz )_bLYL(X’t)+Zcbjfj(Yj(X,t))+PL(t)
7j=1

3 t
$>dy [ s
j=1 t

—v; ()

(14)

where 1t = 1,2,3, =1 < x < 1, f;(e) = 0.2 (j = 1,2,3), v;(t) = £(1 —e7"),

v =10.06, P,(t) = 0237, (d,jv;(t) + c;j).

Obviously, F; = Iy, = F3 = 0. In particular, we choose tg =0, ry =ry =

rs = 1 and ¢4 (t) = ¢o(t) = ¥3(t) = 1 +t. The parameters a,, b,, ¢, d,; in

the network (14) are defined by (13). Then,

j=1 j=1

29

(S as-esi0-a1) (23) " Fron (25

-



(z) () San()

J=1 J=1

= 1
0y dy FjWi(t) < —24—— <0,

po 1+t
o ) (B0 s (0
(;(C3j+d3j)ﬂ 2 3 +w3(t) 2b3> (ws(o)) +j; 3]FJ (w]«)))

n § 1
+ ; diyFWi(t) < =287 < 0.
According to Theorem 4.2, the network (14) with the given parameters de-
fined in (13) is robust 1-type stable with regard to zero solution. The simu-

lation results are displayed in Figures 3 and 4.

Remark 5. Generally speaking, the 1-type stability is related to the selec-
tion of ¥-type functions. Moreover, the -type stability criteria are slightly
different because of the different selection of ¢-type function. If exponen-
tial functions or polynomial functions are chosen as 1-type functions, then
exponential stability or polynomial stability as the special cases of y-type
stability can be obtained. As in Example 5.1, the function v (¢) is given by
exponential function, some analogous results have been studied in [24] and
[27], in which equilibrium points are exponentially convergent for their con-
sidered networks. Therefore, our results can be regarded as the extension
of previous results on other type stability (e.g., exponential stability, poly-
nomial stability and p-stability) of RDNN [12, 24, 27, 29]. To illustrate the
Y-type stability is different from the exponentially stability, we also provide

Example 5.2, in which equilibrium points are polynomially convergent for
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the network.

Remark 6. Due to the difficulty of estimating the convergence rate of the
system in practical applications, some researchers have devoted themselves
to investigating a new type of stability, namely 1-type stability, which gen-
eralizes some traditional stability definitions, e.g., exponential stability, log-
stability, power-rate stability and p-stability [20-23]. In [21], the multiple
-type stability of recurrent NNs with time-varying delays was investigated.
Wang et al. [23] studied the ¢-type synchronization problem of NNs by
using the conception of -type stability. However, the reaction-diffusion
phenomena of NNs has been neglected in the above literatures. In a strict
sense, reaction-diffusion effects are unavoidable in NNs once the electrons
transport in inhomogeneous magnetic field. Therefore, taking the reaction-
diffusion terms into consideration in NNs is necessary and meaningful, and
some researchers have studied the traditional stability of RDNNs [12, 24—
31, 40, 42]. To our knowledge, the 1-type stability of RDNNs has not yet
been considered until now and this is the first paper toward to investigating
-type stability and robust ¢-type stability for RDNNs with time-varying
discrete delays and bounded distributed delays.

6. Conclusion

This paper has investigated the i-type stability and robust i-type sta-
bility for RDNNs with and without parametric uncertainties, respectively.

By utilizing several new inequality techniques, several 1-type stability and
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robust ¥-type stability criteria have been proposed for RDNN and URDNN
with time-varying discrete delays. Then, the models of RDNNs with bounded
distributed delays have been studied and several sufficient conditions to guar-
antee the 1-type stability and robust ¢-type stability for these networks have
been given. Finally, the validity of these obtained results has been verified

through some examples with simulation results.
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