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Abstract

In this paper, a class of neutral neural networks with delays is investigated. The linear
stability of the model is studied. It is found that a Hopf bifurcation also occurs when
some delays pass through a sequence of critical values. The direction of the Hopf
bifurcations and the stability of bifurcating periodic solutions are determined by
using the normal form method and center manifold theory. The existence of a
permanent oscillation is established using Chafee’s criterion. Numerical simulations
are performed to support the analytical results.
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1 Introduction

Since 1990s, the theories and applications of neural networks with delays have been greatly
developed. It is well known that many important mathematical models from physics, bi-
ology, etc. can be written in neurons network models. In 2008, Li and Yuan considered a

Hopfield-type network of three identical neurons coupled in any possible way in [1]:

x1(2) = —x1 () + ﬂf(xl(t - Ts)) + aubg(xz(t - Tn)) + ﬂlabg(xa(t - Tn)),
%o(£) = =2 (2) + anbg (%1 (t — 74)) + af (%2t — 7)) + asbg (x3(t — 7)), 11
563 (t) = —xg(t) + aglbg(xl(t — Tn)) + 6l32bg(XQ(t — ‘L'n)) + ﬂf(xg(t — ‘Es)).
Due to the finite speed of the switching and transmission of signals, neutral behavior does
exist in the neural network with delays and should be incorporated. For this reason, we

improve the original model in which the neutral behavior was added and obtain the fol-

lowing forms [2]:

1(8) = —x1(2) + af (%1(¢ — 7)) + ar2bg (%2t — 7)) + ar3bg (x3(¢ — 1))
+ arfs (%1(2 = 7)) + b1obago (%2t — 7)) + bizbogo (%3(t — T4)),
%2 (£) = —x2(£) + anbg(x1(t — 74)) + af (v2(t — 7)) + azsbg (x3(t — 7))
+ bubaga(a(t = 1)) + agfs (ot — ) + basbags (a(t — 7)),
is(8) = —x3(8) + ambg(a(t - 1)) + asabg (2t - 7)) + af (w3t - 1,)
+ baybags (1 (£ - 7)) + baabaga (ot — 7)) + anfs (st - 7)),
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where ay, b (i #J, i,j = 1,2,3) have the values 1 or 0, depending whether the cells from
j to i are connected or not; a,b,a,,b; € R denote the strength in self-connection and
neighboring-connection, respectively; t;, 7, > 0 are the corresponding time delays. Fur-

thermore, f, g, f2, g2 are assumed to be adequately smooth and to satisfy the following
conditions:

(Hi) f(0)=g(0) =/2(0) =(0) =

(1.3)
(Hz) f'(0)=¢'(0) =£;(0) =£,(0) = 1.

Then we derive the stability of this system and conditions of existence of the bifurca-
tion withap =aiz =ap =ap =1 a0 =a=0; by =biz =byy =bzyp =1, by =b31 =0
7, = T, = T. The remainder of this paper is organized as follows. In Section 2 we introduce
the stability of the equilibrium point and the conditions of existence of a local Hopf bifur-
cation. We are devoted to establishing the direction and stability of the Hopf bifurcation
in Section 3. In Section 4 we discuss the existence of a permanent oscillation. Finally, we

carry out some numerical simulation to support the analysis result in Section 5.

2 Stability and Hopf bifurcation analysis

In this section, we let a1p = a3 =as3 =dasy =1, ap =as =0; bip =b13 =by3 = b3y =1, by =
b31 = 0, then we have
&1(2) = —x1(8) + af (31 (£ — 7)) + bg (%2t — 7)) + bg (x3(t — 7))
+ aofy (31t = 7)) + bogo (%o (£ — 7)) + boga (3 — 7)),
& (t) = —22(0) + af (w2t — 7)) + bg (x3(t - 7))
+ aofy (Rt — 7)) + bago (3¢ - 1)),
x3(t) = —x3(2) + bg (%2t — 7)) + af (x3(¢ — 7))
+baga (%2(£ = 7)) + arf (3t — 7).

(2.1)

Under the given hypotheses (H;) and (H,), it is easy to check that x = (0,0,0)7 is an equi-

librium point of system (2.1). By using a similar method to that in [3], we have the following
results on stability to system (2.1).

Theorem 1 Let |ay + by| <1 and |a; — b,y| < 1.
(1) If (a,b) € Dy, then the zero solution of system (2.1) is absolutely stable.
) If (a,b) € Dy, then the zero solution of system (2.1) is conditionally stable, i.e.,

7 € [0, 10), the zero solution of system (2.1) is asymptotically stable; T > 1y, the zero
solution of system (2.1) is unstable,

(@) ifa < -1, system (2.1) undergoes a Hopf bifurcation at the origin when t = 1y;,

j=0,12,...,
(b) ifa+ b < -1, system (2.1) undergoes a Hopf bifurcation at the origin when T = 1y,
j=0,12,...,

(c) ifa—b<-1,system (2.1) undergoes a Hopf bifurcation at the origin when T = 13,
j=0,1,2,...
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Figure 1 The stability region of system (2.1). D, is the

absolute stability region, D, is the conditional stability region.
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a2

(a+b)(ay+by)+1

1—(ay + by)?
Ty = m arccos

a+b+ay+by

(@a—b)(ay—by) +1

+271j],

1—(az - by)?
T3; = m arccos
To = min([Ti9, 20, T30),

where D, and D, are shown in Figure 1.

a-b+a,—Dby

+27rj],

Proof From hypotheses (H;) and (H;), the characteristic equation associated with the lin-

earization of system (2.1) is
A1(A)Ax(A)A3(R) =0,
where

A1(X) = A +1—(a+asr)e™,
Ao(A)=A+1- (a +b+(ay + bz)k)e_“,

As(W) =A+1-(a-b+(ax—by)r)e™".

Separately analyzing the roots of A;(A) = 0 (i = 1,2, 3), by using the method in [3], we

have the following results.

If -1 < a <1, then all roots of A;(A) = 0 have negative real parts for all t > 0. If a < -1,

then A;(A) = 0 has a pair of purely imaginary roots when 7 = 7;.

If -1 <a + b <1, then all roots of A,(A) = 0 have negative real parts for all T > 0. If

a+ b < -1, then Ay(X) = 0 has a pair of purely imaginary roots when 7 = ;.
If -1 <a - b <1, then all roots of Az(A) = 0 have negative real parts for all T > 0. If

a— b < -1, then Az(A) = 0 has a pair of purely imaginary roots when 7 = z3;.

Additionally, all roots of A;(1) =0 (i = 1,2,3) have negative real parts when 7 = 0 and

Re %hzm >0 (i =1,2,3) is satisfied.
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Summarizing the conclusions above, the proof is completed. O

3 Properties of Hopf bifurcation

In the previous section, we have obtained the sufficient conditions for system (2.1) to un-
dergo a Hopf bifurcation at the origin with 7 as a bifurcation parameter. In this section, we
shall investigate the direction of the Hopf bifurcation and stability of bifurcating periodic
solutions by taking f>(u) = g2(#) = u. Rewrite Eq. (2.1) as the following system:

d
J[XO~CX(t~1)] = AX(0) + Bif (X(t = 7)) + Bag (X (e = 1), 31
with

-1 0 O a 0 O

A=]10 -1 0], Bi=]10 a 0],
0O 0 -1 0 0 a
0 b b a, by by

Bz =0 0 b » C= 0 a) b2
0 b O 0 by a

Let Y(¢) = X(t¢), then Eq. (3.1) becomes

d

oy [Y(6) - CY(t-1)] =AY (2) + Birf (Y(£ - 1)) + Byrg(Y (£ - 1)). (3.2)

The characteristic equation associated with the linearization of system (3.2) around the
origin is given by

(YE-At)eY —Cy —(B1 +By)t =0. (3.3)
Comparing with the previous characteristic equation, we find y = At. For convenience,

we denote y = (7; + V)A, where 7; = 7 (s = 1,2,3; j = 0,1,2,...) and v € R. According to
Theorem 1, we know that system (3.2) undergoes a Hopf bifurcation at the origin when

v=0.
For ¢ € C([-1,0],R%), let D(¢) = ¢(0) — Cp(-1), L(v,¢) = A(z; + v)¢(0) + (By + By)(7; +
V)¢ (-1) and
F(v,) = (5 + v)(f 6(0)31 ¥ gT(O)BQ)¢3(—l) . (3.4)

By the Riesz representation theorem, there exist functions 7(6) and 1(f) such that

0 0
D(z,$) = (0) - / du©)¢6),  Lt.¢) = / dn(6)$(6).

In fact, we can choose

—(By +By)(tj+v), 6=-1,
b0 (B1 + Bt +v)
LL(G) = and 77(9) = 01 9 € (_1: O)y
0, 6e(-1,0]
A(T] + \)), 6 =0.
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Define
ds(©)
A(T)¢ - —do 9 (S [—1, 0),
¢'0)-CP'(0)+Lp, 0=0
and
_ 0’ XS [_1: O)r
kel = !F(v,d)), 6-0.

Then Eq. (3.2) can be written as the abstract ODE, i.e.,
Y, =A(1)Y; + R(1)Y,. (3.5)
The adjoint operator A* is defined by A* = —% with the domain

ay

D(A*) = {w eC*= C([O,T],Rs) Dg € C*;de

“ )

We define the bilinear form:
0 0
W) = F(0)(0) — / d[ / 50 —a)du(a)}qs(e)
-1 a=0
0 s
. f (6 —5) dn(@)p(6) db.
-1 JO=0

It is not difficult to verify that g(0) = goe™°%’ (8 € [-1,0]) and g*(s) = Ig}e™°* (s € [0,1])
are the eigenvectors of A(0) and A* corresponding to the eigenvalues iwo7; and —iw,T;,

respectively, where

l= [q(’; (I — Ce 0% 4 (By + Bg)rje_iwoff)éo]_l,
and (q*,q) = 1. Now we compute the center manifold Cy at v = 0. Define

2t)=(q%2),  WI(t6)=y(0) - 2Re{2()q(0)},
then we have

z(t) = iwo Tz + g (0)F(0, yy). (3.6)
Equation (3.2) can be written in the abbreviated form

Z(t) = iwo Tz + g(2, 2), (3.7)
with

2 z? 2’z

_ z _
8(z,2) =805 eI En S T e (3.8)
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Noting that y,(0) = W(¢,0) + z(t)g(0) + z(t)g(0), we have

Go1e" 0z + g, Z + Wz(é)(—l)é + VVfll)(—l)zi + Wo(lz)(—l)% 4

2
+ Wl(lz)(—l)zé + Wé?(—l)% oo

2
Go3e %z + o3z + Wég)(—l)é + Wff’)(—l)zi + Wé‘z)(—l)% CREE

[N

Ye(=1) = | qo2e™ Yz + Gope Yz + Wz%)(—l)z

ot n(=1)
§ _)/2(—1) ’

y3(-1)
where gy = (901,402, 903)" . Therefore, from (3.4), we have

FO,y) =7 (f /”6(0)31 N g“’6(0)

Bz)y?(—l) o

2 52 27
def zZ _ zZ
= Z2E+F223+FZ5ZZ+F2227+""

with y3(-1) = (y3(-1),53(-1),53(~1))T. Substituting the expression of F(0, ;) into Eq. (3.6)
and comparing its coefficients with that of Eq. (3.7) gives that

g0=802=g1=0

and

&1 =q"(0)F2; = gy By + q52d02 | €

5 -
7 I 901901
7 (O) g (0)32 —iwori'
6 6 01

903903

It is well known that the coefficient ¢;(0) of third degree term of Poincaré normal form of
Eq. (3.6) is given by [4]

i 1
(gzogn —2|lgull® - 3 ||g02||2) -y

c1(0) = 9

2600 Tj

Consequently, we have the following theorem on the bifurcating periodic solution.

Theorem 2 For system (3.1), assume 0 < a, < */TE, a< —;—2, then

(1) iff"(0) > 0, the direction of the Hopf bifurcation at T = 1y; is supercritical and the
bifurcating periodic solutions are asymptotically stable;

(2) iff"(0) <O, the direction of the Hopf bifurcation at t = vy; is subcritical and the
bifurcating periodic solutions are unstable.

Proof When 1 = 1y}, by calculation, we easily obtain the following results:

af"(0)T: 1 ‘ ’
a(0) = - /0 — [e7“% (ay — atj) — 1]
12 ||e7"%(ay — atj) — 1|2
and
af”’ (0)z; 1
Rec(0) = /7O [cos woT; — (a2 — aT)) cos 2w T].

12 [le™0%(a - azy) - 12
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IfO<ay< %, a< —% and f"(0) > 0 (< 0), then Re ¢;(0) < 0 (> 0). Therefore, from a'(zy;) >

0, we have
R 0
M2=—M >0(<0), ,32=2Re{c1(0)} <0(>0).
o' (ty))
This completes the proof of Theorem 2. g

Similarly, we can prove Theorem 3 and Theorem 4, we omit the proof here.

Theorem 3 For system (3.1), assume 0 < ay + by < “/TE, a+b< —ﬁ, then

(1) ifaf"(0) + bg" (0) > 0, the direction of the Hopf bifurcation at T = ty; is subcritical
and the bifurcating periodic solutions are unstable;

(2) ifaf"(0) + bg" (0) < 0, the direction of the Hopf bifurcation at T = Ty; is supercritical

and the bifurcating periodic solutions are asymptotically stable.

Theorem 4 For system (3.1), assume 0 < a; — by < ‘/Ti, a-b< —ﬂ;bz , then
(1) ifaf"(0) - bg"'(0) > 0, the direction of the Hopf bifurcation at T = t3; is subcritical
and the bifurcating periodic solutions are unstable;
(2) ifaf"(0) — bg"'(0) < 0, the direction of the Hopf bifurcation at T = t3; is supercritical

and the bifurcating periodic solutions are asymptotically stable.

4 Permanent oscillation
Based on Chafee’s criterion, if system (2.1) has a unique equilibrium point which is unsta-
ble, and the solutions of system (2.1) are globally bounded, this system generates a limit
cycle, namely a permanent oscillation [5].

We consider system (2.1) and assume that f, g, f2, g2 are nonlinear bounded functions

and satisfy Lipschitz condition,

f@ O _, @ -g0l _
-y~ -y

We have the following lemmas.
Lemma 5 If |a|L; + |B|La <1 holds, system (2.1) has a unique equilibrium point.
Proof Suppose that X* is the equilibrium point of the system, then we have
AX* +Bif (X*) + Bog(X*) = 0.
We define a mapping H : R® — R®
H(X) = AX + Bif (X) + B,g(X)
and assume H(u) = H(v), then
—1+aq d>b dsb

du—-v)= 0 —1+acy dsb (u-v)=0,
0 dzb -1+ acs
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where |¢;| < Ly, |dj| < L, (i =1,2,3; j =2,3). Under the given condition, ® is an invertible
matrix. Then u = v, namely H(X) is injective on R3. Noting that f and g are bounded con-
tinuous functions, it is easily to obtain that ||H(u)|| — oo, when || — co. So H(X) is a

homeomorphism on R? and system (2.1) has a unique equilibrium point. d
Lemma 6 The solutions of system (2.1) are globally bounded.

Proof Since f, g, f» and g, are bounded continuous functions, there is M > 0 such that

d|xi(2)|
< —|x;(t M,
G = Ol
with i =1,2,3. This proves the lemma. d

Lemma 7 The equilibrium point (0,0, 0) of system (2.1) is unstable when one of the follow-

ing conditions are satisfied:

1) az >0, >at,and v+ (1 - %t) < ozze_(l_@”,

(1= 2B
(2) a2+ B2>0, a0+ B>+ PB)t,andt+(1- a‘;:’zz 7) < (g + Bo)e (-5 ™)

a-f .
(B) aa—P2>0,02-B2>(@-PB)t,and v + (1 - “:gz 7)< (o — Bo)e V@ m Y,

o

Proof Based on analysis in [2], we know the roots of the following equation:
At+l—(o+ar)e*™ =0 (4.1)

are the characteristic roots of the linearized system of (2.1). When condition (1) holds, Eq.
(4.1) has at least a positive real root, and the equilibrium point (0,0, 0) of system (2.1) is
unstable.

Using the same method, we can obtain conditions (2) and (3). The proof of the lemma
is completed. d

Up to now, we have prepared sufficiently to state the following results.

Theorem 8 System (2.1) generates a permanent oscillation, when |«|Ly + |B|La < 1 holds

and one of the following conditions are satisfied:

-z

D) a2>0, 02>t and T+ (1~ 57) <aze” a7,

(1= 2B
(2) tp+B2>0,0+Bo>(+B)t,and v+ (1 - a‘;:'zz 7) < (0g + Bo)e -5+ ™

a-p
B) ea=p2>0, 00— B> (@~ B)r,and v + (1~ O;:gz 1) < (0 - Bo)e @B,

5 Numerical simulation
In the section, we carry out some numerical simulations for system (2.1).

Assume that o = 0.1, 8 = 0.4, @y = 0.2 and B, = 0.2. From Theorem 1, the zero solution
of system (2.1) is absolutely stable. The simulation results as shown in Figure 2.

Assume that o = -0.8, 8 = 1.3, a5 = 0.2, and B, = 0.5. From Theorem 1, the zero so-
lution of system (2.1) is conditionally stable, i.e., T € [0, 799 = 0.48), the zero solution of

system (2.1) is asymptotically stable; t > 199 = 0.48, the zero solution of system (2.1) is
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Figure 2 For system (2.1), when 7 = 50, the zero solution is asymptotically stable.

x2

x1

x3

10 20 30 40 50 60

Figure 3 For system (2.1), when 7 = 0.47 < 139 = 0.48, the zero solution is asymptotically stable.

unstable, and system (2.1) undergoes a Hopf bifurcation at the origin when 7 = 159. Fur-
thermore, the direction of the Hopf bifurcation at 7 = 75 is subcritical and the bifurcating
periodic solutions are unstable. The simulation results as shown in Figures 3 and 4.
Consider system (2.1) with ¢ = 0.2, 8 = 0.6, & = 3 and B, = 2, then we can choose 7 =1,
satisfying Theorem 8. System (2.1) generates a permanent oscillation (see Figure 5).

6 Conclusion

For a neutral model including three cells with time delay, we have given the general
condition for the stability and shown the delay-independent and delay-dependent lo-
cal stability regions. We have also obtained the condition to determine the direction of
Hopf bifurcations, the stability of bifurcating periodic solutions and a permanent oscilla-

tion.
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Figure 4 For system (2.1), the bifurcating periodic solution is unstable when 7 = 0.54 > 750 = 0.48.
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Figure 5 System (2.1) generates a permanent oscillation.
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As we know, the extension of local periodic solutions for large time delay would appear
when some conditions are satisfied. Further study of the patterns is undergoing.
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