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Abstract

In this paper, general decay synchronization of delayed bidirectional associative
memory neural networks with reaction—diffusion terms is studied. First, a useful
lemma is introduced to determine the general decay synchronization of considered
systems. Furthermore, a type of nonlinear controller is designed. Then, some sufficient
conditions are obtained to insure the general decay synchronization of the
drive-response systems via using Lyapunov functional method and Poincaré
inequality. Finally, the obtained theoretical results are evaluated by giving one
numerical example. The exponential synchronization, polynomial synchronization,
and some other types of synchronization can be seen as special cases of the general
decay synchronization.
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1 Introduction

In the last two decades, a great number of scholars from science and engineering commu-
nity have been paying their attention to the investigation of dynamical behavior and con-
trol problems of neural networks [1-9]. Among various neural networks, bidirectional as-
sociative memory neural network (BAMNN), introduced by Kosko [10, 11], has been stud-
ied wildly since this class of neural network has extensive applications in pattern recog-
nition, complex control, and intelligent processing [12]. In addition, the synchronization
of chaotic nonlinear systems has received enormous attention in the past two decades for
its significant role in many areas, including biology, climatology, sociology, etc. [3—9]. The
authors of [13] studied the global asymptotic stability for continuous BAMNNS by using
Lyapunov method, while those of [14] considered the synchronization of memristor-based
BAMNN:S by using linear matrix inequality technique. In [15], a nonlinear feedback con-
troller is designed for a general decay synchronization of delayed BAMNNS.

As it is known to all, the reaction—diffusion effect cannot be neglected when consider-
ing the motion of electrons in an asymmetric electromagnetic field [16]. Therefore it is
necessary to introduce a diffusion term in neural networks, where this term is expressed
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by a partial differential equation [16—19]. In [20], the authors studied the global expo-
nential stability and synchronization of the delayed reaction—diffusion neural networks
(RDNNSs) under the impulsive control. The authors of [21] discussed the global expo-
nential synchronization of delayed BAMNNSs with reaction—diffusion terms. In [22], an
adaptive synchronization controller is derived for the global asymptotic synchronization
of RDNNs with delays. The authors of [23] investigated the state synchronization of BAM
neural networks with reaction—diffusion terms via a feedback control law. In [24], the au-
thors have derived sufficient conditions for the Hy, synchronization of RDNNs with mixed
time-varying delays based on an adaptive controller method. In [25], an adaptive pinning
controller is designed to guarantee the tracking synchronization for a class of neural net-
works with coupled reaction—diffusion terms. In [18], a sufficient condition for the ¥/-type
stability of RDNNs with bounded distributed delays and time-varying discrete delays was
presented. In [26], an appropriate nonlinear controller was utilized, and the decay lag anti-
synchronization criteria were designed for multiweighted coupled RDNNs. However, few
researches can be found on the general decay synchronization problem of BAMNNSs with
reaction—diffusion terms. As mentioned in [15], there exist stable systems which are not
exponentially stable, but with a general convergence rate.

Inspired by the above discussions, in this paper, we are concerned with the general de-
cay synchronization for a BAMNN model with reaction—diffusion terms and time-varying
delays. By using a novel inequality technique and constructing a suitable Lyapunov—
Krasovskii-type functional, we obtained some simple sufficient conditions for the general
decay synchronization of considered BAMNN:S. Finally, we give a numerical example and
its simulations to illustrate the effectiveness of the derived results. The polynomial syn-
chronization, asymptotical synchronization, and exponential synchronization can be seen
as special cases of the general decay synchronization.

The rest of the paper is organized as follows. In Sect. 2, we will introduce the details
of the model and a useful lemma, which plays a critical role in proving the main result
of this paper. Then, in Sect. 3, we will design a feedback controller for the general decay
synchronization of delayed BAMNNSs with reaction—diffusion terms. In Sect. 4, we will
give an example to evaluate the effectiveness of theoretical results of this paper. In the

final section, we give a brief summary to end up the paper.

2 Preliminaries
In this paper, we consider the following delayed BAMNNS with reaction-0diffusion terms:

4

aI/tl' d Bui
— =) _ 7\ Du— ) —piuilt,
ot ;&ck( kaxk) piti(t,)

+ Z bifi (v(t, %)) + Z bifi(vi(t - 6:(0)) + I
j=1 j=1
(1)

4

av; 0 (= dv
-7 = — Dy —L ) - gvi(s,
ot k; 8xk< }kaxk> 7%6%)

* Z d’/g‘ Z allgl l ‘L’,] ))) +Jjs
i=1
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with the following Neumann boundary condition:

Vu; =0, V=0, xondf2,t>0, 2)
and the following initial condition:

u;(s,x) = Ii(s,x), vi(s,x) = Ay(s,x), xin 2,5 <0, (3)

where x = (x1,%,,...,%,)7 € 2, 2 is a bounded open subset of R* with a C?> boundary
082, and |£2| > 0 (where |£2]| is the volume of £2); Vv := (337"1, 837”1,..., %)T stands for the
gradient of function v, u; and v; fori e Z = {1,2,...,m},j € J = {1,2,...,n} denote to the
state variables of the ith and jth neuron at time ¢ and in space point x, respectively; Dy > 0
and Djk > 0 represent transmission diffusion coefficients along the ith and jth neuron,
respectively; p; and g; stand for the passive decay rates to the state of ith and jth neuron,
respectively; bj;, l;ﬁ, djj, and Zi,',» are the connection strengths between the neurons; f;(v)
and g;(v) correspond to the respective neuron activation functions; 6 and t;; correspond
to the continuous time-varying discrete delays, respectively satisfying 0 < 6;;(¢) < 6;; and
0 < 7;i(¢) < 75 1; and J; denote to the external inputs on the ith and jth neuron, respectively.

Through out the paper, we assume that the neuron activation functions f;(v), gj(v) and

time-varying delays t;(¢), 0;(£) satisfy the following assumptions:
Assumption 1 ForanyiecZ,je J, there exist constants L{ and L¢ such that
[ﬁ(‘)l) —ﬁ(V2)| = ij{|\)1 -l vL»meR,
gi(v1) —gi(w)| <Lflvy —wl, v, meR.

Assumption 2 Time-varying delays 6;(¢) and 7;(¢) are differentiable, and there exist con-
stants (;, ki € (0,1) such that

0 < 6:(®) < Wi

0 < 7(t) < k.

The corresponding system of (1) is given as

~ Z 5 .,
ou; B il i )
—:E D; — pilli(t, b (e,
i axk( kaxk> pitti( x)+j=Z1 il (V(6, %))

+ 3 bifi(7(t - 0:0)) + L + gt %),

j=1

~ l ~ m
aV/' 0 ~ 3\/]' - ~
E = E 8_xk (Djk a—xk) - qjvj(t,x) + E di,»g,»(ui(t,x))

k=1 i=1

+ Zaljg,-(ﬁi(t - T,j(t))) +]]' + (pj(t,x),
i=1

where ¢;(t,x) and ¢(t, x) are the external control inputs to be designed.
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Let e;(¢,%) = it;(¢, %) — u;(¢, x) and z;(t, x) = V;(¢, x) — vj(£, %), then the error system between

(1) and (4) is rewritten as

dei D
Bt ; 3_< ) plez(t x)
J Z/(t x) Zb];f Z] t ejz(t))) + ¢l(t x)

j=1 j=1

, (5)
0z; 9 [~
a_ztl kZ: 8_< 1k_> %Z;(t x)

+ Zdi,»g,» (ei(t,x)) Z i(ei(t — 7j(®)) + ¢(t,%),
i=1 i=

where

Fi(z(6,2)) = 0560 = £((60),

Fizi(t = 6:(0),x)) = (¢ = (), %) = (v (¢ - 6:(), )
&ieit, %)) = g (t, %) — gi(ui(t, %)),

&ilei(t - 7i(0), %)) = @i (£ - 7u(8), %) - g (£ - 7;:(0), %))

Definition 1 ([26]) If the function ¥/ (¢) : R* — (0, +00) satisfies the following four condi-
tions:

(1) ¥ (t) is differentiable and nondecreasing;

(2) ¥(0)= 1 and W (+00) = +00;

(3) w(t) = 1s nonincreasing;

4) ¥(u+ V) S V()¢ (v) forall w,v >0,
then the function ¥ (¢) is called a ¥ -type function.

Definition 2 If there exists a scalar ¢ > 0 such that

. In( [, le(t,%)|1” + ||z(t,)|* dx)
lim sup =-¢
t—>00 ln I;[’(t)

where e(t,x) = (61 (t,x), eZ(t;x); ey em(t,x))Tr Z(trx) = (zl(t!x): ZZ(t’x)’ oo !Zn(t!x))T’ and
Y (t) is a Y-type function defined in Definition 1, then drive—response systems (1) and

(4) are said to be general decay synchronized.

Lemma 1 Ifthere exist a function o(t) € C(R,R"), a Lyapunov functional V (¢) : R* — R*,

and constants ry, ry satisfying the following:

V() <1, (6)
sup /t Yé(s)o(s) ds < +00, (7)
te[0,+00) J O

[ e Jeo] s < Vo, ©
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d
Z—y) +eV(t) < rso(b), ©)

where ¢ is defined in Definition 2, while / (t) and V (t) are defined in Definition 1, then the
drive—response systems (1) and (4) are general decay synchronized.

Proof It can be easily obtained that

dly )V (0]

_ e-1_7 e,
It =ey YOV QE) + ¥ V@),

from which we can get following by utilizing (6) and (9):

dly*(5)V j

IO <y SVo - v 0V +ravo)
= ey (O(V(6) =) V(O) + a9 (Do (t)
< (00

Using the condition 1/ (0) = 1 in Definition 1 and (7), we get
t
VOVO = [ ravede- VO <o,
0
then, using (8), one has
R 2 2
ry f ||e(t,x) H + ||z(t,x) H dx < +00.
I?)

Thus there must exist a constant M > 0 such that

— /g lete, )| + 26, 0)|? dx < M,

which yields

In [ lle(t, )| + 12t 0)|dx _ gt

—e.
In v (t) “ Iny(¢)
Finally,
In £x)|% + |lz(t,%) > d

Jim sup Jo le@0)II” + |12(t, x)||* dx e

t—>+00 In W(t)
This completes the proof. d

Lemma 2 (Poincaré inequality) Assume 2 is a bounded open subset of R" and suppose
u € H}(R2). Then we have

1 [ f du\>
udx < —/ (—) dx. (10)
/.Q T 9,(2:1: RETS
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3 Main results
In this paper, the external control inputs ¢;(£,x) and ¢;(¢,x) are designed as

nille(, x)|%e;(¢, x)
(le(,%)1? +0(t)
}‘j”Z(trx)”ZZj(t’x)
llz(t, %)% +o(t)

¢i(trx) ==
(11)

@i(t,x) = -

where 7, for i € 7 and ; for j € J are positive control gains.

Theorem 1 Suppose that Assumptions 1 and 2 hold, and there exists a function o(t) €
C(R,R*) satisfying (7) with a yr-type function satisfying (6), then (4) can be general decay
synchronized with system (1) under the feedback controller (11) if the control gains n; and
Aj satisfy the following inequalities:

n g Lf Lf

L j i 17, Tij
¢iDi+pi+n;i - ;(?ldlﬂ + ?|bji| + ?|bji| X+ s >0,
; (12)
N " /L I8 % - w;j
~ j ij
GDj +q; + A - Z<?|bﬁ| + Iyl + <Nyl + T+ 1——Mu) >0.
Proof Consider the following Lyapunov functional:
V(t) = Vi(e) + V2 (o), (13)
where
&2 7ij &2
12103, _/ Z 2(¢,x) + ZZ/ o T or) 2(s,%) ds
i=1 j=1 y
+ ZZ/ / Xij€; 2(r,x) dr ds dx,
i=1 j=1 ojj Ji+s
(14)
2
/22 oYY [ e
j=1 i=1 3t
+ZZ/ / V;Z; 2(r,x) dr ds dx.
j=1 i=1 Tjj Jl+s
It is not difficult to prove that there exist positive scalars £ > 1 and y > 1 such that
t
/ ZeZ(t x)dx < Vi(t) < / £ Zé(t x)+ = ZZX”/ ef(s,x) dsdx,
i=1 j=1 i-0jj
(15)

/Q%gztz(t»x)dxf Vz(t)i/ Zz (¢, x)+—ZZv,,/ Z2(s,x) ds dx,

j=1 i=1 Il
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where a = minez{o;}, B = minje 7{8;} with

n g f f
LS L, L. . Ty

o =cDi+pi+ni— Y <_l|di/’|+_]|bji|+_]|bji|+0inij+ ),
2\ 2 2 -«

. m opf )53 8 . oy
ﬂ/' :C/D/ +q/ +)\/'— Z(?]|b/l| + El|d,1| + El|dl]| + fi/'”ij + 1 i )

i=1 et

where D; = ming{D;} and f)j = mink{bjk} forall k € {1,2,...,¢}.
Now, calculate the time derivative of V1 (¢) and V,(¢):

Vl—/ Z|:e,tx tx)+2<(1_i'u) lz( %) - mjg:—i;j)(me‘g(t_aij(t)'x))}

n 0
+ ZXij/ e,-z(t,x)—e?(t+s,x)ds] dx
[EE

Gij

/ Z|:el t,x) Zle - pi€; 2(t, %) + Zbﬂel t, x)f(z] t, x))

ni ” e(tr x) ” Ze?(tr x)

+ Zbﬂel(t x)fi(zi(t - 0(t), %)) - (le(t, %) |12 + o(2))

n

ij 2 nz](l Ul](t)) )
+Z<(1— 0Ty e )

+ ZGIJXI] (t,x) - ZXZ]/

t—0jj

e2 (s,%) ds:| dx,

where

‘ 9%e; de; de;
i (L, Dl'—ld = i (L, D; ld D, !
‘/Qe( x)/gl: ka,z( z / ei( Z)Z ks x — /Z k< ) dx

[ rou(3e)

k=1

Since D; = ming{Dy} for all k € {1,2,..., £}, one gets the following inequality via Lemma 2:

/ e (t,x ZDZ

/ ciDief(t, x)dx
2

Therefore,

Vi) < / Z|:—CZD el (t,x) — pier(t, x) + Zbﬂel(t x)f; (z(t, %))
j=1
m||e(t»x)||2€?(t»x)

+ 3 biet,2)fy (7t - 6:(2),x)) - (le(t, %)% + o(t))

j=1
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n

ij 2 7Tl1(1—0'l1(t)) 9
+Z<(1_ l]) l(t )_Wel(t—ﬂl](t),x))

+ Zal,x,,e (%) — sz, /

t-ojj

s, x) ds:| dx.

In the light of Assumption 1, we have

m n_rf
1

t)</Q Z(cD +p,)e (t, %) +Z
i=1

‘ 7 t, x) + zjz(t, x))
-1

+ZZ ]|b”| (¢, %) +z(t 0i(2) Zn, (t, %)

i=1 j=1

SRR R RACEIANE
+;(r}zei(t: (||e(t x)||2+Q(t) ) Ze (t x)z —Kl

+ZZ%XI, (t,x) - ZZXU/ ?(s, %) ds dx.

i=1 j=1 i=1 j=1 t-0jj

Here we used the following inequality:

(. 2 _mlle(t,x)llze?(t,x)>_ S mio(t)ef(t,x)
;("’e" )~ et 07+ 00) )~ 2= Tete, 97 + 00

' o(?) —
= MR oo+ o) 2 )

“ et 02+ 0(0) < no().

Due to 0 < ab/(a + b) < a for any a > 0 and b > 0, where n = max;cz{n;} >0,

Vl(t) = / Z|:_CD —pi—nit Z<_|bﬂ| + |b11| + ~+ Uz/XL}):|e?(t)x)

t

+ZZ |b,,|z (t,x) + no(t) - ZZX,,/ e2(s,x) ds dx.

i=1 j=1 i=1 j=1 i-ojj

Similarly,

Vz(t) </ Z|:_C1 —gj—Aj+ Z( |dz]| + |d,]| +

-+ T v,,) :| Zf(t, x)

+ZZ Idlllez(t x) +ho(t) - ZZU,,/ 2}(s,x) ds dx,

j=1 i=1 j=1 i=1 =
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where A = maxje 7 {A;} > 0. Then we have

oA oA

m n g
. L3 ; I
V(t)f/:2 E |:—CiDi_Pi_77i+ E <El|dij|+71|bﬁ|+é|bﬂ| + 0 Xij
i=1 j=1

JTi' m n t
1 }K )}?(M)W@(t)—Zin;/ e (s,x) ds
— Ky t=ojj

i=1 j=1

4

L % -
+Z|:—C]D —qi— X +Z( |bji] + l|dU| + l|dij| + TV

lwi‘ ):| 22(t, %) + Lo(t) — ZZU,}/ zz(s,x)dsdx

j=1 i=1 ]

5/ —aZeZ(t x) +no(t) - ZZX’J/_t “e?(s,x)ds

i=1 j=1

—ﬁZzZ(t 9430033 v, / 2(s,%)ds .

j=1 i=1 =

Then, there exists a small enough § satisfying ¢ <« and 6y < § such that

V() +8V() < /Q ~a ie?(t,x) +n0(t) - iz Xif / t el(s,x) ds
i=1

i=1 j=1 t=ojj
t
+8 <§ AR Z Z x,,/ e} (s,x) dS)
i=1 j=1 t-ojj

_ﬁZZZ(t x) + Ao(t) — ZZU‘// s,x)ds

j=1 i=1 tr,]

+5<yzz NS » |

j=1 i=1 =

22 (s,%) ds) dx

= (88 —a) Y e} (tx) + (n + Mo(t) - (i—‘s = 1) >3 X"/’f el(s,x) ds

i=1 i=1 j=1 %

+(8y - ﬂ)Zz (t,%) - (—-1)2”:Zu,,/ 22(s,%) ds

j=1 i=1 Tij

< /9 (n+ Volt) dx

=(n +A)[82]o(2),
and we have

V() +8V(E) < (n+1)|210(). (16)
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Therefore, by Lemma 1, the drive—response systems (1) and (4) achieve general decay
synchronization under the nonlinear feedback controller (11). The convergence rate of

e(t) and z(t) approaching zero is §. The proof is completed. d

Remark 1 In this paper, we firstly studied the general decay synchronization of BAMNN
with reaction—diffusions terms and time-varying delay by introducing a novel nonlinear
feedback controller and using some inequality techniques. It it not difficult to see that the
results obtained in [13, 16, 21, 23] can be seen as special cases of our results when the
general decay function is chosen as ¥(¢) = e** or ¥ (¢) = (1 + ¢)* for any « > 0. From this

viewpoint, our results are more general and have better applicability.

4 Numerical examples
In this section, a numerical example is provided to validate the effectiveness of the estab-

lished theoretical results in this paper.

Example For £ =1, n = m = 2, consider the following BAMNN with reaction—diffusion

terms,

2

du; 3 [ ou 2
- =D“a—xk<axk> —piui(t,x) + Y bfi (vi(t, %)) Z Hi(E-0:(0)) +1

j=1 j=1
17)
dy oD (I 2
ot =Dj P (ax ) qjvi(t, %) + lz;d,/gl ul(t x) Zzz ,,gl t - ‘L’,/(t))) +Jj
for x x t € [-5,5] x [0, 1], with the following Neumann boundary condition:
ou; v
G i 2o, fortelo1], (18)
ox x=%5 ox x=%5

where the parameters of system (17) are taken as D;; = f)ﬂ =0.1,pi=1,q;=1.05,b1; =18,
biy = =0.15, byy = 5.2, byy = 3.5, byy = —1.7, biy = =0.12, by = —0.26, byy = —2.5, dy; =
1.71, dyy = —0.1425, dy; = —4.94, dyy = 3.325, dy, = —1.87, dyy = —0.132, dyy = —0.286, dyy =
-2.75,1; = J; = 0, neuron activation functions are chosen as f;(v) = g;(v) = tanh(v), and time-

varying delays are chosen as 6;;(t) = 7;(¢) = for i,j € {1,2}. The initial conditions of

1+et

system (17) are chosen as

u1(s,x) = 0.2cos(mwx) + 0.2, us(s,x) = 0.5cos(mrx) + 0.5,
v1(s,x) = 0.4cos(mx) + 0.3, va(s,x) = 0.7 cos(mx) + 0.2

for s x x € [-1,0] x [-5,5].

Matlab simulations of the drive system (17) under the above initial conditions are pre-

sented in Figs. 1-8, where we can see that the drive system (17) has a chaotic attractor.
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Figure 1 Chaotic attractor of uy in (17)

-

100

150

Figure 2 Chaotic attractor of u, in (17)
.

Figure 3 Chaotic attractor of &y in (17)

-
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Figure 4 Chaotic attractor of & in (17)

Figure 5 Chaotic attractor of uj and vy in (17) with x = -4

51 j
L / //{ - - 4
) //I%f;« 3
YL LT N
<ot NN ZZ AU |
Al e =z 1)) |
ez 77 i
4+ 4
5r ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ e
-1 08 06 04 02 0 02 04 06 08
Figure 6 Chaotic attractor of i7 and &, in (17) with x =-1
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Z 277/ 7 ’d
7 1/ "
2+
4
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0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8
uy
Figure 7 Chaotic attractor of uy and uy in (17) with x =1

23
o

Figure 8 Chaotic attractor of iy and &y in (17) with x =3

The corresponding response system for the drive system (17) is given as

~ ~ 2
814,- 0 8u,' ~ ~
Y = Dila <a> —piui(t,x) + jél bﬂf]‘(V](t,x))

2
Y b (t-0u(0)) + 1 + ¢,
a (19)
8_f/j

-9 [y : _
T Dﬂ% (8_9:) - qv(t,x) + Zd,;gi(ui(t,x))

i=1

2
+ Z aijgi(ﬁi(t - Tll(t))) +Jj+ ¢
i=1
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for x x t € [-5,5] x [0, 1], with the following Neumann boundary condition:

ol ov
ke -0, m =0, fortel0,1], (20)
0x x=+1 ox x=%£1

where ¢;(£,x) and ¢;(t, x) are given as follows:

nille(t, %) %ei(¢, %)

(le@, %)% +0(8)

Ayl %)zt )
llz(t,%)]12 + o(2)

¢i(trx) ==
(21)
(pj(t’x) =

where n; = 5.6, 3 = 6.8, Ay = 6.2, Ay = 7.1, o(t) = e"%, The other parameters in (19) are

the same as of system (17). The initial conditions of (19) are taken as

i11(s,x) = 0.8 cos(mx) + 0.5, i>(s,x) = —0.5cos(mx) + 0.1,
v1(s,x) = 1.2 cos(mrx) + 0.5, Va(s,x) = —0.5cos(mx) + 0.7

for s x x € [-1,0] x [-5,5].

It is not difficult to estimate that Lf; = Lf =1 and uj; = k;; = 1. Thus, Assumptions 1
and 2 are satisfied. Letting ¥ (¢) = €, inequalities (6), (7), and (12) are satisfied. Therefore,
according to Theorem 1, the drive—response systems (17) and (19) can achieve general
decay synchronization under the controller (19). The time evolution of synchronization
errors between master—slave systems (17) and (19) are show in Figs. 9-12, from where
we can see that ¢;(t,x) and z;(t,x) are very close to 0 and maintain this situation as time ¢

increases.

Remark 2 Unlike the synchronization studies for neural networks such as [13, 16, 20, 21,
23], the convergence rate of the synchronization error can be controlled by appropriately

choosing the function o() in the paper, this is because general decay synchronization en-

Figure 9 Evaluation of synchronization error e;




Mahemuti et al. Advances in Difference Equations (2020) 2020:457

Figure 10 Evaluation of synchronization error e,

Figure 11 Evaluation of synchronization error z;

Figure 12 Evaluation of synchronization error z,

ables us to estimate to convergence rate of synchronization error via defining a more gen-
eral convergence rate. From this viewpoint, our results are more general and have better
applicability.
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5 Conclusions

In this paper, first, we introduce a useful lemma to determine the general decay synchro-
nization of the considered drive—response system, and then the nonlinear feedback con-
trollers are designed for synchronization of delayed reaction—diffusion bidirectional as-
sociative memory neural networks with Neumann boundary condition via applying Lya-
punov functional method and Poincaré inequality, and useful new conditions are obtained.
This result generalizes the previous results to some extent [15, 21, 26]. In addition, one nu-
merical example is given to show the effectiveness of the proposed model.
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