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Abstract—To describe the encoding of continuous stimuli in
neural networks, continuous attractors have been recognized as
promising models. A continuous attractor is a set of connected
stable equilibrium points. It exhibits interesting dynamical prop-
erties in many recurrent neural networks. This paper studies the
continuous attractors of discrete-time Cellular Neural Networks
(DCNNs). The main contribution is that the representations
of continuous attractors for DCNNs are obtained under some
conditions. Such important results provide clear and complete
descriptions to the continuous attractors of DCNNs.

Index Terms—Continuous Attractors, Discrete-time Cellular
Neural Networks, Multistability.

I. INTRODUCTION

The model of Cellular Neural Networks (CNNs) was first
proposed in [1], [2]. It has been studied by many authors in
recent years. CNNs have been successfully applied to pattern
recognition, signal processing, associative memories [3], [4],
communication problems [5], Euclidean distance transforma-
tion [6], and especially in image processing, see for examples,
[7]-[11], etc.

The transfer function of CNNs is defined by piecewise
linear function. The piecewise linear function is essentially
nonlinear, many important dynamic properties and applications
of CNNs are crucially dependent on its properties. Many
interesting properties of the transfer functions of CNNs can
be found in [12]. Base on the properties of transfer functions,
many dynamical properties of CNNs are established, see for
examples [10], [11]. So far, most of the results on the dynamics
of CNNs are focused on global stability, complete stability,
chaotical properties, see for examples [13]-[20], etc.

Recently, dynamics of continuous attractors have been rec-
ognized as important properties of recurrent neural networks.
In biological neural networks, it is believed that external
inputs are encoded in neural activity patterns in the brain.
The brain can reliably retrieve the stored information even
when external stimuli are incomplete or noisy, achieving
the associative memory or invariant object recognition [28].
Recurrent neural networks are often used for invariant object
recognition as an associative memory. In most models of
associative memory, memories are stored as attractive fixed
points at discrete locations in state space. However, discrete
attractors may not be appropriate for patterns with continuous
variability, like the images of a three-dimensional object from
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different viewpoints. So the other way of representing each
object by a continuous manifold of fixed points is natural [27].

Continuous attractor has been studied by many authors
[21]-[32]. In [22], it shows that the memory of eye position
is stored in a neural network with an approximate line at-
tractor dynamics. If synaptic strengths and other parameters
are precisely tuned by learning mechanisms, a linear network
can exactly realize a line attractor dynamics [23]. Because the
stable states are arranged in a continuous dynamical attractor,
the network can store a memory of eye position with analog
neural encoding. Moreover, it was given in [23] that the
condition for the existence of line attractors of linear networks
is that the largest eigenvalue of connection weight matrix is
precisely unit and the rest of the eigenvalues have real parts
that are less than unity. In [24], nonlinear network models of
the oculomotor integrator are discussed. The synaptic weight
matrix is tuned by minimizing the mean squared drift velocity
of the eyes over a range of eye positions, leading to an
approximate line attractor dynamics. In [28], two important
issues when applying continuous attractors in neural systems
are discussed. One is the computational robustness of con-
tinuous attractors with respect to input noises and the other
is the implementation of Bayesian online coding. In [29],
the dynamics and the computational properties of continuous
attractors are investigated.

In this paper, we study the continuous attractors of discrete-
time Cellular Neural Networks (DCNNs). DCNNs belong to
an important class of recurrent neural networks and have been
studied by many authors, see for examples [33]-[38]. We will
address the important problem of continuous attractors: the
explicit representations of continuous attractors. By explicit
representations of continuous attractors, clear and complete
descriptions of continuous attractors can be given. Using the
properties of the transfer function of the DCNNs and by
rigorous mathematical analysis, the explicit representations of
continuous attractors of DCNNs are obtained. In [27], [28],
one-dimensional continuous attractors are studied. However,
a continuous attractor could be in multidimensional. The
continuous attractors in this paper are not restricted to be in
one dimensional, they can be in multi-dimensional.

The rest of the paper is organized as follows. Preliminaries
are presented in Section II. The main results on the represen-
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tation of continuous attractors of DCNNs are given in Section
III. Simulations are given in Section IV to illustrate the theory.
Finally, conclusions are drawn in Section V.

II. PRELIMINARIES

The discrete-time Cellular Neural Networks (DCNNs) will
be studied can be described by

z(k+1) = f(Wax(k) +b) (D

for £k > 0, where = (x1,--,1,)T € R™ is the state
vector, W = (W;; )nxn is the connection weight matrix which
is symmetric, b = (by,--- ,b,)” denotes the external input.
For any @ € R", f(z) = (f(z1), f(z2), f(2n))7, and the
function f is defined as follows:

_s4 1= |s 1]
f(S) - 9 ’
The transfer function f(-) is a piecewise linear function,

which is continuous but non-differentiable. Figure 1 shows
this function. The transfer function f(-) is an important char-

s € R.

A
f(s)
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Fig. 1. The transfer function of network (1).

acteristic of the DCNNS. In fact, many dynamic properties
and applications of DCNNS are crucially dependent on its
properties. The transfer function f is composed of three parts
with explicit boundaries, i.e.,

-1, s< -1,
fle)=<¢ s, —l<s<1,
1 s> 1.

3

Definition 1: A vector x* € R™ is called an equilibrium
point of (1), if it satisfies

¥ = f(Wz*+D).
Lemma 1: The set
B={z|lz;| <1,(i=1,---,n)}

is an invariant set of the network (1), i.e., each trajectory
starting in B remains in B for ever.
Proof: Given any z(0) € B, we have

ri(k+1) = f (Waxi(k) +b)
fork>0andi=1,---

2
,n. Because
£ ()]

< 1
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then, from (2),

[zi(k)] <

for £ > 0. The result now follows and the proof is completed.
Let €2 be an nonempty set, denote the distant from a point
x € R™ to the set Q2 by

L(i=1,--,n)

dist (z,Q) = min ||z — 2.
zteQ

Definition 2: A set of equilibrium points C is said to be
stable, if given any constant € > 0, there exists a constant
6 > 0 such that

dist (z(0),C) < 4§

implies that
dist (x(k),C) <e

for all £ > 0.

Definition 3: A set of equilibrium points C' is called a
continuous attractor if it is connected and stable.

The problem of representation of continuous attractors
is to derive the representations of the continuous attractors
explicitly.

III. CONTINUOUS ATTRACTORS

In this section, we study the continuous attractors of the
DCNNs. We will derive explicit representations of continuous
attractors of DCNNss.

By assumption, the synaptic matrix W is a symmetric
matrix. Let A\;(¢# = 1,---,n) be all the eigenvalues of W
orderedby A\; > Ay --- > \,,. Suppose that S;(i = 1,--- ,n)is
an orthonormal basis in R™ such that each .S; is an eigenvector
of W corresponding to the eigenvalue \;. Let o be the largest
eigenvalue of W with multiplicity m, clearly, o = A;.

Suppose that
b= bi-Si.
i=1

Theorem 1: Suppose that 0 = 1, bLV,, and |A\;| < 1(i =
m+1,-,n). If

3)

j=m+1
then, the network (1) has a continuous attractor and it can be
represented by

m n 7
_ - g J ,
Cc = {xx—chSz—i— > TS
=1 j=m+1
2 J )
Zci—f— ‘Z (1_Aj> <1,cl€R}.
i=1 j=m+1
Proof: Since b1 V,, from (3), then b~1 =...= b;n = 0.
Firstly, we prove that C' C B. Given any z* € C, then
there exist constants ¢f € R(i = 1,--- ,m) with

<1

m n 2
Dot .
i=1 j=m+1

b,
1—X

S



such that
x*:Zc;‘Sl—l— Z _]/\45']-.
i=1 j=m+1 J
Then
I = Do+ >0 |1
R . 1 - A]
i=1 j=m+1
< 1.
That is,
x* € B.

This shows that C' C B.
Next, we prove that each point of C' is an equilibrium point.
Given any z* € C, it follows that

f(Wa*+0b)

ZCWS+ Z

j= m+1

ZCS+ Z

j= m+1

f

)\S+ZbS

j=m+1

n

C:Si—l- Z

j=m+1

i=1
i=1
= f(@")
= a.
This shows clearly that * is an equilibrium point of (1).

Next, we prove that C' is stable. Given any z(0) € B,
let (k) be the trajectory starting from z(0). Since S,;(i =
1,---,n) compose an orthonormal basis of R", then z(k) can
be represented as

z(k) =Y z(k)S;

i=1

“

for k > 0, where z;(k) are some functions. By Lemma 1,

n

a(k) = z(k)S; € B,k > 0.
=1
Then,
Wa(k) =Y zi(k)WS; =3 z(k)\:Si,
i=1 i=1
for k > 0.
Since
N <1,(1<i<n)
and . ~
3 il 1,
A — A

clearly, Wx (k) + b € B for all k£ > 0.
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Then, it follows from (1) that

and

zi(k-i—l):)\izi(k')—i—bi, (i:m+1,-~- ,TL) (6)

for k£ > 0. Solving equations (5) and (6), it gives that

Zi (O),

Mzi(0) + ) AT,

r=1

for ¢ > 0. Then, from (4), it follows that

x(k) = zi(
i=1
n k ~
+ > (A?zj(o) + ZAg‘lb]) S; (D)
j=m+1 r=1
for kK > 0.

Given any € > 0, choose a constant § = €, we have

min {[l2(0) - [}

{
(zjm) -

ry

dist (x(0),C)

m

>

(Zz(()) — Ci> . Si
=1
)}

min
¢ ER(1<i<m)

+ Y

j=m+1

b;
— )

min
¢, ER(1<i<m)

where
_ . _ J
P= Z ) — )’ Z (z](O) 1—)\]‘)'
i=1 j=m+1
Clearly,
n E 2
i P} = (0)— —2 ) .
et 3 (a0 25)
j=m+1

Then,

dist (2(0),C)

If



then, from (7) that
dist (z(k),C)

= min {|lo(k) — 2|}

= min
¢, ER(1<i<m)

Z (2:(0) —¢;) - S;

+ > Mz(0)- S

j=m+1

n

+ 2
j=m+1

= min
¢ €ER(1<i<m)

t=1

where

k
(Z N,
Q}

b;
1- X

)5

}

Q =

m

i=1

It is easy to check that

(ZZ(O) — Ci)2 +

n

>

j=m+1

0)

min
¢ €ER(1<i<m)

{Q} <

Then,

dist (z(k),C)

> <Zj (0) —

j=m+1

n

(Zj (0) —

< X
j=m-+1

= dist (x(0),C)

< 4

€

b;
1-

for all £k > 0. By Definition 3, the set C' is a continuous
attractor of the network (1). The proof is completed.
Theorem 1 gives a representation for the continuous at-
tractor of the network (1). By this representation, one can
completely master the properties of the continuous attractors.

IV. SIMULATIONS

In this section, we will give some simulations to illustrate
the continuous attractors theory established in last section. Let
us first consider a three dimensional DCNN network.

Consider the three dimensional DCNN

0.5 0.5 0.5
zk+1)=f 05 05 =05 | z(k) ®)
0.5 —-0.5 0.5
for k£ > 0. Clearly,
0.5 0.5 0.5
W=1|05 05 =05
0.5 —-0.5 0.5
and
b=10,0,0]T.
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Fig. 2. Two dimensional continuous attractor of the network (8). It divides
the three dimensional box into two parts. Trajectories are attracted to the
continuous attractor.

It can be checked that W has the largest eigenvalue o = 1 with
multiplicity 2, and W has another eigenvalue —0.5. Moreover,
b_L1V,. By Theorem 1, the network exists a continuous attractor.
The continuous attractor is in two dimensional. Figure 2 shows
this two dimensional continuous attractor of the network (8).
The polygon in the figure represents the continuous attractor.
It divides the three dimensional box into two parts. The figure
shows that forty trajectories starting from randomly selected
initial point are attracted to the attractor.
Next, let us consider a two dimensional DCNN

"”(kﬂ)_f({m 0.5}3”("’”[0(.)2}) ©)

for k > 0. Clearly,
0
| o=[o2]

It can be checked that W has the largest eigenvalue 0 = 1
with multiplicity 1, and it has another eigenvalue 0. Moreover,
b_1V,. By Theorem 1, the network (9) exists one dimensional
continuous attractor. Figure 3 shows the continuous attractor of
the network. The line in the figure is the continuous attractor. It
divides the two dimensional square into two parts. The figure
shows that fifty trajectories starting from randomly selected
initial point are attracted to the attractor.

0.5 0.5

0.5 0.5

W= [ 0.5 0.5

V. CONCLUSIONS

There are two ways of representing objects as attractors
of a recurrent neural network dynamics: discrete attractors
and continuous attractors. In this paper, we have studied the
continuous attractor of DCNNs. Representations of continuous
attractors are obtained. Such important results provide clear
and complete descriptions for mastering continuous attractors.
The methods presented in this paper could be further developed
to study related problems of other class of neural networks.
More research on this direction are required.
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Fig. 3. One dimensional continuous attractor of the network (9). It divides
the two dimensional square into two parts. Trajectories are attracted to the
continuous attractor.
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