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Abstract. In this paper some recent results of the authors’ research
on Cellular Neural Networks (CNNs) are reported and some novel ap-
plications are introduced. In particular the CNN paradigm is shown
to be able to represent chaotic and hyperchaotic motions generated by
some canonical circuits. Moreover thoroughly different dynamics often
met in living systems and represented by non linear partially differential
equations have been shown to be suitably reproduced in CNN arrays.
Finally some interesting applications to motion control, currently under
investigation, are briefly introduced.

1. Introduction

In the last few years, a broad spectrum of activities in the circuits and sys-
tems community has been devoted to discovering how the nonlinearity and the
interactions of simple circuits lead to complex dynamics [1]. The initial im-
-petus for this appealing activity was provided by the introduction of Chua’s
circuit [2]. Recently, the active use of chaos in real electrical engineering appli-
cations [3] has further stimulated the activity of presenting new circuits with
strange nonlinear behaviour. However, the invention of the Cellular Neural
Network (CNN) [4]- [5] has led to a charming possibility of research among the
scientific community. Moreover, current CNN systems are assuming a funda-
mental role as an appropriate platform for studying complexity [6].

The approach discussed in the first part of this paper allows exact generation
of the dynamics (chaotic and hyperchaotic) of a wide class of nonlinear dy-
namic systems by a suitable connection of State-Controlled CNN (SC-CNNs)
cells. In this way, the SC-CNN can be considered a simple analog computing
element for complex nonlinear system simulation. The approach proposed has
also some interesting consequences with regard to the circuit implementation
of these systems. Among these, the use of inductors is avoided and the nonlin-
earities are obtained by the natural saturation of amplifiers.

Theoretical propositions are presented to fix the templates of the SC-CNNs in
such a way as to exactly match the dynamic behaviour of many well-known
nonlinear circuit dynamics [11]- [15]. In each case the corresponding SC-CNN
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based implementation is presented referring to its easy and cheap implementa-
tion and the experimental results are reported.

In the second part of the paper it is shown that, due to their locally distributed
way of exchanging signals, CNNs can be used as powerful devices to simulate
and to reproduce, in an analog fashion and low cost, complex behaviours, i.e.
dynamics commonly encountered in living systems, such as autonomous wave
formation and propagation [20] as well as morphogenetical pattern develop-
ment (23], [24]. In fact it is proven that both of these behaviours can be
simulated with CNNs with the same cell structure, and the thoroughly differ-
ent dynamics can arise only suitably modulating the CNN cell parameters [16],
[21]. However, in this paper only the aspects referring to autowaves formation
are discussed, in view of their use for a novel type of applications in the motion
modelling field.

2. State Controlled Cellular Neural Networks for non lin-
ear dynamic generation

The first issue of this Section is to introduce the State Controlled CNN model
(SC-CNN). In the original definition of Chua and Yang [4] the state variable
of a cell directly depends on the outputs and inputs of the cells belonging to
its neighbour set; so the dependence on the state variables of the neighbours
1s indirect because it comes from the neighbour cells outputs. In the SC-CNN,
on the other hand, the dependence on state variables is explicitly obtained by
adding a new template, named state template.

Definition 2..1 The State Controlled Cellular Neural Network (SC-CNN) is a
two-dimensional array of nonlinear dynamic systems, described by the following
‘state equations:

zi;(t) = —zi5(¢) + Z {Aijpiyei(t) + Bijmiuri (t) + Cijrizra(t)} + L
C(k,)EN,(3,5)
(1)

Yij = f(2ij)) =05 -(Jziy + 1| = |zij —1)I<i<M 1<j<N (2

where N and M are the array dimensions; N,(i,j) is the neighbourhood set of
the cell C(4,4); :;(t), vij(t) and u;;(t) are the state variable, the output and
the input of the cell respectively; Ajjpi, Bijki and Cijg are known as tem-
plates (here assumed as constanis) called feedback, control and state templates
respectively, while f : R — R is the output nonlinearity (saturation function).

The definition, given for a two-dimensional array of cells, can be generalized to
an n-dimensional array of cells.

The procedure establishing the SC-CNN templates for some assigned nonlinear
circuit state equations consists of comparing the full set of SC-CNN equations
with the known circuit state equations. In the particular case of linear SC-
CNNs, where the output nonlinearity is defined by equation (2), there are
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sote restrictlons on the nonlinear terms that can actually be preseut. ln fact
only nonlinearities of the type:

y=fz)=a-z+b-(Jz+1|-|z-1]) (3)

can be included into the circuit equations (in the equation above a and b are
real constants,  is a state variable and y is its corresponding nonlinear term).
However, changing the state representation of the given system via a suitable
non-singular linear transformation can be useful to represent circuit equations
containing a nonlinear term that is a function of two state variables [22]. How-
ever, such a strategy often leads to SC-CNNs with space-variant templates.
In Fig.1, some well known chaotic and hyperchaotic attractors, reproduced by
using the SC-CNN paradigm are reported as examples of a much wider gallery
of complex dynamics already obtained.

(%) d

Figure 1: SC-CNN generation of some well-known chaotic attractors:
a:Chua’s circuit [2]; b: hyperchaotic attractor [25]; c:N-Double scroll [26];
d:Multimode Chaos [27]

3. CNNs to generate complex dynamics

In this section some studies regarding the generation of reaction-diffusion type
dynamics by using CNNs are presented. A reaction-diffusion systems can be
considered as an ensemble of a large number of identical subsystems, coupled
one another by diffusion [8]. These systems are often met in living structures,
physiological systems, as well as in chemical reactions or in combustion [7], [9].
They have been traditionally been modelled by means of non linear partial
differential equations. In this framework, CNNs represent a powerful tool for
their real-time simulation [17]. In particular the traditional CNN scheme with
constant templates and without considering the state template C' in equation
(1) has been taken into consideration. Each cell in the CNN array is a sec-
ond order non linear system characterised by a limit cicle regime showing a
slow-fast dynamics. The connection of each cell to the neighboring ones by
means of templates representing the discretized version of the laplacian op-
erator gives rise to an autonomous two-layer CNN called Reaction-Diffusion
CNN [10]. Suitable circuit parameters and suitable initial conditions lead to
the onsed of the so-called auto waves [20], which consist in particular waves,
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which differ from traditional waves and take place in non linear active media.
A theoretical study of a CNN cell able to generate autowaves was performed
in [16]. Moreover several simulations were performed in order to verify the
suitability of the designed CNN. A study revealed also the robustness of such
phenomena against parameter uncertainties and noise. Therefore the hardware
realization of the autonomous CNN has been carried on [29]. In particular a
main board, able to include a CNN matrix 525 has been built and autowaves
have been observed and measured (Fig.2). Among the various applications of

Figure 2 Awtowave propagaiing through the CNN matriz rows. The CNN
matriz is schematically shown in the bottom right part of the figure

autowaves reported in literature [18], [19], here attention is focused on typical
examples taken from mathematical biology which refer to non linear reaction-
diffusion PDEs in order to model the excitation and propagation of impulses
in nerve membranes. From such considerations the idea has ariasen to use
autowaves for motion control purpouses. In fact, since autowaves, as solutions
of nonlinear PDEs, represent active spatiotemporal phenomena, they can be
used to control motion, which is a classical spatio-temporal phenomenon. If
the cell outputs of, for example, one column of the 5z5 CNN array are used
to drive some motion actuators, it is possible to observe the autowave shape
directly on some moving objects. The experiment taken into consideration
regards a worm-like walking mechatronic system, whose motion is controlled
directly from the values of the first output variables of each of five cells of the
CNN array (Fig. 3). This is the first example of how complex phenomena,
typical of living systems, can be suitably reproduced in CNN arrays and used
to emulate living motions.

4. Conclusions
lii vhis paper an overview on some appealing results obtained in the study of

Cellular Neural Networks is presented. In the first part of the paper it is shown
that CNNs are able to exactly match a wide variety of chaotic and hyperchaotic
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Figure 3: Walking cellular robot driven by autowaves reproduced by UNNs

motions, while the second part focuses attention on the application of CNNs
to suitably reproduce reaction-diffusion phenomena, often met in living cells
motions. Referring to a hardware setup already built by the authors, in which
autowaves have been observed and measured, an interesting new application
to motion control is breafly discussed. The brief overview reported in the
paper on the various theoretical and practical aspects of CNNs gives an idea
on the powerful possibilities offered by such devices to model and reproduce a
wide variety of complex motions, which range from chaos to self-organization
phenomena.
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