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CONVERGENCE AND PERIODICITY IN A DELAYED
NETWORK OF NEURONS WITH THRESHOLD NONLINEARITY

SHANGJIANG GUO, LIHONG HUANG, & JIANHONG WU

ABSTRACT. We consider an artificial neural network where the signal trans-
mission is of a digital (McCulloch-Pitts) nature and is delayed due to the
finite switching speed of neurons (amplifiers). The discontinuity of the sig-
nal transmission functions, however, makes it difficult to apply the existing
dynamical systems theory which usually requires continuity and smoothness.
Moreover, observe that the dynamics of the network completely depends on
the connection weights, we distinguish several cases to discuss the behaviors
of their solutions. We show that the dynamics of the model can be understood
in terms of the iterations of a one-dimensional map. As, a result, we present a
detailed analysis of the dynamics of the network starting from non-oscillatory
states and show how the connection topology and synaptic weights determine
the rich dynamics.

1. INTRODUCTION

In this paper, we consider the following model for an artificial neural network of
two neurons,

—px+an f(z(t — 7)) + a2 f(y(t — 7)),
y=—py+axf(z(t—7))+axf(ylt—r)),

where & = da/dt, z(t) and y(t) denote the activation of two neurons, pu > 0 is
the decay rate, 7 > 0 is the synaptic transmission delay, a;; with 1 < 4,5 < 2
are the synaptic weights, f : R — R is the activation function. Such a model
describes the computational performance of a Hopfield net [8] where each neuron
is represented by a linear circuit consisting of a resistor and a capacitor, and each
neuron is connected to another via the nonlinear activation function f multiplied
by the synaptic weights a;; (i # j). We also allow that a neuron has self-feedback
and signal transmission is delayed due to the finite switching speed of neurons.
Networks of two neurons have been used as prototypes for us to understand
the dynamics of large networks with delayed activation functions, but much of the
existing work has concentrated on the case of a smooth activation function (see, for
example, [1, 2, 3, 6, 11, 12, 15]). In this paper, we consider the McCulloch-Pitts
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activation function

_[-s, ife>o,
f@)—{& feoo (12)

where § # 0 is a given constant. This case arises when the signal transmission is
of digital nature: a neuron is either fully active or completely inactive. Very little
has been done in this case since results of the aforementioned references cannot be
applied as the dynamical systems theory heavily used in these references usually
requires the continuity and smoothness of the nonlinear terms. In [4, 5, 9, 10, 13],
model equation (1.1) with a piecewise constant activation function is studied when
the synaptic connection topology satisfies [a117 = ase = 0, as; = a2 = 1] or
[a11 = azs = 0, a3 = —aja = 1], and more generally, [a17 + a12 = 0, a1 > 0,
asz <0, ag1 < agx < —as).
To simplify the presentation, we first rescale the variables by

ot @) =Sa0, v ) =50, 1O =309, 1)

and then drop the * to get
& =—z+anf(z(t—71))+aflylt—-r1)),

§ = —y+ anflalt — 1)+ anfly(t - 1) 4
with
-1, ifeso,
f(&) = {17 e <0, (1.5)
Let
a=ai1 +a2, b=uas +ax, c=aj1—a, d=as — as. (16)
We can rewrite (1.4) as
b=zt S [flalt =) + flyt— )] + 5 =) = [yt - )],
; : (1.7)
g=—y+ g [flalt—7)+ flylt =) + 5 [f(2(t = 7)) = Fy(t —7))].

To state our main results, we set the phase space X = C([—7,0];R?) as the
Banach space of continuous mappings from [—7,0] to R? equipped with the sup-
norm, see [7]. Note that for each given initial value ® = (¢,9)T € X, one can solve
system (1.7) on intervals [0, 7], [T, 27], - - - successively to obtain a unique mapping
(mq’,y‘b)T i [-7,00) — R? such that #* |_, 0= ¢, ¥® [-r0= ¥, (:c‘I’,y‘I’)T is
continuous for all ¢ > —7, almost differentiable and satisfies (1.7) for ¢ > 0. This
gives a unique solution of (1.7) defined for all ¢ > —7. In applications, a network
usually starts from a constant (or nearly constant) state. Therefore, in this paper,
we shall concentrate on the case where each component of ® has no sign change
on [—7,0]. More precisely, we consider ® € X+ Xt~ JX T UX ™ = Xo,
where

C*t={£p: ¢:[-7,0] — [0,00) is continuous and
has only finitely many zeros on [—,0]}

and
XEE={0e X;0=(p,9)",p e C* and yp € C*}.
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Clearly, all constant initial values (except 0) are contained in Xy. Our analysis
shows that the semiflow defined by system (1.7) on X (in other words, the behavior
of a solution (z®(t),y® (t))T of system (1.7) with initial value ® € Xj) is completely
determined by the value ((0),1(0))7 and the synaptic connection topology.

Guo, Huang and Wu [4] showed that using form (1.2) and some simple changes
of variables, we can see that the semiflow defined by the system

. 1 1
=t L fult = 7))~ 3 (i 1),
1+ B 1-B
0=—v— ——flult = 7))+ ——f((t = 7))
with B > 0 is topologically equivalent to that of (1.7)-(1.5) while one of the following
four conditions is satisfied:
(A1) a=0,b<0,¢>0,d<0

(1.8)

(A2) a<0,b6=0,¢>0,d<0
(A3) a>0,b>0,¢=0,d>0
(A4 a>0,6>0,¢<0,d=0.
Theorem 1.1 ([4]). Let w =21In(2e™ — 1), M:(l—e_T)(eT—BLjH),m:é,%;,

(
= (p(0) +9(0))/(1 — ©(0)) > 0, the w-periodic function q : R — R be

(1) = e~ (1) 1, if —w/2<t<0,
N = (7T =2)e ' 41, f0<t<w/2,

and polynomials
h(B)=B*e ™ —1—¢")+ B*(e* —3¢" +e " +e 7 —3)
+ B2 —e" +e T —4) 4 e —eT 1,
g(x) = (Be” =B —1)2? +[(1+3B)(e”" —1)+Be ™ — B(B+e ")(e” +1)]x
— B(B-1)(e" = 1).

Then the behavior of the solution (u(t),v(t))" of system (1.8) with initial value
= (p, )T € X and ¢(0) + ¥(0) > 0 is as follows:

(i) Suppose that B =2(1—e~") and T > In2. Ifn € [0,m], then (u(t),v(t))" is
eventually periodic with minimal period w; If n € (m, M), then (u(t),v t))T
approaches the periodic solution corresponding to n = m as t — oo; If
n € [M,00), then (u(t),v(t))” tends to (0, B)T ast — occ.

(ii) Suppose that B =2(1—e™7) and 7 < In2. Ifn € [0,m], then (u(t),v(t))" is
eventually periodic with minimal period w; If n € (m,o0), then (u(t), v(t))"
tends to (0, B)T ast — .

(iii) Suppose that0 < B <2(1—e ") and7>1In2 or0 < B< Bf and 7 < In2.
Then (u(t),v(t))" approaches the periodic solution (—q(t), q(t))" ast — oo,
where BY is the unique positive zero of h(B).

(iv) Suppose that B > 2(1 —e™7) and 7 < In2 or B > B and 7 > In2.
Then (u(t),v(t))” tends to (0,B)T as t — oo, where B} is the unique
positive zero of h(B).

(v) Suppose that Bf < B < 2(1 —e ") and 7 < In2. Then there must
exist Ty > 0 and ®1 = (p1,¢1)T € X with ¢1(0) + ¢1(0) > 0 such
that for t > T, the solution (ul(t),vl(t))T of (1.8) with initial value ®1 is
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periodic. Moreover, as t — oo, every other solution (u(t),v(t))” of system
(1.8) with initial value ® = (p,v)T € X=F and ¢(0) + ¥(0) > 0 either
tends to (0, B)T or approaches the periodic solution (—q(t),q(t))".
Suppose that 2(1 — e~ ") < B < Bj and 7 > In2. Then there must exist
Ty > 0 and @3 = (p2,92)T € X with ¢2(0) + 12(0) > 0 such that for
t > Ty, the solution (uQ(t),UQ(t))T of (1.8) with initial value ®o is periodic
and the minimal period is 21 +In[(2—2e™" — B)zi +(1—e ")>+3—2¢7 7],
where x5 is the positive zero of g(x). Moreover, as t — oo, every solution
(u(t),v(t))" of system (1.8) with initial value ® = (o, )T € X+ and
©(0) +1(0) > 0 either tends to (0, B)T or approaches the periodic solution
(u?(0),0%(1)"

Suppose that B = 1 and 7 = In2. If n € [0,M), then (u(t),v(t))” is
eventually periodic; If ) € [M,0), then (u(t),v(t))" — (0, B)T ast — occ.

(vii)

Guo, Huang and Wu [5] also showed that the semiflow defined by the system

o= —ut 2 e — ) + 2 (e 7)),

T )}

. (1.9)
b=—v+ 1+Tf(u(t -7))

with m > 0 is topologically equivalent to that of (1.7)-(1.5) when one of the follow-
ing four conditions are satisfied:

(Bl) a>0,b>0,c>0,d>0, ad =bc
(B2) a>0,b<0,c>0,d<0,ad=bc
(B3) a<0,b6>0,c>0,d<0,ad=bc
(B4) a>0,b>0,¢c<0,d<0, ad = bc.

Theorem 1.2 ([5]). Every solution (u(t),v(t))" of system (1.9) with initial value
O = (p,9)T € Xy is either eventually periodic with minimal period w or approaches

the periodic solution (q(t), q(t))T as t — oo, where constant w and w-periodic func-
tion q(t) are defined as in Theorem 1.1.

In this paper, we consider the following cases:
H1) a<0,6<0,¢<0,d>0

a>0,0<0,

)

)

) a<

) a<0,b<0,
) a<0,b>0,
) a>0,b<0,
) a<0,b>0,
) a>0,b<0,

c<0,d>0
c<0,d>0
c<0,d<0
c>0,d>0
c>0,d>0
c<0,d<0
c<0,d<0

c>0,d>0.

Let (z(t),y(t))" be a solution of (1.7) with initial value ® € X,. In this paper, we
shall obtain the following results:

tends to

Theorem 1.3. Suppose that (H1) holds. Then as t — oo, (2(t),y(t))"
T provided

(—a,—b)T provided ® € X+, to (¢,d)” provided ® € X7, to (a,b)
®ec X, and to (—c,—d)T provided ® € X~
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Theorem 1.4. (i) If (H2) holds, then as t — oo, (2(t),y(t))" tends to (c,d)”
provided ® € X+t X%, and to (—c,—d)T provided ® € Xt~ |JX—;
(i) If (H3) holds, then as t — oo, (x(t),y(t))" tends to (—c,—d)T provided
®c Xttt UXH™, and to (c,d)T provided ® € X—F|JX
(i) If (H4) holds, then as t — oo, (x(t),y(t))" tends to (—a,—b)T provided
®ec XTTUXT, and to (—a,—b)T provided ® € X+ JX 7 ;
(iv) If (H5) holds, then as t — oo, (z(t),y(t))" tends to (—a,—b)T provided
o c Xttt UX—t, and to (a,b)” provided ® € X~ (JX .

Theorems 1.3 and 1.4 show that a simple network described by (1.7) can be used
as an associative memory device because points representing the stored memories
are locally stable in some sense, and from any initial state close to one of these
attractors which represents partial knowledge of the memory stored at the attractor,
the trajectory is driven by the system to the attractor, hence producing the full
retrieval of the stored memory. By Theorems 1.3 and 1.4, system (1.7) has a point
as the global attractor if we further restrict the parameters as follows:

Corollary 1.5. Suppose that the parameters a,b, ¢ and d satisfy one of the following
conditions: (1) ab < 0, c=d =0; (2) a =b =0, cd > 0. Then trajectories of
system (1.7) starting from non-oscillatory states converge to (0,0)7.

We now consider the remaining cases.

Theorem 1.6. If one of the two conditions (H6) and (H7) holds, then there exist
Dy = (po,%0)T € Xo and Ty > 0 such that the solution (z®0(t),y®0 ()T of (1.7)
with initial value ®¢ is periodic for t > Ty. Moreover, lim;_. o [z®(t) — 2%0(t)] = 0
and lim;_ oo [y®(t) — y®o(t)] = 0 for every solution (x®(t),y® ()T of (1.7) with
¢ = (SDaT/J)T € XO'

This theorem shows that when we restrict the initial value ® to Xy, then system
(1.7) has a unique limit cycle which is the global attractor. Note that this rep-
resents significant improvement over a corresponding theorem in [10]. The proof,
elementary but technical, will be presented in Section 3. The basic idea is to show
that a typical trajectory of (1.7), when described in the 2-dimensional Euclidean
space (not the phase space), is spiraling and rotates round the point (0,0) (Section
2).

Theorem 1.7. If one of the two conditions (H8) and (H9) holds, then there exist
Dy = (¢0,v0)T € Xo and Ty > 0 such that the solution (x®0(t),y*o(t))T of (1.7)
with initial value ®q is periodic for t > Ty, and (—x®0(t), —y®o(t))T is also a
solution of (1.7). Moreover, either lim;_, o [x® (t) — 2% (¢)] = 0 and lim;_, o [y® (t) —
y®o(t)] = 0 or limy_ oo [2® () +2®0(¢)] = 0 and limy o [y® (t) +y*°(t)] = 0 for every
solution (x®(t),y® ()T of (1.7) with ® = (p,¥)T € X,.

Therefore, system (1.7) may have two stable limit cycles. Moreover, if we restrict
initial value ® to Xy, then every solution of system (1.7) approaches one of the
limit cycles as t — oo. Theorems 1.6 and 1.7 show that a simple two neuron model
network is capable of producing and sustaining periodic behaviors. It is worthy of
noticing that periodic sequences of neural impulses are of fundamental significance
for the control of dynamic functions of the human body. Therefore, it is of great
interest to understand various mechanisms of neural networks which cause and
sustain such periodic activities.
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2. PRELIMINARY RESULTS

In this section, we establish several technical lemmas, which play important roles
in the proof of our main results. For the sake of simplicity, for the remaining part
of this paper, for a given s € [0,00) and a continuous function z : [—7,00) — R, we
define z; : [-7,0] = R by z5(0) = z(s + 8) for § € [—7,0].

Lemma 2.1. The semiflow defined by model (1.7) with parameters a,b,c and d
satisfying (H2) is topologically equivalent to that defined by model (1.7) with pa-
rameters a,b,c and d satisfying any one of (H3), (H4) and (H5).

Proof. We consider only the topological equivalence between the semiflow defined
by (1.7) under the condition (H2) and that defined by model (1.7) under condition
(H3). The remaining cases can be dealt with analogously.

If (H2) holds, we can further redefine variables in (1.7) by

2 @t)=yt), y*(t)=z(), a*=b, b =a, " =-d d"'=-c

and then drop the * to get (1.7) where the new parameters a, b, ¢ and d satisfy (H3).
The converse holds true as well. This justifies the claimed equivalence, according
to the definition of topological equivalence in [7]. We complete the proof of Lemma
2.1. (Il

Using similar arguments, we can also establish the following lemmas.

Lemma 2.2. The semiflow defined by the system

R (L By (1T B}

i=—y+ o el =)+ e~ 7)),

with A > 0 and B > 0 is topologically equivalent to that defined by model (1.7) with
parameters a,b,c and d satisfying either (HG) or (H7).

(2.1)

Lemma 2.3. The semiflow defined by the system

M o — )+ M iy — ),
1—

§=—y— T f - ) + T f (e - ),

T=-x—

(2.2)

with M > 0 and N > 0 is topologically equivalent to that defined by model (1.7)
with parameters a,b, c and d satisfying either (H8) or (H9).

Lemma 2.4. If (z(t),y(t))T is the solution of system (1.7)(or (2.1), (2.2)) with
initial value ® = (p, )T € Xy, then the solution of (1.7)(respectively, (2.1), (2.2))
with initial value ® = (—p, =) € Xo is (—x(t), —y(t))T.

We now describe the transition from one component of Xy to another.
Lemma 2.5. Suppose that (x(t),y(t))T is a solution of (2.1) with initial value in
Xo. Then

(i) if there exists some to > 0 such that (xto,ytO)T € X, then there exists
some t§ > to such that (xt3+7,yt3+T)T e Xt~

(i) if there exists some to > 0 such that (zy,,ys,)" € X1, then there exists
some tf > to such that (xt5+7-,yt5+7-)T c X~
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(iii) if there exists some tg > 0 such that (mto,ytO)T € X7, then there exists
some t} > to such that (mtéJrT,ythrT)T e Xt
(iv) if there exists some to > 0 such that (z4,,ys,)" € X, then there exists
some tf > to such that (zt6+77yt8+7)T € Xt+.
Proof. We consider only the case where (a:to,yto)T € X1 for some ty > 0, the
remaining cases can be dealt with analogously. In view of (2.1), we have
&=-x+ A,
y=-y—1
for t € [to,to + 7] except at most finitely many t. Therefore, the variation-of-
constants formula and the continuity of solutions yield
x(t) = [z(to) — Ale”(710) 4 A,
y(t) = [y(to) + e~ 1) —1

for all t € [to,to +7]. Let t; be the first zero of z(t) - y(t) in (¢9,00). Then
(z(t),y(t))T satisfies system (2.3) for t € (tg,t; + 7) except at most finitely many
t, and so (2.4) holds for t € [tg,t; + 7). It follows from (2.4) that

ty = to +Infy(to) + 1],

(2.3)

(2.4)

which implies that
Lty +T(0) =

Yoo o(0) = ) 1 <0

for @ € (—,0], and so (x4, 4+, Y1, +-)° € XT~. Thus, claim (i) holds with ¢}
t1.

Ol

Lemma 2.6. Suppose that (z(t),y(t))T is a solution of (2.2) with initial value in
Xo. Then

(i) if there exists some tog > 0 such that (mto,ytO)T € X, then there exists
some t§ > to such that (xt5+7,yt;+T)T e Xt~
(i) if there exists some tg > 0 such that (a:to,yto)T € X1, then there exists

some t§ > to such that (a?tSJrT,ythrT)T e Xt+.

Proof. (i) Using equations (2.2), (1.5) and the fact that (z4,,y,)" € X, we have
T=—-c+ M,

J= —y_ N (2.5)

for t € [to,to + 7] except at most finitely many ¢. Therefore, the variation-of-
constants formula and the continuity of solutions yield

2(t) = [z(to) — Me=#t0) 4 M,
y(t) = ly(to) + N]e= ") — N

for all t € [to,to+ 7]. Let t1 be the first zero of z(¢t) - y(¢) in (t9,00). Then
(x(t),y(t))T satisfies system (2.5) for t € (tg,t1 + 7) except at most finitely many
t, and so (2.6) holds for ¢ € [tg,t1 + 7]. It follows from (2.6) that

t1 =to + Infy(tp) + N] —In N,

(2.6)
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which implies that
x(to) =M o _(ry0)
T4 1-(0) = ————Ne 7 + M >0
t1+ ( ) y(t())+N
Yir-(0) =TT —1 <0
for 0 € (—7,0], and 80 (74, 47, Yt,4-) " € X T,
(ii) Using equations (2.1) and (1.5), as well as the fact that (xto,ytO)T € Xt we

have
T =—-x+1,

y=-y+1
for t € [to,to+ 7] except at most finitely many ¢. Therefore, the variation-of-
constants formula and the continuity of solutions yield

z(t) = [z(to) — 1]e” 1) 41,
y(t) = [y(to) = 1e” ") +1

for all ¢ € [tg,to+ 7]. Let ¢; be the first zero of z(¢t) - y(¢) in (f9,00). Then
(z(t),y(t))T satisfies system (2.7) for t € (tg,t; + 7) except at most finitely many
t, and so (2.8) holds for ¢ € [to,t1 + 7]. It follows from (2.8) that

t1 = to +In[1 — y(to)],

2.7)

(2.8)

which implies

to) — 1
$t1+7-(0) = %67(74»9) +1> O,

~ 1—y(to)
Y r(0) =1—e T >0
for 6 € (—,0], and so (x4, 4y, Y, +-)7 € XTF. This completes the proof. O

In what follows, we will need the following continuous functions:
(AB+1—e e "2+ (A+1)(AB+1)(1—e7)
hilw) = (B+Dez+(A+1)(B+1)(1—eT) 427 —e 27’
T(z)=2r+Wm[(B4+1e "2+ (A+1)(B+1)(1—e7)+2 7 —e*7], (2.10)
Bz —A)e ™ +B(1-A)(1+B)(1—e7)
l+Bl-eT)|(l+B—e7)

(2.9)

fo(z) = A+

(2.11)

for z € [0, 00).

Lemma 2.7. The function f; : [0,00) — R is continuous and has a unique 2-
period point x which is stable (that is lim,_ o f{'(x) = i for all x € (0,00)).
Moreover, f1 is monotonically increasing provided that max{A, B} < 1—¢e™7 or
min{A, B} > 1 — e~ ", and is monotonically decreasing provided that min{A, B} <
1—e ™ <max{A, B}.

Proof. Tt is easy to see that fi is continuous and has a unique fixed point z] €
[0,00). We first consider the case where max{A, B} < 1 — e~ " or min{A, B} >
1—e~7. Then it is easy to verify that f; is monotonically increasing, fi(z) > x for
x € [0,27) and fi1(z) < z for x € (z},00). Thus, the fixed point x7 is stable, i.e.,
lim, oo f{{(z) = 27 for all z € [0,00), where f7'(z) = fi (f{' '(z)). It is obvious
that z7 is also a 2-period point of fi(z), i.e., the fixed point of fZ(z). We can
claim that z7 is the unique 2-period point of fi(z). Suppose to the contrary, let
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u* € [0,00) be another 2-period point of fi(x), namely, f2(u*) = u* # x}. Since
lim,, o f7(u*) = 27, let n = 2k, then
wt = lim (F)F) = lim () = o,
k—oo n— oo

which is a contradiction. Therefore, The function f; has the unique 2-period point
x3. Also since fE(z) > fi(z) > z for z € [0,2}) and fi(z) < fi(z) < z for x €
(27, 00), it is easy to see that x7 is the stable 2-period point of fi(z). On the other
hand, if min{A, B} <1 —e 7 < max{A, B}, then f; is monotonically decreasing.
However, fZ is monotonically increasing and has one and only one unique z}, which
implies that x7 is the stable 2-period point of f;(z). This completes the proof. O

Lemma 2.8. The function fo : [0,00) — R is continuous, monotonically increasing
and has a unique fized point x% which is stable.

The proof of Lemma 2.8 is similar to that of Lemma 2.7 and thus it is omitted.

3. PROOF OF MAIN RESULTS

Proof of Theorem 1.3. We consider only the case where ® € X *. The remaining
cases can be dealt analogously. Using the definition of f and the fact ® ¢ X+,
z(t) and y(t) satisfy

T =—x—a,
J=—y—b (3.1)
for ¢t € [0, 7]. Therefore, for ¢ € [tg,to + 7] we have
z(t) = (p(0) + a)e™" —a, (32)
y(t) = (¥(0) + b)e™" — b,

which implies that z.(0) = z(7 + 6) > 0 and y.(0) = y(r +6) > 0 for 6 € (—7,0),
and so z,; € Ct and y, € C*. Repeating this argument on [r,27], [27,37], ---,
successively, we obtain that x; € C* and y; € CT for all ¢ > 0. Therefore, (3.1)
holds for almost all ¢ > 0. It follows that (z(¢),y(t))T — (—a,—b)T ast — cc. O

Proof of Theorem 1.4. In view of Lemma 2.1, it suffices to consider system (1.7)
under the condition (H2). We distinguish four cases in our discussions of the be-
haviors of a solution for (1.7).

Case 1. ® € X 7. Using a similar argument to that of Theorem 1.3, we can show
that (x(t),y(t)T — (c,d)T as t — oo.

Case 2. & € X, In view of the definition of f(£), z(¢) and y(¢) satisfy (3.1) for
t € (0,7). Therefore, (3.2) holds for ¢ € [to, to + 7]. Let ¢; be the first nonnegative
zero of x(t) - y(t) on [0,00). Then for t € (0,¢; + 7), (3.1) holds. Namely, (3.2)
holds for t € [0,¢1 + 7]. In particular,

t1 = In[e(0) + a] — Ina.
It follows that

for 0 € (—7,0], and so (24, ++,Yt,+-)7 € X . Then from the result for Case 1,
(), y(6)T — (c,d)7 as t — oo,
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Case 3 ® ¢ X~ 7. From the result for Case 1 and by Lemma 2.4, it is easy to see

that (z(t),y(t))T — (—¢,—d)T as t — oc.

Case 4 ® € X~. From the result for Case 2 and by Lemma 2.4, it is easy to
see that (z(t),y(t))T — (—c,—d)T as t — oo. Thus the proof of Theorem 1.4 is
complete. O

Proof of Theorem 1.6. In view of Lemmas 2.2 and 2.5, it suffices to discuss the
behavior of a solution (x(t),y(t))T of (2.1) with initial value ® € X*+*. For the
sake of convenience, we introduce the parameter wu:

_ (0) + A9 (0)
1+4(0)
We can show that the behavior of the solution (z(t),y(t))? ast — oo are completely

determined by the value u. Let ¢; be the first zero of z(t) - y(¢) on [0, 00), then from
the proof of case (i) in Lemma 2.5 it follows that

) _ ¢(0) + A¢(0)
f=In(1+9(0)), w(t) = =7 mre

xt1+7)=(u—A)e T+A>0, ylti1+7)=eT-1<0.

=u=>0, y(t1)=0,

Moreover, it is easy to see that (w4, 1r,ys,++). € XT7. Therefore, for t € (t; +
T,t1 + 27), we have x(t —7) > 0, y(t — 7) < 0 and (x(t),y(t))" satisfies

T =—-z—1, (3.3)
y =—Yy—- -87 .
from which and the continuity of the solution it follows that
z(t) =[xty +7) + 1]erT77t — 1
(u—A)e ™+ A+ 1)erT77F -1,
(3.4)

[

=
y(t) =[y(ts +7)+ Ble" ™" — B

=[B—1+e et - B
for t € [t1 + 7,t1 + 27]. Let t3 be the second zero of z(t) - y(t) on [0,00). Then for
t € (ti+7,t2+7), (z(t),y(t))T satisfies (3.3). Thus, (3.4) holds for t € [t;+T,ta+7].
It follows from (3.4) that
to=t1 +7+In[(u—A)e " +A+1],
2t +7) =T —-1<0,
B—-1+e"

ylta+7) = (u—A)e—T+A+16_7_B<O.

Moreover, it is easy to see that (z4,4r,yi,+r). € XT 7. Therefore, for t € (ty +
Tty + 27), we have x(t —7) > 0, y(t — 7) < 0 and (x(t),y(t))? satisfies
&=—-x— A,

y=-y+1 (3.5)
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Hence,
x(t) = [x(te +7) + Alet2TT7F - A
=[eT 4+ A= 1t A
[y(ts +7) — et 41 (3.6)
B—-1+e™"
((u—A)e—T TA+1°

for t € [ta + T,t2 + 27]. Let t3 be the third zero of x(¢) - y(¢) on [0, 00). Then (3.5)
holds for t € (ta + 7,t3 + 7). Namely, (3.6) holds for ¢ € [t2 + 7,¢3 + 7]. Thus, it
follows from (3.6) that

y(t)

TT—B-1)e”TT 41

t3 :t2+7'+1n(].—y(t2+7'))
=t +27+1n [(B + e+ (A+1)(B+)(1—-cT)+ 27 — 672‘1

and

B(ts) = x(ta +7) + Ay(ta + 7)

e L—y(t2+7)
(e7"—1—AB)e "u+ (A+ 1)(AB+1)(e7™ = 1)
(B+1Deu+(A+1)(B+1)(1—eT)+2e 7 —e 27
= _f1<u) <0,

y(t3) =0,

where the function T and f; are defined as (2.10) and (2.9), respectively. Let ¢4
and t5 be the next zeroes of z(t) - y(t). Then from the above arguments and by
Lemma 2.1, we have (24, 4+, Y, +-). € X T and

(

ts =ts + T (fr(u) = t1 + T(u) + T (f1(u)),
a(ts) = f7(u),

y(t5) =0.
Thus, we can repeat the same argument to get a sequence
u, fl(u)a f12(u>7 T fln(u)’

In particular, the behavior of (z(t),y(t))? is determined by the iteration f;. By
Lemma 2.7, the function f; has a 2-period point z%. Namely, f2(z}) = 2. Let
(x*(t),y*(t))T be a solution of (2.1) with the initial value ®* = (¢*,¢v*)T €
Xt satisfying [p*(0) + Ay*(0)]/[1 + *(0)] = zi. Then for ¢ > In(1 + ¢*(0)),
(x*(t),y*(t))T is periodic with minimal period w = T'(z%) + T (fi(z})) = 2T (z7).
Also since x7 is the stable 2-period point, it is obvious that the periodic solution
(x*(t),y*(t))T is attractive, i.e., every solution of initial value problem (2.1) ap-
proaches (z*(t),y*(t))T as t — oo. Therefore, it is a stable limit cycle and its
uniqueness is guaranteed by the uniqueness of the 2-period point of f;. Thus, we
complete the proof of Theorem 1.6. O

Proof of Theorem 1.7. In view of Lemmas 2.3 and 2.4, it suffices to discuss the
behavior of a solution (z(t),y(t))T of (2.2) with initial value ® € X*+. For the
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sake of convenience, we introduce the two parameters

p(0) — M

u=M+ 2 "N,
$(0) + N
w=2r+In[l1+N1—-e")]+In(l+ N—-e")—InN.

We show that the behavior of the solution (z(t),y(t))? as t — oo is completely
determined by the value u. Let t; be the first zero of z(t)-y(¢) on [0, 00), then from
the proof of Lemma 2.6 (i) we have

t; =In(¢(0) + N) —In N,

:r(tl)MqLMNuZO,
y(t1) =0,
z(t1+7)=(u—M)e "+ M >0,
y(ti+7)=Ne " — N <O0.
Moreover, it is easy to see that (z¢,4r,%s,++)7 € XT°~. This, together with the
proof of Lemma 2.6 (ii), implies that the second zero of z(t) - y(¢) is

to=t1+7+I[l—yt1+7)]=t1+7+Wn[l+ N1 —-e"7)].

Moreover,

[

[(u—M)e ™ + M — 1] 77t 41,
y(t) = [y(ts +7) = e 77" 41

[Ne™” — N — 1]e"r 7t 41
for all t € [ty + 7,t2 + 7]. Tt follows that
(u—M)e 7T+ M-1

1+ N1 —e)

ylta+7)=1—¢"">0.

(3.7)

x(ty +7) = e T +1>0,

Moreover, it is easy to see that (4,1 r, Y, 1-)7 € XTF. Again from the proof of
Lemma 2.6 (i), the third zero of x(¢) - y(t) is

ts =to+ 7+ Infy(te +7) + N]—In N
=t1+2r4+ W1+ N1 —-e )]+ In(l1+N—-e7)—InN

= tl —I—w.
Moreover,
B x(te+7)— M)
alts) = M+ y(ta +7)+ N
B (u—M)e ™+ (1+N)(1—M)(1—e7)
=M M+ N({1—-e)](1+N—e7) N
= fg(u) > 0,

y(t3) =0,
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where the function f is defined as (2.11). Thus, we can repeat the same argument
to get a sequence

u,  fa(u), f22(u)7 ey [ (),

Therefore, the behavior of (x(t),y(t))T as t — oo is determined by the itera-
tion of the function fo. By Lemma 2.8, the function fs has a fixed point z3.
Namely, fo(z3) = 3. Let (2*(t),5*(t))T be a solution of (2.2) with initial value
O = (p*,v*)T € X7 satisfying M + N[p*(0) — M]/[¢*(0) + N] = z5. Then for
t > In(y*(0) + N) —In N, (z*(t),y*(t))T is periodic and is of the minimal period
w. Also since z is the stable fixed point, the periodic solution (x*(t),y*(¢))7 is at-
tractive, i.e., every solution of (2.2) with initial value ® = (p,)7 € Xt+J X+~
approaches (z*(t),y*(t))? ast — oco. By Lemma 2.4, every solution of (2.2) with ini-
tial value ® = (p, )T € X~ |JX—F approaches the solution (—z*(t), —y*(t))T
as t — oco. Thus, we complete the proof of Theorem 1.6. ]

4. CONCLUSIONS

The model equation (1.1) with the McCulloch-Pitts nonlinearity (1.2) describes
a combination of analog and digital signal processing in a network of two neurons
with delayed feedback. For the sake of convenience, we can transform system (1.1)—
(1.2) to the form (1.4)-(1.5) by the appropriate change of variables (1.3). Observe
that the dynamics of the network completely depends on the connection weights,
we distinguish several cases and discuss the behaviors of solutions of (1.4). We show
that the dynamics of the model (1.4) can be understood in terms of the iterations of
a one-dimensional map. As a result, we obtain the convergence of solutions as well
as the existence, multiplicity and attractivity of periodic solutions. Throughout
the paper, we only consider the case where the initial value ® = (¢,%)? € X does
not change sign at the initial time interval. Moreover, the digital nature of the
sigmoid function allows us to relate equation (1.4) to four systems of simple linear
nonhomogeneous ordinary differential equations. In future work, we shall describe
the dynamics of solutions of (1.1)—(1.2) with initial data in X \ X (i.e., solutions
whose initial states oscillate around 0 with high frequencies).
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