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We show that a discrete dynamical system with delayed arguments that describe the compu-
tational performance of a neural network with a loop structure can exhibit the coexistence of
huge number of periodic solutions, and we describe the domains of attraction for the stable
periodic orbits. This demonstrates a great potential of discrete time delayed neural nets with a
loop structure for the purpose of storage and retrieval of periodic patterns.
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1. Introduction

One of the many important tasks that artificial neu-
ral networks can fulfil is associative memory stor-
age. In this context, a network is required to possess
as large capacity as possible for retrievable mem-
ories. Translating into the language of dynamical
systems, this demands the coexistence of as many
as possible either stable equilibria or stable peri-
odic orbits (depending on the pattern to be stored)
for the system describing the computational perfor-
mance of the network. This is exactly the so-called
multistability problem in dynamical systems theory.

It has been shown that time delay provides an
efficient mechanism for a network to store and re-
trieve periodic patterns, and biologically these de-
lays arise due to axonal conduction time, distances
of inter-neurons and the finite switching speeds of
amplifiers. We refer to the monographs by Milton
[1996] and Wu [2001], and Wu and Zhang [2002] and
the references therein for extensive literatures in the
area. It turns out, however, that the coexistence of
multiple periodic solutions must be accompanied by
a huge number of discrete delays or a complicated
distributed delay. In particular, for a network of two
coupled neurons with delayed monotone feedbacks

*Project supported by NSERC and NCE-MITAC of Canada (J. Wu and X. Zou), by the Canada Research Chairs Program
(J. Wu), by NNSF (No. 10201005) of China (R. Zhang), and by a Petro Canada Young Innovator Award (X. Zou). This work
was completed while R. Zhang was visiting York University and Memorial University of Newfoundland.



2 J. Wu et al.

and with a single delay, although the series of pa-
pers by Chen and Wu [1999, 2000, 2001a—2001c],
and Chen et al. [2000] established the coexistence of
multiple periodic orbits and gave a detailed descrip-
tion of their domains of attraction and the structure
of the global attractors, all these periodic orbits, ex-
cept one, are unfortunately unstable.

In the case when the state of a network is

updated discretely, the situation seems to be plea-
|

) {
(H2)

They obtained some results on the existence of
k-periodic and 2k-periodic orbits. In a more re-
cent work, Wu and Zhang [2002] explored the exis-
tence of periodic orbits with all possible periods and
found that (1) indeed allows coexistence of a very
large number of stable periodic orbits. More pre-
cisely, under (H1)—(H2) and some other conditions
on the parameters involved, Wu and Zhang [2002]
developed an elementary way to compute the total
number of stable p-periodic orbits of (1) for each
p|2k, and they were also able to describe the do-
mains of attraction for these p-periodic solutions.
This seems to be surprising in the sense that
if f is monotonically increasing then the continu-
ous analogue of (1) in terms of a delay differen-
tial system does not have any stable periodic or-
bits. The potential for applications to associative
memory storage of the aforementioned surprising
results is, however, very limited. This is because
model (1) involves a very small amount of neurons
and small number of parameters, and hence it is
difficult, if not impossible, to train such a network
via any learning scheme to store a large number
of independent periodic patterns, despite the fact
that such a small network does have a large num-
ber of periodic orbits. It is therefore very natural to
ask whether the surprising results of Wu and Zhang
[2002] can be extended to large networks with com-
plicated connection topology. For a large network
with arbitrary connections, this seems to be an ex-
tremely challenging question. We are thus forced to
work on networks with special and biologically mo-
tivated connection topology. As the work by Foss
et al. [1996, 1997, 2000] showed that time delayed
recurrent loops have potentially huge capacity for
encoding information in the form of temporally

santly different. Zhou and Wu [2002a, 2002b] con-
sidered the following network of two identical
neurons with excitatory interactions

{ z(n) = Br(n —1) + af (y(n — k),

y(n) = By(n— 1) + af (z(n — k), (1)

where n € N (the set of all nonnegative integers),
a > 0 and k > 1 is a fixed integer, f : R — R
satisfies the following conditions

for some constants ¢ >0 and R>1r > 0.

or x, y € (r, R], where L >0 is a constant .

patterned spike trains, we shall consider a network
of m neurons arrayed in a ring with possiblly bidi-
rectional nearest neighbor connections.

The rest of the paper is organized as follows.
Section 2 is dedicated to the basic setting up and
preparation, and Sec. 3 contains the main results
and proofs.

2. Preliminaries

Consider a discrete-time network of m neurons ar-
ranged in a ring and connected by excitatory feed-
back with delay. Let 5; € (0, 1) denote the inter-
nal decay rate, (a;, b;) be the excitatory synaptic
weights of the ith neuron to its nearest neurons in
the ring and let f : R — R be the signal transmis-
sion function. Then we have

zi(n) = Bizi(n — 1) + ai f(zit1(n — kit1))
+bif(zi—1(n —ki—1), (2)

where i = 1,..., m(mod m), a;, b; >0, n € NT =
{n; n is a positive integer}. We shall assume the
following

b Ry
either min Gi =0 _ 95+ 0 > 0,
1<i,j,<m Bi 1-p5;
(A1)
or min

bi—ai_aj—l—bj > 0.
1<ij,<m | B 1—pB;

This is true if a; > b; (or b; > a;) for all i(mod m)
corresponding to the forward (or backward) dom-
inant connection, and if §;, 1 < ¢ < m, are all
sufficiently small. We also assume that the signal
transmission function f : R — R satisfies the
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following conditions:

[f(z) =1 <e
[f(z)+ 1] <e

if z € (r, R,

(A2) { if x € [-R, —1),

where, 0 < e <2, 0<r <a*, R>0b" and

|ai—bi| _aj+bj}

M1 <4,5,<m {

_ Bi 11— 8
5 e
maxi<; _Git o bi
EER G- 5
a; + b;

) e,
a* = minlgigm{ﬂai — bz| — (ai + bZ)E] — ﬁzb*} .

b* = maxlgiﬁm <

In addition, we need the following Lipschitz conti-
nuity of f:

(A3) There exists L € (0, maxi<j<m{(1 — Bi/a; +
b;)}) such that

[f(@) = fW)| < Llz—y| ifz, ye[-R, —r)

orz, y € (r, R].

Note that if ¢ = 0, »r = 0, and R = o0,

then f becomes the widely used McCulloch—Pitts
|

Bjwys + a; f(wyrp1) + b f (wry_ 41)
Bmwy, + amf(wl) + bmf(wk;,t71+l)

Fj(w) =
Wj+1

We denote by {w(n, w®)},en the solution of (5)

with initial value w(0) = w® € RF. For w =
{wy,..., wx} € RF let |w| = max{|wj|, j =
L..., k}.
Let
Y ={o=(01,...,06) €ER": 0; € {~1, 1},
j=1,..., k}. (6)

For any n € N, let [n] € {1,..., k} be uniquely
given so that n = [n] (mod k). Define a mapping
T: X — X by

je{i=1....k (7)
for any o € ¥. As usual, the mapping 7P : ¥ — X
with p > 2 is given by 7Po = w(7P~lo) for 0 € ¥
inductively. Clearly,

(mo)j = oj4q for

i =0 forevery oeX. (8)

Moreover, for any p € {1, 2,..., k—1} and for any

nonlinearity given by

ra={, )

and in this case, L = 0. We also note that, the fre-
quently used sigmoid functions with high gains also
satisfy (A2) and (A3).

By a solution of (2), we mean a sequence
{(z1(n),..., z;,m(n))} of points in R™ that is de-
fined for every integer n > min{—k;, j =1,..., m}
and satisfies (2) for n € N = Nt U {0}. It is evi-
dent that system (2) can be written as a difference
system without delay but in a higher dimensional
space. Indeed, there are many ways to do this, and
in what follows, we will choose one that is conve-
nient to our problem. To this end, we proceed as
below.

Let kj =0, kj = kj, for I=1,...,m—1
and k = ky, = > 7L kj. For i = kj + j, with
l=0,...,m—1,and j =1,..., ki1, let wi(n) =
z1+1(n+7—k—1). Then, in terms of the new vari-
ables w;(n), i =1,..., k, (2) can be written as

w(n+1) = F(w(n)), (4)

where FF : RF — RF is given, for w =
w(wy, ..., wg) € R¥, by the following

x>0,
x <0,

forj=kj, l=1,..., m—1;
for j=k =k, (5)
for other j.

|
o € X, we have

(nPo)j = oljyp for je{j=1,....k}. (9)
Denote the set of all fixed points of 7 by
Y1={c€eX¥: mo=o0}.

Similarly, for any p € {2,..., k}, denote the set of
all p-periodic points of 7 by

Yp={c€eX: nPo=0and nlo #0
for any g € {1,..., p—1}}. (10)
We will need the following technical lemma.

Lemma 2.1. The following statements hold:

(i) Let p € {1,..., k}. If plk, then ), # 0, and
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the number of elements in X, is given by

2 if p=1,
2P —2 if p is a prime integer,
2P — Z N(q) otherwise.

qlp,a<p

N(p)=

(11)

(i) If X, # 0, then plk.
(ifi) = U3,

Proof. (iii) is a direct consequence of (i) and (ii) as
well as the fact that ¥ = U';ZIZP The result in (i)
can be obtained by simple counting. Indeed, let S(p)
be the number of points fixed by ¢? in 3. Clearly,
S(p) = 2P. On the other hand,

S(p)=Y_ N@=Np+ Y, N,

qlp qlp,g<p

(12)

which gives (11). We now prove (ii). Assume X,, # (.
Obviously, we only need to consider the case when
pef{2,...,k—1}and ¥, # 0. Fix a 0 € ¥, and
define a sequence {s;, }nen by

(13)

Then, s,+r = s, for n € N, implying that k is a
period of {s,}nen. By (9) and 7Po = o, we have

{%Z%w
0j = 0Op—s

Sn :O'[n].

forj=1,..., k—p,
forj=k—swiths=0,...,p—1.

(14)
Note that for j = k — s with s € {0,..., p— 1}, we
have j+p=Fk+(p—s) withp—s € {1,..., p}. So,
[7 + p] = p— s. This, together with (13) and (14),
yields

Sp = S8pyp for n=1,...,k—p,
and
Sp = Ofpyp] = Sntp for n=k—(p—1),..., k.
For n > k + 1, we have n = lk + ¢ with some [ > 1
and ¢ € {1,..., k — 1}. Therefore

Sn+p = Slk+q+p = Sq+p = Sq = Sn -

Thus, p is the minimum period of {s,}n,en. As
p < k and as k is a period of {s,}nen, we con-
clude that p|k. This proves (ii) and completes the
proof of the lemma. M

Remark 2.2. The formula (11) for N(p) is given in
a recursive way. As we shall see N(p) is precisely

the number of stable p-periodic solutions of (4).
We should remark that the well-known Mobius in-
version formula gives an explicit formula for N(p).
To this end, let us write p = Hll p;"t, where p;,
i =1,2,...,1, are primes. For every subset I of
{1,..., 1}, let p; = [[;c; pi- Then by (12) and the
Mébius inversion theorem (see [Hardy & Wright,
1979, pp. 234-236]), we obtain

N(p) = Z (—1)Hlgr/rr

Ic{1,...,0}

(15)

3. Multistability of Periodic Orbits

In what follows, we only consider the case a; > b;
for i (mod m) in (A1). The backword dominant case
can be similarly dealt with. In the sequel, when we
talk about a p-periodic solution of (4), we always
means that p is the minimum period of the solution.
We first establish the following existence result.

Theorem 3.1. Assume that (A1) and (A2) hold.
Then, for any positive integer p with p|lk and for
every o € Xy, (4) has a p-periodic solution.

In order to prove this theorem, we need some
preparation. First of all, by (Al), it is easy to see
that for any fixed € € (0, ), we have

a; — bz B a; + bz
1<i<m 0G; 1212‘%}% 0G; ¢

b* < min

Therefore,

1<i<m

Bi

Thus, a* > 0. Let ¢* = min{a* — r, R — b*}. Fix
c € [0, ¢), define a. = a* — ¢ and b, = b* + c.
Denote

Q(o, ¢) = {w e R*:

b* < min {(ai_bi)—(ai+bi)s}

ac < |wj| < b,

sign{w;} =0;, j=1,..., k} (16)
and
Qs(c) = {(u1, uz, uz) € R*: a. < |uy| < be,
j=1,2,3}. (17)
Let ¢ : R?> — R, i = 1,..., m, be given by

gi(u1, ug, ug) = Biur + a; f(u2) + b; f(us). Then, we
can have the following

Lemma 3.2. Assume that (A1) and (A2) hold.
Then, for every c € (0, ¢*) and (u1, uz, ug) € Q3(c)
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and i € {1,..., m}, we have
sign g;(u1, ug, uz) = sign usy

and ac < |gi(ui, ug, uz)| < b.. (18)

Proof. Tt is clear that
gi(—lual, ug, —|us|) < gi(uz, ua, usz)
< gi(lual, ug, [us]) . (19)

In the case where us > 0, we note from (Al) and
(A2) that

gi(lu],uz, lug|) < Bid" + ai(1+€) + bi(1 + &) + Bic
<b*4c=b, (20)
and
9i(—lual, uz, —|usl)
> —0Bib"+a;(1—¢)—bi(1l+¢)— G
>a"—c=ac. (21)

This, together with (20) and (21), gives (18).
In the case where up < 0, we note from (Al),
(A2) and (19) that

gi(|u1l, ug, [usl) < Bib* —a;(1—e)+b;i(1+¢)+pic
< —[(a;—=b;)—(a;+b;)e—B;ib*]+c
< —a*te=—ac (22)
and
gi(—lual, uz, —lus|)
> —Bib* —a;i(1+¢)—bi(l+¢)— B
—(0" 4+ c)+[(1 = B)b" — (a; + b;)(1 +¢)]
—(b* +¢) = —b.. (23)

This together with (22) and (23), gives (18). This
completes the proof. W

>
>

Proof of Theorem 3.1. We first prove that for any
o€ X and ¢ € [0, ), F(Qo, ¢)) C Qn(0), ¢).
Let 0 = (01,..., 0) € ¥ and w = (wy,..., wg) €
Q(o, ¢). Then, mo = (02,..., ok, 01), ac < |wj| <
be and sign(w;) = oj for j =1, 2,..., k. If j # k],
l=1,...,m, by (5), we know that Fj(w) = w41
for j # k;, 1 =1,..., m, and hence,
ac < |Fj(w)| =<b, and sign(Fj(w)) =o0j41.
(24)
For j = k, 1l = 1,...,m, by (5) and
Lemma 3.2, we see that (24) is also true. This

shows that F(w) € Q(wo, ¢). Now, if plk and
o€ X, (¥, # 0 by Lemma 2.1), then we have
FP(Q(o, c)) C QnP(o), c) = o, ¢). Note that
Q(o, ¢) is bounded, closed, convex and nonempty.
By Schauder’s fixed point theorem, the continu-
ous mapping F? has a fixed point which gives a p-
periodic solution of (4), in the form {w(n, w7)},eNn
with w, € (o, ¢). This completes the proof of
Theorem 3.1. W

Next, we address the stability of the multiplic-
ity periodic solutions obtained above.

Theorem 3.3. Assume (A1), (A2)

hold.

and (A3)

(i) For any integer p with plk and each o € ¥,
(4) has a unique p-periodic w(n, w?) (denote
by w?(n)) with w® € Q(o, 0), and this solu-
tion is uniformly asymptotically stable. More
precisely, let

r(o) = min{|w]| — (a” = ), (b" + )
) =1, K}

Then for any w° with |[w® — w| < r(o), we
have

|’U)(TL, wO) - w(”v w(r)| < an‘wo - wg‘

form=0,1,...,

where £ = maxi<i<m[0i + (a; + bi)L]l/k and
C =gk o

(i) Let

Q={weR": r<lwj|<R,j=1,..., k}.

(25)
If {w(n)}nen is a p-periodic solution of (4)
with w(n) € Q for n = 1,..., p, then plk
and there ewists a unique o € X, such that
w(n) =w(n) form=1,2,....

(iii) For any solution {w(n, w®)},en of (4) with
at —c" < |wJ0»| <b*+c* for1 < j <k, there
exists a unique integer p € N with plk and a
unique o € X, such that

w(n, w°) —w’(n)] < CE"w’ — w(0)]
forn=0,1,....

(iv) For each integer p € N with p|k, (4) has N(p)
p-periodic solutions in ), and these solutions
are uniformly asymptotically stable. For any
integer p € N with p [k, (4) has no p-periodic
solution in €.



6 J. Wu et al.

To prove this theorem, we need some lemmas.

Lemma 3.4. Ifce [0, c*), o0 € ¥, and plk, then
|FF(w') = F*(w")]

<l =" for w'w” € Qo, ¢). (26)
Proof. By the definition of (o, ¢) and using

Lemma 3.2, we have
/w;{ >0, ij(w’)Ff(w”) >0 forj=1,..., k.

Therefore, (00) follows from the definition of | - | in
R* Eq. (5) and (A3). ®

Lemma 3.5. If {w(n, w®)},eN is a p-periodic so-
lution of (4) with w(j, w®) € Q for j = 1,..., p.
Then |w(j, w®)| < b* forj=1,..., p.

Proof. By way of contradiction, assume that the
conclusion is not true. Then, we can obtain a p-
periodic solution z(n) {z1(n),..., zm(n)} of
(2) from {w(n, w®)}nen, with |z;(ng)] > b* for
some i € {1,..., m}. We first consider the case

zi(no) > b*. Then b* < zi(ng) < R, and we can
write z(ng) = b* + dp, with some Jp > 0. It follows
from (2) and (A1)—(A2) that
1
r1(ng — 1) = 3 [z1(no) — a1 f(x2(no — k2))
= bif(@m(n — km))]
1
— [00 + 0" — (a1 + b1)(1 +¢)]
51
1
=—0dp+0b".
B

Let § = mini<;<;,{B;}, repeating the above argu-
ment, we get

1

r1(ng —m) > — [w1(ng —m + 1) = b*] +b",

=

m=1,2..., k.

In particular,

1
z1(ng —p) > @50—#6* > b + 9o = z1(no) ,

a contradiction to the p-periodicity. Similarly, we

can exclude z(ng) < —b*. This completes the proof.
[ |

Lemma 3.6. Let
Q" ={weRF: r <|w;| <b* and

Sign(wj) =0y, ]: 1,..., k‘}

Then,
|Fk(w/) _ Fk(w”)| < £k|w/ _ w//

for W', w" € Qo). (27)

Proof. Using the same argument as that in the
proof for Lemma 3.2, we see that for any fixed

ie{l,..., m},
sign g;(uq, ug, usz) = sign usg
and
7 < |gi(u1,uz,u3)| < b*
for (u1, ug, uz) € Qf, where

Q%:={(u1,ug,uz) ER® : r<|uj|<b*, j=1,2, 3}.

Therefore, F¥(Q*(0)) C Q*(n*). Furthermore,
Flw)Fl(w") >0 forj=1,2,...,k
and o', w”’ € Q*(0).

Combining this with (5) and (A1)—(A2), we obtain
(27). N1

Lemma 3.7. If {w(n, w°)},eN is a p-periodic so-
lution of (4) with w(j, w®) € Q for j = 1,..., p,
then plk and w(n, w®) = w(n, w’) for some o € T,
and {w(n, w®)} is one of the p-periodic solutions
obtained in Theorem 3.1.

Proof. By Lemma 2.1, we have 0 = Uy, Uses,
(o). Therefore, there exist g|k and o € ¥, such
that w® € Q(o). Moreover, Lemma 3.5 implies
w(j, w®) € Q*(o) for j = 1,..., p. On the other
hand, by Theorem 3.1, there exists w? € (o, )
such that {w(n, w?)},en is a p-periodic solution
of (4). Now by Lemma 3.4, we also know that
w(j, w?) € Q*(o) for j =1, 2,.... Thus, for any
j € N, we have

w(j, w®) — w(j, w7)|
= lw(pgk + j, w°) — w(pgk + j, w)|
= |(F*)" (w(j, w°)) = (F¥)"(w(j, w”))|
< & w(j, w’) —w(j, w7)|.

Therefore, we must have w(j, w°) = w(j, w
jeENandp=q. N

7) for
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Proof of Theorem 38.3. (i) We can obtain the
existence and uniqueness of p-periodic solution
{w(n, w?)}pen with w? € Q(o, 0) by using The-
orem 3.1 and Lemma 3.7. For any w® with |w® —
w?| < r(o0), by the definition of r(c), we can find
¢ € [0, ¢*) such that w® € Q(o, ¢). Note from (5)
that for any [ € {1,..., k — 1}, we have

[ (w') — F(u")| < o/~ u”
for w', w" € Qo c).
Let n = sk + ¢ with some ¢ € {1,..., k — 1}, then
w(n, w’) —w(n, w’)|

= |[FRFD) (p0) — Fk+a) (7))

< |Fsk(w0) _ Fsk(wa)| .
By Lemma 3.6, we have
‘FSk('wO) - FSk(’LUU)‘ < €k5|w0 _ w0|
— C£8k+k—l|w0 _ ’LUU|
< C£n|w0 - w(r‘ )

completing the proof of (i).

(i) follows easily from Lemma 3.7. For (iii), we
can find ¢ € [0, ¢*) such that a* —c < |w?| <b*+ec.
Let 0 € ¥ so that 0; = Sign(w?), then w’ € Q(o, ).
Now, (i) and the result in Lemma 3.4 give the rest
of proof. For (iv), we first notice from Lemma 3.7
that the period p of any given periodic solution of
(4) must divide k, i.e. p|k. This, together with (i)
and the definition of N(p), proves (iv). The proof is
complete. H

The above theorem gives a very clear descrip-
tion about the number of periodic solutions of (4),
as well as some estimates about the domains of the
attraction of these periodic solutions. Note that dif-
ferent periodic solutions may give the same orbit,
and therefore, it would also be desirable to consider
the number of the periodic orbits of (4).

Definition 3.8. Two periodic solutions w(n, w’)
and w(n, w”) of (4) are said to be equivalent to

each other, if there exists ¢ € N such that
wn, w') =wn+q, w") forn=0,1,.... (28)

Clearly, two equivalent periodic solutions w(-, w’)
and w(-, w”) of (3) give the same orbit

o) :={wn, w);n=0,1,...}
= {wn, w");n=0,1,...}
=: O(w").

Lemma 3.9. For any fired p € N with plk, and
any given o, ¢ € X, with o # @, w’ and w’ are
equivalent to each other if and only if there exists
qge{l,..., p—1} such that T = wlo.

Proof. Let w® = w(0, ) and @W° = w(0, 7). Define
{o™},50 and {7 },>¢ by o™ = (a§”>, e Ul(cn))

and 7" = (Egn), ..., ™), where

o0 — o, g](.n) = sign Fj"(wo) forn>1

and j=1,..., k,

7® =7, 7" =sign Fr(@’) forn>1

and j=1,..., k.
From the result in the proof for Theorem 3.1, it
follows that for any p € N with p|k and for any
o € X, we have

o) — 7o) ang o) — )

forn=0,1,...,0l=1,...,p—1.
Since w° and w? are equivalent to each other, we
can find ¢ € {1,...,p — 1} such that w7(n) =
w? (n+q) for n > 0. Note that w? (n) = F™(w") and
w? (n) = F*(w"). Therefore, for any j € {1,..., k}
and n > 0, we have

_ . —0
ag-n) = signw;(n, W)

= signw;(n + ¢, o)
= aj(n +Q)
(n)

=nls}
o

So, we get 7 =7 = 71650 = 70,
Conversely, assume o, & € ¥, are given so that

o =n% for someqge{l,...,p—1}. (29)
Let w® and w® with w?(0) = w’ and
w?(0) = w" be p-periodic solutions of (4). Since

F1: Q(c,0) — Q(n%, 0), we have that w(n +
g, w°) = w(n, F(w’)) is a p-periodic solution of
(3) with F4(w°) € Q(n%0, 0). Note that (29) gives

signw) =7, = (790); = sign F;I(wo) :
This, together with a* < |E?| <b*forj=1,... k,

yields w" € Q(w%0, 0). From the uniqueness of a
p-periodic solution of (3), we then have

w?(n+q) =w(n +q, wo)
= w(n, Fi(u’))
= w™(n)

=w’(n) forn=0,1,....
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Therefore, w’ and w’ are equivalent to each other.

|
Theorem 3.10. Let N*(p) be the number of p-
periodic solutions of (2) which are not equivalent
to each other as p-periodic solutions of (4). Then
for each p € N with plk, we have N*(p) = N(p)/p.

Proof. We have shown that N(p) is exactly the
number of elements of ¥,. For each p € ¥,, the
p-periodic solution w? is equivalent to each of the
following p-periodic solutions w™, ..., w™ T As
mlo # o for any ¢ € {1,..., p — 1}, we conclude
that w™“ and w™ 7 are not equivalent to each other
when ¢ # j and 4, j € {1,..., p — 1}. Therefore,
for each w7, there are exactly (p — 1) equivalent
p-periodic solutions. This completes the proof. M

Remark 3.1. In (2), if b = 0, ¢ = 1,..., m, then
(2) becomes a system of m neural networks with
uni-directed connections.

4. Conclusions and Remarks

We conclude that the network (2) allows the coex-
istence of N*(p) stable p-periodic orbits for every
plk = Z;n:1 k;. This is in sharp contrast to the cor-
responding continuous model. For instance, it was
shown in [Wu, 1998] that for all excitatory contin-
uous networks with ring structure, the dominant
dynamic is the convergence to equilibria, and in the
case of delayed excitatory ring connections which
corresponds to the continuous version of (2), syn-
chronous/phase locked oscillations may exist but
cannot be stable. This seems to suggest that using
discrete networks are more efficient than continu-
ous ones, as far as the storage of periodic patterns
is concerned. Also formula (11), Theorem 3.10 and
the fact that k£ = Z;n:l k; give useful information
on how the number of neurons and the delays would
contribute to the capacity of stable periodic orbits
in a discrete network with loop delayed feedback.
For more general connection structures, we expect
that similar results will hold. We note that the case
where m = 2 was addressed in [Wu & Zhang, 2002].
By allowing the arbitrary number of neurons and al-
lowing different synaptic coefficients in the bidirec-
tional loop structure, we have 4m-parameters (p;,
ai, by, k; for 1 < i < m). This is extremely im-
portant in potential applications of neural networks
with delayed feedback to storing and retrieval of
large amount of prescribed periodic patterns. How

to train such a network with periodic patterns re-
mains an open and important work. We complete
this section with a list of numbers N*(p) for p be-
tween 1 and 20 to illustrate how large a network’s
capacity can be in terms of stable p-periodic orbits:
2,1,2,3,6,9, 18, 30, 56, 99, 186, 335, 630, 1161,
2182, 4080, 7710, 14532, 27594, 52377. .
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