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1. Introduction

Recently, cellular neural networks (CNNs) have attracted much
attention from both academic and industry communities due to
their wide applications in image processing, pattern recognition,
associative memory and their ability to tackle complex problems,
for example Chen and Rong (2003), Chen, Zhang, and Lin (2016),
Chua and Yang (1988), Cohen and Grossberg (1983), Kosko (1988),
Liu, Li, Tong, and Chen (2016c¢), Liu and Michel (1993), Lu, Wang,
and Chen (2011), Maundy and El-Masry (1990), Thiran, Crounse,
Chua, and Halser (1995), Wang, Shen, Yin, and Zhang (2015), Wang,
Sun, and Mazenc (2016), Wen, Zeng, Chen, and Huang (2017), Wen,
Zeng, Huang, Yu, and Xiao (2015) and Yuan and Cao (2005). Recur-
rent neural networks (RNNs) are regarded as another kind of neural
networks, which have more abundant dynamic properties. It is
necessary to further research and study recurrent neural network.

The stability analysis of neural networks for steady-state solu-
tion (equilibria or invariant orbit) is the prerequisite and founda-
tion in practical application, see, e.g., Cao (2001), Chen, Ge, Wu, and
Gong (2015), Chen and Wang (2007), Di Marco, Forti, and Pancioni
(2016), Huang, Fan, and Mitra (2017), Nie and Zheng (2015a), Wen,
Zeng, Huang, and Zhang (2014), Zeng, Wang, and Liao (2003) and
Zhang and Shen (2015). In an associative memory neural network,
the dynamic evolution process from any initial state to its adjacent
equilibrium points or adjacent periodic orbits can be considered as
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a process of associative memory, which requires multistability or
multiperiodicity to provide theoretical analysis. In other words, in
order to have the effect of associative memory in neural networks,
memory model is designed for equilibrium points or periodic
orbits. In addition, multistability or multiperiodicity is of great
interest in both theory and practice (Cao, Feng, & Wang, 2008; Liu,
Zeng, & Wang, 2016a; Nie, Zheng, & Cao, 2015; Shayer & Campbell,
2000; Zhang, Yi, & Yu, 2008; Zhang & Zeng, 2016).

In recent years, there are still many interesting topics of the
multistability of neural networks and the topics have been widely
discussed (Cheng, Lin, & Shih, 2006; Cheng, Lin, Shih, & Tseng,
2015; Di Marco, Forti, & Pancioni, 2017; Kaslik & Sivasundaram,
2011; Liu, Zeng, & Wang, 2016b; Nie, Cao, & Fei, 2013; Nie & Zheng,
2015b; Nie, Zheng, & Cao, 2016; Wang & Chen, 2012, 2014, 2015;
Zeng & Wang, 2006; Zhang, Yi, Zhang, & Heng, 2009). It should be
noted that most existing results are concerned with the neural net-
works with bounded activation function or bounded time delays.
For instance, in Zeng and Wang (2006), by decomposition of state
space R" into 3" areas, some conditions were derived to ensure
the existence of the multiperiodicity of CNNs, and to acquire 2"
stable periodic trajectories. Specially, 3" equilibria in the Hopfield-
type neural networks are obtained in Cheng et al. (2006). Besides,
it was shown that convergence and multistability of DM-CNNs
in the general case of nonsymmetric interconnections could be
investigated in Di Marco et al. (2017).

In order to make storage capacity greater, in Bao and Zeng
(2012), the neural networks with discontinuous activation func-
tions were considered, and it was proved that the n-neuronal
dynamical networks can obtain (4k — 1)" locally exponentially
stable equilibrium points. More generally, in Nie et al. (2013), the
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n-neuronal competitive neural networks with exactly (2r + 1)"
equilibria were discussed, (r + 1)" of which were exponentially
stable, where the output function of network belonged to a class of
piecewise linear functions with 2r(r > 1) corner points. Moreover,
based on the geometrical properties of the activation functions
in Gong, Liang, and Zhang (2016), the multistability of complex-
valued neural networks with appropriate real-imaginary-type ac-
tivation functions and distributed delays was addressed. With the
development of multistability, the other relevant works could be
found in Huang, Zhang, and Wang (2012, 2014), Nie and Zheng
(2016) and Wang, Lu, and Chen (2010).

In this paper, by using the combination method of two different
divisions, our aim is to further explore the multistability of recur-
rent neural networks with the piecewise linear activation func-
tion. Different from the previous division of state space, we have
increased the dimensional division of state space. Some sufficient
criteria are obtained to ensure that an n-neuronal recurrent neural
network with (k + 1)-stair activation function can have (4k + 3)k
equilibrium points and (2k 4 2)* of them are locally exponentially
stable, where kg is a nonnegative integer such that k; < n. By
contrast with most of the contributions available in the literature,
the dimensional division of state space can lead to neural networks
more abundant in dynamic behavior, and some conclusions extend
conclusions produced by the division of state space.

Similar activation functions were also presented in Zeng,
Huang, and Zheng (2010) and Zeng and Zheng (2012, 2013). The
traditional division of state space rely heavily on the dimension
of state space. The new way of division(i.e., coupled division) is
presented, which reduces dependency on the dimension of state
space. Note that by using the dimensional reconstruction and
division of state space, the coupled division allows the division of
space to be more diverse, and our conclusions extend the existing
results of multistability. As a result, it has been well recognized that
the different regions of parameter are given by means of coupling
division and they can be chosen freely, which is helpful to improve
the range of the regions of parameter.

The rest of the paper is organized as follows. Section 2 describes
model and preliminaries which will be used later. In Section 3,
sufficient conditions are derived for the existence, instability and
local stability of the equilibrium points for the recurrent neural
networks with time-varying delays. In Section 4, one example is
provided to demonstrate the effectiveness of the obtained results.
Some concluding remarks are drawn in Section 5.

2. Preliminaries
2.1. Notations

Let C([to — 7, to], D) be the Banach space of functions map-
ping [to — t,to] into D < N" with norm defined |¢|lcc =
MaXi<i<n{SUPrery—r,io1|Pi(T)I}, Where @(s) = (P1(s), #2(s), ...,
on(s))" € C(lto — 7, to], D). Denote [|x]loc = MaXi<i<n{|xil} as
the vector norm of the vector x = (x1, X2, ..., X,)'; Card(G) as the
number of elements in the set G; |A| as the absolute-value matrix
of A = [ay], i.e., |A| = [lay]].

For the given integer k > 1 and the given constant 0 < E; € 0,
s=1,2,....2k+1,thereexistZ, Z" e R,j=1,2,...,4k+3,
suchthatVie {1,2,...,n}

77 <7Vt < —Eyy1 <2y <2yt

i— i+
< —Ex < <-E<Zy, <Zy,
i
<E1 <Zy,; <sz+3 <E) <. - <Ey
i
< Zyia Z4I<+2 < Earp1 < Z4k+3 < Z4k+3

For example, when k = 1and E; = 3s—2, there existh"’, Z]."Jr €
Nj=1,2,...,7,suchthatVie {1,2,...,n}

7 <zt < 7 <7y <ZiF <-4 <
<Z;+<—l<Zi_<Zi+<1<Z;_<Zé+
<4<Zi <7t <71<Zy <Z3

Let
L ={ili=123,....n

L={ili=1,2,3,...,4k+ 3}
L={iehli=2s—1,5s=1,2,3,...,2k+ 2}
Iy = {2k + 2}

Is = {4k + 4}

D = {[Z]". Z"1IVj € I5)
D = {[ZZ+27 ZZ:+2]}

Dis={[Z.Z IV € b —Is — Is}.

Then, Dj; is composed of (2k + 2) intervals; Dj, is composed
of one interval; D;; is composed of 2k intervals. Since l}(i) €
Di1 | Diz | Di3 is an one-dimensional interval, we obtain that for
vj(i) e L UIs

2 n
1_[ iy = oy X iy X - % .

It is easy to see that any [ ) Is a compact and convex.

i= 1](1
2.2. Model

In this paper, we consider a general class of recurrent neural
networks with time-varying delays as follows: Vi € I;

x(t) == x(t)+ Y ayf (xi(t))
j=1

+ Y byf (x(t — (0)) + ui (1)

j=1

where x = (X1,Xa, ..., %) € N" is the state vector; A = [a;]
and B = [bj;] are connection weight matrices that are not assumed
to be symmetric; u = (uy, u, ..., u,)’ € R"is an input vector;
for vVt > to,Vj € {1,2,...,n}, rj( ) with respect to t satisfies
0 < gt) =1 = max1§,§n{sup{r,( ), t > to}}. One activation
function with (k + 1)-stair is given by

N
(ms_y —my)
f) = = (% + Bl =[x~ Es) (2)
s=1
where N = 2k + 1,EE = 3s—2,my = 1,m = 1+

(=1Y¥,s = 1,2,...,2k 4+ 1. In particular, when k = 0 in (2),
fx)= % (Jx + 1] — |x — 1]) is the common saturated function.

In general, such neural network (1) not only represents the net-
work with delays, but also indicates the network without delays.
Denote RNN (1) with activation function (2) to RNN (1').
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2.3. Properties

The initial condition of RNN (1) with activation function f(x(t))
is:

(D) = (1(D), p2(D), - . ., Pu()) (3)

where ¢(9) € C([to — 1, to], D), D € R". Let x(t; X0, ¢) stand for
the solution of RNN (1’) with initial condition (3). Then x(t; Xq, ¢)
is continuous differential function and satisfies RNN (1’), and
X(t; X0, @) = ¢(s), foralls € [ty — 7, to]. Also let x(t) be the solution
of RNN (1').

Definition 1. The equilibrium point x* of RNN (1) is locally expo-
nentially stable in region D, if there exist constantsa > 0, 8 > 0
such that vVt > tg

IX(t; to, @) — x*[| < Bllgp — x*[lexp{—a(t — to)}

where x(t; xo, ¢) is the solution of RNN (1) with any initial con-
dition ¢(9) € C([to — 7, to], D), and D is a locally exponentially
attractive set of the equilibrium point x*. When D = %", x* is
globally exponentially stable.

Definition 2. A set D is said to have the Brouwer fixed point x*
if and only if, for any continuous map H : D — D, there exists
at least x* € D such that H(x*) = x*, where D is a compact and
convex subset of the Euclidean space )i".

Let

Gi(xi) = —x; + (a@;i + bi)f (x;)

Gii = {xi|Gi(x;) = 0, x; € R}

Gzl' = {X,|G[(X1) + Ci = 03 |Cl| S ﬂi?xi € 9‘\'}‘

If c; = 0in Gy, it is easy to see that G,; is simplified as Gy;. Without
loss of generality, further assume that there are some ordered
elements in Gy; such that

Zl € Gy j=1,2,....4k+3

Z{ <Z§ <,...,<Zj"71 <Zj"

<Zjiy <o < Zigys < Zigys

and

Z{ < —Eart1 <Z£ < —Ey<,..., <Z£k+]
< —Ey <Zyy <E1 <Zyj5<,...,<Ex

i
< Z4k+2 < Exp1 < Zgys-

Define upper and lower functions, for Vi € Iy,

Fi(x) = —x; + (@i + ba)f () + Y (a5 + by)f () + us
J=1#i

Fii(xi) = —x; + (@i + bip)f (xi) + Z (@ + by)f (%) + u;
=Tt

Ei(xi) = —x; + (aii + bii)f (%) — Q;
F5i(x;) = —x; + (@i + bii)f (%) + Qi

n

Q= Y (6k+1)(|ayl + [byl) + |ui].

J=1j#

Itis alsoclear thatforanyx; € Wandi € Iy, Fi(x;) < Fqi(x;) < Fsi(x;)
holds. When Q; satisfies some certain conditions, the following
formulas are established for F,; and F3;

in(Z}‘)=0,j= 1,2,...,4k+3
7o <zl < <20 <27

< ZI+1 EEEEEEIN sz+2 < Z4;+3
and
Fi(Z*)=0,j=12,...,4k+3

Zt <zt <

i+
<Zj+] <

<zt <zt
» < ZE+2 < Zﬂ{r
Further inferences are presented
78 <7 < —Epq1 < Zy < ZT < —Ey
<-. < Z;H < Z£k+1 <-E < Zé 12 < Z£k+2
<E1<Zk+3<22k+3<E2< , < Eo

i— i+
<Zpyy < Z4k+2 < Ejky1 < Z4/<+3 < Zgys-

Lemma 1. For the given integer k > 1, if B; < Q; and

3 QG 1 G
aii+bii<z—5—|2—5| (4)

then Card(Gy;) = 1.

Proof. From (4), 2(a; +b;)—1 < 3 —Q — |3 — Q| — 1 < 0. Since
Gi(x;)+c; is strictly monotonously decreased for x; € 9 as depicted
inFig. 1, together with G;(x;)+c¢; — 400, asx; — —oo and Gj(x;)+
¢ — —00, asx; — +00, we can obtain Card(Gy;) = 1.

Lemma 2. If I — |C| — |D| is a nonsingular M matrix, and

xi(t) = —x;(t) + Zcuxj + Zd]xj (t —7i(t @)

t~hen (i) is locally exponentially stable, where Vi € I, c = [Cij] and
D= Ldif] are~connection weight matrices, 0 < tj(t) < 7, |C| = [Ijl]
and |D| = [|d]].

Proof. See related corollary proof of Theorem 1 in Zeng et al.

(2003). .
When a; + bi < 2 — % - 13- —| assume that Zy_,, Z5
and Z4I+4 are respectlvely zero solution of the three equations
Fi = 0, Gi(xj) + ¢, = 0and F3; = 0,then —1 < Z41<+4 < Z4,<Jr4 <
Z’k+4 < 1. Denote
Dig = {[. 11;+4’ 4k+4]}
. 3.6 1 G
My ={i€hlai+bi< ———17-<I
and a; >0, b; > 0} (5)
M; ={ie 4|Q < 3(au+bu_ 1)(1—k)
+ 5[3 — |(ai + bi — 1)(4 — 6k) + 3],
and Q; <1} (6)
n
21 = {1_[ j(1)| (1) € Di UDMa
i=1
j(i) € Iswhen i € M,,
or j(i) € Is when i € M} (7)
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o

Gy (xy) +ey
——————————— Gy (x1)
Gy (xp) +oua

N\ 61 (o)

Fig. 1. Functions G;(x;) and G;j(x;) + ¢; in Lemma 1.

1—[ ol Ly € D | D2 | Pis | P,

j(i) € , when i € M,
or j(i) € Is when i € M} (8)

= UZia Zif 4]

ieM;

e:=UUiz 2%

Jjelz ieMy

U Uiz .z

jelp—I3—I4 ieMy
_ i— i+
Oy = U [sz+2! sz+z]
ieMy

Wheni € My, then Dj;y = Djp = Diz = ¥; wheni € M,, then
Dy = (Z) When i€ Ml, from the definition of My, a;; + b; <
3 When i € M,, from the definition of M,,

ai +bi>1+Q > 1. Hence, it is easy to verify M (| My = 0.

Os =

3. Main results

In this part, some new criteria are obtained and we finally
present that an n-neuronal RNN can obtain (2k-+2)ko stable equilib-
rium points, and (4k + 3)k0 — (2k + 2)ko equilibria are unstable. The
following three theorems are obtained: (i) Theorem 1 addresses
whether there is equilibrium point; (ii) Theorem 2 presents new
theoretical result about the exact number of equilibria; (iii) Theo-
rem 3 provides analysis of stability and instability.

3.1. Existence of equilibria in regions of §2,

Theorem 1. For the given integer k > 1, if My UM, =
Iy and Card(M,) = ko, then for any region A € $2, there exists at
least one equilibrium point of RNN (1’) located in A.

Proof. Consider a compact region A = ]_[?zll}(i) € §2,. Obviously,
there are (4k + 3)% elements A in £2;, and each element A is a
subregion in N". For any given (¢1, {2, ..., ¢n) € A, X; satisfies the
following

Fii(x)) =0 (9)

Fi(x) =0

Fi(x) =0

where Fii(x) = —x; + (@i + bi)f (%) +Ji. andf; = 3, (a5 +
by)f (&) + wmi Vi € M;|JM,. Note that each Fy; is a vertical
shift of —x; + (a; + b;i)f(x;) and lies between F; and F3;, where
—Q =< Ji = Q. Thus, fori € M;, there exists one solu-
tion of (9), which lies in region [Z, A4 4k+4] Fori € M,, we
can always find 4k + 3 solutions of (9), which lie in regions

VAR Ang N i/ RS Zjl;+2’ 4k+2] and [Z;l;+3’ 4k+3] respec-
tively. Next, consider a mappmg

H:A—> A
defined by
H(¢1, 82,000 ln) =

where %; can be defined by (F1i|zjim )~

(R1, %2,y oo, &)

10). If i € My, then j(i) e
Is; if i € My, then j(i) € L. That is, X; is the solution of (9)
lying in [Zi-,Z1*], 0 € I, |JIs. The defined mapping H is con-
tinuous, since the function f is continuous. It follows from the
Brouwer fixed point definition that there exists one fixed point
X =(x1,x5,...,x;)of Hin A, which is also a zero of the function
F(x) = (F1(x), F2(X), ..., Fa(x))T, where Fi(x) is defined as above.
Consequently, there exist at least (4k + 3)* equilibria for RNN (1')
and each of the (4k + 3)% different subregions A contains at least
one of the equilibria.

3.2, Exact number of equilibria in regions of §2,

Theorem 2. For the given integer k > 1, if My JM, = I, and
Card(M,) = ko, then there exist exactly (4k + 3)*0 equilibria in RNN
(1), and each region A € §2, contains exactly one of these (4k + 3)ko
equilibria.

Proof. According to Theorem 1, there exists at least an equilibrium
pointin A = ]_[;‘:lljlﬁ(i) € £2;. Without loss of generality, there exists
an equilibrium point x* = (], x5, ..., X} ) € AinRNN (1) such
that

n
—x = > (a5 +byf (X)) +ui = 0. (10)

=1
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(10) is equivalent to

—IX+(A+B)GX) +u=0 (11)

and (11) has at least one solution in A, where G(x) =

(x1), f(x2), ..., f(x2))T. When A is given, then for all s € I, each
lj(ss) is also determined. It follows from f(x;) that linear function with
respect to one variable in each I](.(ss)). (11) can be converted to the
following form

Ax+b=0 (12)

and (12) has at least one solution in A, where A ¢ SR”X”,B €
M™1. We will prove that the matrix A is invertible for a variety
of G(x) situations, so that a uniqueness equilibrium point can be

derived in Eq. (12). Notice thatifA = (a!, al, ..., al)" isinvertible,
then the matrix (al ), @l ..., @ )" is also invertible, where
{o(1),0(2),...,0(m)} =11, G, Gy € R ands € I;.
Wheni € M;,
|aii + bij — 1| = —a; — b + 1
3,6 1 Q
12423 -_ =
oyt
> Q
n
>2 > (lagl + Iby])
=1
n
= > (agl + by)).
j=1i#i

If taking G(X) = (x1, X2, ..., xn)T,,Z\ = A+ B — I, then A herein
is also the strictly diagonally dominant matrix. Hence, the matrix
A is the invertible matrix.

Wheni € My,

aij + b — 1 = 3(a; + bi — 1)(1 — k)

1
+ 513 = I(ay + by — 1)(4 — 6k) + 3]

> Qi
n
>2 ) (ayl + Iby])
J=1j#
n
> Y (ayl + Ibyl);
J=1#

2a; +2bi — 1> Q

n
>2 ) (ayl + Ibyl)

J=1j#

n
> Y (gl + Ibyl);
J=1#
~11=1>¢

n
>2 Y (ayl + Iby])

J=1j#

n
> ) (lal + Ibyl).

j=1j#

If taking G(X) = (x1,X2,..., %) ,A = A+ B — I, then A is
the strictly diagonally dominant matrix. If taking G(X) = (2x; +
C1,2% + Co, ..., 2%, + o), A = 2(A + B) — I, then A is the

strictly diagonally dominant matrix, where ¢; € {+(6j — 5)|j =

2,3,...,k + 1}. If taking G(X) = (¢1,Cas ..., ¢.)T, we can have

= —I,where ¢; € {£(6j —5)|j = 1,2,..., k + 1}. Obviously, A
herein is the strictly diagonally dominant matrix. Hence, in three
cases, the matrix A is reversible.

Notice that when A is an invertible matrix, my principal mi-
nor determinant of A (it is expressed as A(o (1), o(2), ..., o(my)),
o(i) € I,0(1) < 0(2) <,...,< o(my)) is also an invertible
matrix, where mj is a integer such that m; < n.

When i € M;|JM,, without loss of generality, assume
that there exist positive integers m; and m, such that G(X) =
(%1, X2, -+, Ximys 2Xmy 41 + Gy 10 2%my 42 + Cmg2s -« -+ 2Ky emy +
Eomytmys Gy g 15 Gy g 25+ > Gn) ', Where &y 41, Emyy2s -+ - G
€ {£(6/ — 5 = 1,2,...,k + 1}. Notice that when m; =
0, we can have A = -—I; whgn m; = n, we also get
A = A+B—1I.WecanobtainA = —I + (&{,&g,...,&;l,
2?1;]“, 2&;1+2, e 2&;2, or,o",...,0"), where 07 e W™,
Due to det(f\) = (=1)"MmMidetA(1,2, ..., m; + my) # 0, thus
the matrix A is reversible. This completes the proof.

Remark 1. In Theorems 1 and 2, it is proved the coexistence of
multiple equilibrium points and the accurate number of equilibria.
For any compact region A € £2, in Theorems 1 and 2, the area
U 2,4 containing multiple equilibria can be continuation to
almost the whole phase space i", in which the accurate number of
equilibria remains the same. In comparison with Zeng et al. (2010)
and Zeng and Zheng (2013), by linearly partitioning state space,
selecting the division of region is more precise and more flexible. In
addition, Theorem 2 also avoids using contraction mapping theory
to derive the accurate number of equilibria in regions of £25.

3.3. Stability and instability analysis of equilibria

Theorem 3. For the given integer k > 1, if My JM, = I, and
Card(M,) = ko, then there exist exactly (2k+2)*o exponentially stable
equilibria for RNN (1), and (4k + 3)f0 — (2k + 2)% equilibria are
unstable, which are respectively located in the regions of $2, \ £21.

Proof. Case (I): each region A € §2; contains exactly one of these
(2k + 2)* exponentially stable equilibria.
According to Theorem 2, for RNN (1’), there exists a unique

equilibrium point x* = (x7, x5, ..., X € 1. Letz(t) = Xi(t)—x;.
So when x(t), x(t — =(t)), and x* € £24,
dz(t) . u
o = a0+ j; ayf (y))a(0) + FZ] bif 3z (t — 5(0))
=-z()+ Y af y)5(t)
jeMi UM,
+ Y b Gt — g(t) (13)
JjeMy UM,
oy _ I ¥i€O1 o |1, Y€ 6
O {0, yeo o= {0, 7 <o

where y; is some number between x! and x;(t), and y; is some

number between xj?k and x;(t — 7j(t)). It can be converted into

dz;(t)
dt

=—z(t)+ > azi(t) + Y byz(t — 7(t) (14)
jeMy JeMy

Herein, for M; C Iy, there are 2" kinds of options in I;. Without

loss of generality, we only consider M; = {1, 2, ..., m;}and M, =

{mi1 + 1, my + 2, ..., n}. Herein, the mathematical form of (14) is

represented by

2(t) = —Iz(t) + Az(t) + Bz(t — <(t)) (15)
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WherEA = [Cnm1 s On(n—ml)]a B = [(_:nml s On(n—ml)]
(a1 a2 -+ Aimy |
Qz1 Gz - -+ Q2m,
Com, = asy dszy -+ - a3m,
Ldn1 Qn2 -+ Qpmy
[b11 b1z -+ bim, 7]
ba1 by -+ bam,
Eﬂml — b3y b3y --- b3m1
_bnl bn2 bnm1_
00---0
00---0
Ontnomy) = 00---0
00---0

We will assert that D := I — |A| - |B| =
matrix.
(i)dij > 0 and djj < O(i # j) for Vi, j € I; need to be validated.
Wheni € M;,

[d;] is a nonsingular M

3 Q1 Q
1—|Gii|—|bﬁ|>1—Z+5+|Z—5|
> 0.
Thus
di = 1 — |ai| — |bil, ieM
" 1, ieM,
4o — 1 71ail = Ibgl, i€ Mi\ {j}
' 0, ieM\{j)

Hence, d;; > 0 and djj < 0(i # j).
(i) That —D is a Hurwitz matrix which need to be validated.
We will claim that Re); (|A| + |B| —1I) < 0, where A; (|A| + |B| —1I)
is the eigenvalue of matrix |A| + |B| — I. Let

ri= Y (agl+ b= > (lagl + bs])

J=1j# JjeMy\{i}
According to Gerschgorin’s theorem,
(Al + 1Bl = 1) € ) BCail + 1bal — 1,7) | B(—1, 1)
ieMy ieMy

for all i € M;|JM,, where B(|a;| + |bi] — 1,13) =

n

{¢ €

Cl ¢ —laiil—|bi|+1] < ri}and B(—=1, 1) :={¢ € C| [ + 1] <Ti}.
Wheni € M;,
|aii| + |bil — 1= ai +bi — 1
12 |1 Qil
4 2 4 2
=-Q
<= ) (ayl + byl
JeMy\{i}
wheni € My,
—1<—Q=<— ) (lal + by).
JjeM\ii}

Hence, for each i € My | M, there exists ip such that

ReAi(|Al + 1Bl — 1) < laigj| + Ibigjl — 1+1;, <0

or
Rei(JA| 4 1Bl —I) < =141, < 0.

It follows that Rex;(JA| + |B| — I) < 0. Thus, fori € M; | M,, all
complex eigenvalues of |;\| + |l§| — I have negative real part, and
—D is a Hurwitz matrix.

From Lemma 2, equilibria in A is locally exponentially stable.
Therefore, there are (2k + 2)% exponentially stable equilibria for
RNN (1').

Case (II), Each equilibria in region A € £2; \ §2; is unable. That
is, there are (4k + 3) — (2k 4 2)*0 equilibria that are unstable.

If M, = (, it is easy to see that zero equilibria is unstable We
assume that M, # ¢ in the following proof. Take VA = ]_[l 1 (1) €
£2,\ £21, then there exists 0 € M, such thatj(o) € I\I5. Otherwise,
it will be in contradiction with A € £21. Herein, o € M,, it follows
that

U6 +boo — 1= Qs >056 +bsg — 1 —3(a56 + by — 1)(1 — k)
— 5B oy + oy — 14— 6K)+ 3]
=(0so + byo — 1)(3k — 2) — ;
+ oy + oy = 12 =304 3|

>0.

Without loss of generality, let x* € A be only one isolated
equilibrium point and initial condition ¢ of RNN (1) locates
[T,! e () B(x*, ), where B(x*) is a neighborhood of x*. Denote

Iy €127, Zj0+]|j € b\ I3}
[Ezs. East1]. [—E1. Eq]
0= [—Eass1, —Eas).
s=1,2,...,k

then there exists v € @ such that 1;{0) C v. Hence, it is obvious
that

2, 17, CI[—E1, E1]
o Jo)
0 < ullis)) = {3, [, Cve®\(~E. E

where U/ represents Lebesgue measure. Assume that equilibrium
point X* = (X7, X3, ..., x5, .. .,xﬁ)T € A is stable. For x(t), x(t —

7(t)), and x* € A[\B(x*,r), t >ty — 7, let z(t) = x;(t) — x*, then

dzi(t) - . i}
= a0+ ) e 0)z(0 + D bif Gzt — i)
j=1 j=1
1, yj€6, U 6y
f/(yf) =10, Y € ©,
2, Yj€03
o 1, Jjje o U Oy
FGY=10, yeo,
2, }_/j S @3

where y; is some number between x{ and x;(t), and y; is some
number between xj?‘ and x;(t — 7;(t)).

Let &(t) = maxie;, (Max, —r <s<¢|1Xi(S; to, @) —X{'|/v;), vi € R and

( )< L{(I" ) Without loss of generality, taking z, (f) = £(t), when

l7) C [— 51751]
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-1+ &,

1- &,

-1+ e

Fig. 2. 2, is composed of 1 part, when M; = {1, 2}, M, =@ and ko = 0.

dz, (t) S
i =20 + ;aajf 7)z(F)
+ Y boif (T — (1)
j=1
n
> {aoj+boj = 1=2 Y (lagjl + |boje(t)
J=1j#0
> {05 + boj — 1 — Qs }e(t)
> 0;
when I]‘{G) C [—Eas41, —Eas] or [Egs, Egsiq], forVs =1,2,...,k
dz,(t) .
G it Z (200 + 2b5 = 1-2. Z (laoj| + Iboj])} x &(t)
j=1j#o
= {aoj ‘I’brrj -1- Q7}€(t)

> 0.

According to definition of &(t), e(t) is strictly monotone increasing
and unbounded function, which is in contradiction with g(t) <
u(lj”((,)). So this assumption is not satisfied. That is, equilibria in A
is unstable. Therefore, there are (4k 4+ 3)k0 — (2k + 2)% unstable
equilibria. The proof is completed.

-T-e-T+e “4-e—4+te -l-e-lte

1-¢ 1+¢

Remark 2. It is proved not only that some equilibrium points are
locally stable in Theorem 3, but also that the other equilibria are
unstable. When m = 2k + 1, (=1)"'u, = =%z, = E,
ko = 1 f(x) = 2Ly (=17 us(Ix + 25| — |x — z). In Zeng and
Zheng (2013), it was shown that an n-neuronal neural network
can obtain (2m + 1)" equilibria in saturation regions and these
equilibria are locally exponentially attractive. Therefore, Theorem

3 improves and extends the existing result of multistability.

Remark 3. Note that the sets M; and M, involve a lot of conditions
on parameters. By the coupled division, the n-neuronal neural
network improves the range of the regions of parameter, and the
coupled division allows the division of space to be more diverse.
Although the result of the design scheme is more generally in
mathematical form, there are some difficulties in the construction
sets and some conditions on parameters should be verified strictly
in some applications. In what follows, according to Theorem 3, sev-
eral simple corollaries are obtained. These corollaries are derived
by selecting special parameters and these are also easy to verify.

Corollary 1. If M, = I, then there are (4k + 3)" equilibria and
(2k + 2)" of them are locally exponentially stable in RNN (1').

Corollary 2. If M, = (J, then there is only one equilibrium point and
it is also locally exponentially stable in RNN (1’).

Remark 4. By contrast with Cheng et al. (2015), the activation
function in the paper is obviously nonsmooth function, and there
are more equilibria in RNN (1’). The different regions of parameter
are given by means of coupling division, and we allow regions of
parameter to have more options. As a result, the dynamic behavior
of multiple equilibria is more abundant. In particular, the multiple
attractors also enhance the ability of associative memory of the
networks.

4. Numerical example

In this section, we will give one example to illustrate the effec-
tiveness of our results.

Choosing the continuation of intervals and areas, we can struc-
ture sets as follows

DH = {[_S’ _7 - E]! [_4+€, _1 —6],
[7 +e, g], [1+€,4—¢€]}
D, ={[-1+€1—¢€]}

4-e 4t T-¢ T+e

._
il

Aii]

I

I

|

|

I
- —— — e c—— | —

= 4 -1 '|'

Ap

I

I

|

I

-1+ ¢,

Fig. 3. 2, is composed of 7 parts, when My = {2}, M, = {1} and ko = 1.



F. Zhang, Z. Zeng / Neural Networks 97 (2018) 116-126

-1+ e 1- &,
/]\ Az
T+ e T
! : T— ¢
A 16
4+ ¢
4| .
— &
[
As
1+ ¢
11
1- &
A g l
_ V- -_———— . — ——>
-1+ &
-1
i -1-&
A s
—4+ ¢
4.
} —-4- e
Az
T+ e I
=7
} —T— &
| A
Fig.4. 2, is composed of 7 parts, when M; = {1}, M; = {2} and ko = 1.
—T+e —4+ e —1+e 1+ e 4+ ¢ T+ e
A Az As TAM As A6 A7
T T+ ¢
| 7
T— ¢ |
Aoy A 22 A o3 A oq A 25 A 26 Aoz
| 4+ &
4
4— ¢ i
Az Ao A gz | A A 35 A 36 A g7
1+ e
1
1— ¢
A Az | Aus A g
— 4+ = _)t -4 — — L >
-7 A g2 4 -1 TAM 1 4 A 46 7
—1+
= |
—1-e |
A5 A5z A sy A54| A 55 A 56 Asz
—4+ e
4
—4—€
A6t A2 Ay | Aea Aes A 66 A g7
| ~Tte
-
—7—¢ |
A7y A7z A7z A74| A7s A 76 A 77
—7— ¢ —4— ¢ -1-e 1— ¢ 4— ¢ 7— ¢
Fig. 5. £2, is composed of 72 parts, when My = ¢, M, = {1, 2} and ko = 2.
D;={l4+e.7—cl [-7+e —4—cl} j(i)y=1,3,50r7 when i =2
Dy ={[-1+¢€1,1—-¢]} j(i) = 8 when i = 1)
then

2 2
27 = [ [t € 2a Ui 2, = [Tl € 27 UPe U 2s U
i=1 i=1



124 F. Zhang, Z. Zeng / Neural Networks 97 (2018) 116-126

time t

Fig. 7. State trajectories of x1(t), when My = {1}, M, = {2} and ko = 1.

j(i)=1,2,3,4,5,6,7when i =2
j(i) =8 when i = 1}

where0 < €, €1 K % € and ¢; are small enough.

When k = 1 in the definition of f(x), it is obvious that £2; is
composed of 7% parts, meanwhile, all parts of £2, are plotted in
plane, shown in Figs. 2-5.

Example 1. Consider the following 2-neuronal recurrent neural
network with activation function (2)
5(] = —X1(t) + 03f(X1(t)) + 0.1f(X](t - Ol))
—0.02f (x(t — 0.2)) + 0.04f (x2(t)) + 0.01
X = —xp(t) + f(x2(t)) + 0.8f (x2(t — 0.2))
—0.02f(x1(t — 0.1)) 4+ 0.07f(x4(t)) — 0.14

wherek =1,N =3,s € {1,2,3},Ey =1,E; =4andE; = 7.

(16)

As shown in Fig. 6, the activation function f(x) is defined as
follows:

7, re (7, +o00)
2x—17, rel4,7),
1 rell,4),
fx)= r, re(-1,1),
-1, re(—4,1],
2x+7, re(—7,-4],
-7, r € (—oo, 3 — 4k]

time t

Fig. 8. State trajectories of x,(t), when My = {1}, M, = {2} and ko = 1.

15

10 -

Fig. 9. Phase plots of x{(t) and x,(t), when M; = {1}, M, = {2} and ko = 1.

Obviously, it is nonmonotonic. According to Theorems 2 and 3,
when M; = {1}, M, = {2} and kg = 1, neural network (16) has 7
equilibrium points in £2,” and 4 of them are locally exponentially
stable in £2. As plotted in Figs. 7-9, the trajectories of (16) with
120 random initial values are presented.

5. Conclusion

In this paper, we have discussed the multistability and insta-
bility issue of delayed recurrent neural networks. By the division
of state space and the dimensional space reconstruction, some
sufficient criteria have been established to ensure the existence of
(2k + 2% locally exponentially stable equilibria, and (4k + 3)k —
(2k+ 2k equilibria are unstable, where k is a nonnegative integer
such that kg < n.These new criteria improve and extend the exist-
ing results of multistability in the literature. By means of coupling
division, it also reveals that the different regions of parameter are
influenced by division, and these regions of parameter are allowed
to have more options, in which the dynamic behaviors are more
abundant. Finally, a numerical simulation is conducted to illustrate
the derived theoretical results.
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