N

4

ELSEVIER

15 December 1994

Optics Communications 113 (1994) 53-60

OPTICS
COMMUNICATIONS

Spatio-temporal behavior of a bistable optical system
with global feedback

A.V. Larichev &, F.T. Arecchi ®!

* International Laser Centre, Moscow State University, 199899 Moscow, Russian Federation
b Istituto Nazionale di Ottica, 50125 Florence, Italy

Received 18 July 1994

Abstract

A bistable optical device, made of an extended system as a liquid crystal light valve (LCLV) plus a global feedback, displays a
time dependent behavior whereby the fields corresponding to the two stable states fill different regions of the available space,
and the boundary between the two regions moves periodically with a front velocity depending on the properties of the medium

as well as on the feedback strength.

1. Introduction

Liquid crystals light valves (LCLV) have been in-
troduced as noncoherent-to-coherent image convert-
ers for passive optical processing systems [1]. How-
ever, the high amplification of LCLV permits us to
use a part of the output signal for feedback. The feed-
back not only improves the accuracy of analog opti-
cal processing systems [2] but also provides the pos-
sibility to create a spatially distributed active
information system. The concept of active informa-
tion system is based on the neural network approach
to information processing [3,4]. One of the simplest
types of the neural network is WTA (winner takes
all), which is particularly interesting for pattern clas-
sifiers [5]. The global coupling between elements in
the WTA network creates conditions such that even-
tually only one neuron with the largest input has non-
zero output. LCLV based optical implementation of
a neural network with WTA behavior has been sug-
gested and theoretically investigated in Ref. [5].

! Also Phys. Dept., University of Florence, Florence, Italy.

Later, optical implementation of the WTA neural
network based on a novel electron trapping material
has been proposed [6], but so far it has not been
completely realized experimentally.

Note that, in the LCLV based systems with optical
feedback diffusion process in photoconductor and
small misalignments in the optical feedback loop may
lead to spatial instability [7]. This can create some
difficulties in the experimental realization of the
LCLV based WTA-type network. To eliminate this
effect one can use a sampling light spot array [7].
Nevertheless, the spatio-temporal behavior of the dy-
namical system with global and local interactions re-
mains a subject of interest.

In this paper we present the optical implementa-
tion of continuous WTA-type neural network. In or-
der to realize a global coupling we use the depen-
dence of the LCLYV spatial uniform phase shift on the
amplitude of applied voltage. This solution effec-
tively simplifies optical and electronical parts of setup.
We report a regime in which different fixed points of
the dynamical system are stabilized in different spa-
tial regions, as well as a time dependent regime in
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which the boundary between the two otherwise stable
regions moves with a front velocity which can be
evaluated. This motion can be periodic or chaotic de-
pending on the parameter setting.

It is important to notice that, while optically bi-
stable (OB) devices have originally been devised to
have two stable and mutually exclusive operating re-
gimes [8], in a spatially extended case as our system
the two regions can coexist in different space regions
and the edge be subjected to periodic motion. As a
consequence, while standard OB [8] is useful in se-
quential information processing, space extended OB
inserted in a parallel information processor requires
a careful control of these dynamical features.

2. Experimental setup and mathematical model

The scheme of the experimental setup is shown in
Fig. 1. The input linearly polarized laser beam (60
mW, 514 nm) is expanded by a telescopic system up
to 20 mm and directed on the LCLV by the internal
mirror. After the double passage through the LC layer
the wave acquires an additional phase modulation
u(r, t), which depends on the voltage distribution
Vic(r, t) on the LC layer. The dynamics of u(r, ¢)
can be described by a Debye-type relaxation equa-
tion [9]:

Tou/dt+u=LA, u+f(Vie) , (1)

where 7 is the response time of LC, / is the LC diffu-
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Fig. 1. The scheme of experimental setup.

sion length, fis a modulation function of the LC.
Since, for the LCLV with an internal dielectric mir-
ror only ac voltage can be used, we consider Vi to
be the average value of it, over an averaging time 7,
such that: Tps X 7, < 1, Tpg being the period of the ac
voltage. Also we neglect for simplicity the saturation
of photoelectric response of the photoconductor,
which yields

Vie=Vps Coc/Crc+EI(r, 1), (2)

where Fpg is the output voltage of the power supply,
Crc, Cic are the capacitances of LC and photocon-
ductor, respectively, £ is the photoconductor sensi-
tivity, I(r, t) is the intensity of the controlling field
incident on the photoconductor layer. The reflected
field is passed through beam splitter BS, polarizer P1
and 4f lens system L,, L, which forms the image of
the LC layer at the input end of the glass-fiber bundle
F. The waveguide F is used for compensation of the
image rotation in the 4f system. We take the input
wave polarization at the angle /4 with the LC direc-
tor and the orientation of polarizer Pl orthogonal to
the input beam polarization. Then the controlling
field intensity on the photoconductor becomes

I(r,t)y=1{1 +cos[u(r, t)+¢e1}, (3)

where I is the intensity of the input beam and ¢, an
initial phase shift.

The same intensity distribution is produced by lens
L, on the matrix of the CCD camera. The video sig-
nal is recorded and digitised by a frame-grabber board
for further analyses.

The space integral of the output intensity I(r, ¢) is
obtained by focusing through lens Ls onto the pho-
todiode PD. The electrical signal is converted to dig-
ital form by the analog-to-digital converter (ADC).
We use computer CM for simple transformations of
this signal: inversion, multiplication by the gain coef-
ficient « and addition of a positive bias B. We add
this constant in order to avoid negative values of the
modulation signal amplitude. Digital data from the
output port of the computer are converted by DAC
into an analog signal, which modulates the power
supply PS. The response time of the electronic feed-
back is 40 ps, that is, negligible as compared with the
response time of LC (7=50-100 ms). In this case we
can represent the output voltage of PS in the form
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VPS=V35+B+ajI(r, t)dr, (4)
N

where V3 is the initial voltage of PS. By changing
this voltage we can choose the initial phase shift ¢,
(in our experiments go=0).

A noncoherent light source LS with condenser CD
is used for illumination of the amplitude slide SL. The
image of SL is formed by lens L on the input end of
the fiber bundle F. This scheme permits to produce
an additional spatial non-uniform phase shift uo(r).
By substituting expressions (2)-(4) into (1) and us-
ing a linear approximation for the function fone can
obtain the complete equation for the nonlinear phase
modulation u(r, t)

7?7—1: +u=0_2A, u+K(1+cos u+B

—aI (1+4cos u) dr)+uo(r) , (5)
s

where K is the amplification factor of feedback. This
model is identical with the model of continuous WTA
neural network, which was numerically investigated
in Ref. [5].

3. Experimental demonstration of extrema selection

In order to show the possibility of the 2D func-
tion’s extrema selection we install at the input plane
of the illumination system a slide with the following
transmission distribution

T(p, 9) =sin’(29) sin*(y/2p+7/2) , (6)

where p, ¢ are the polar coordinates at the input plane.
This function has four maxima with equal ampli-
tude. In this experiment B and « are close to unity.
Fig. 2a shows the output intensity distribution with
closed optical feedback (without electronic feed-
back). Since the optical feedback automatically ad-
justs the working point of LCLV in inversion con-
trast mode, the minima on Fig. 2a correspond to
maxima of T(p, ¢). Nonlinearity and spatial inho-
mogeneities in LCLV induce distortions of maxi-
mum amplitudes. As result we have four minima with
different amplitudes. The output intensity distribu-

Fig. 2. Examples of extrema selection: (a) optical feedback ON,
electronic one OFF, (b) optical and electronic feedbacks both
ON.

tion with closed optical and electronic feedbacks is
shown on Fig. 2b. Two bright spots appear at the lo-
cation of lower level minima. Size and shape of these
spots are determined by the concavity close to the
minima. The integrated intensity on the feedback
loop, and consequently the total area of bright do-
mains, is controlled via B and «. The output inten-
sity distribution with small bright spots, however, is
unstable. Under small perturbations of the laser or of
the noncoherent illumination source, bright spots
disappear.

The transition process from the only optical feed-
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back (Fig. 2a) to the optical and electronic feedbacks
(Fig. 2b) is characterised by two different stages. The
first stage corresponds to the formation of the output
intensity distribution of the type “bright spots on dark
background”. The shape and location of spots roughly
agree with the form and position of the initial inten-
sity distribution minima. The duration of this stage
is approximately 2-37. In the second stage the system
more precisely adjusts the shape and location of the
bright domains. This stage lasts as long as the veloc-
ity of the domain boundaries is non-zero. Its dura-
tion is more than 10 times longer than that of the first
stage. The characteristic time of the second stage is
determined by the velocity of switching waves and
consequently by spatial resolution (i.e., diffusion
length /) and response time 7 of LCLV.

Increase of « leads to reduction of bright domain’s
area and total transition time. However, when « be-
comes higher than 1.2-1.4, spatio-temporal oscilla-
tions appear.

4, Spatio-temporal self-oscillations

Since the oscillation behaviour of the system with
additional non-coherent illumination is rather com-
plicated, we restrict our attention to the case without
it. In this condition, the initial (with optical and elec-
tronic feedback OFF) output intensity distribution
has some modulation along the x axis (shown in Fig.
3c). This modulation corresponds to initial linear
phase modulation in LCLV. The amplitude of this
phase modulation is approximately z/6. When opti-
cal and electronic feedbacks are ON and « is suffi-
ciently large, spatio-temporal oscillations are excited.
Fig. 3 illustrates the main stages of this process. The
bright domain arises close to the minimum of the ini-
tial intensity distribution. The intensity and size of
this domain and also the intensity of dark back-
ground change in time (compare Fig. 3a and Fig. 3c).
The dark and bright boundary layers are observable
on Fig. 3b and Fig. 3e, respectively.

The time dependence of the intensity over a beam
crossection (space-time plot) is reported in Fig. 4a.
This space-time plot is obtained experimentally by
stroboscopic recording of 48 intensity distributions
with the same system parameters as in Fig. 3. The
dashed line on Fig. 3¢ indicates the position of the

Fig. 3. The main stages of spatio-temporal oscillations (a=1.9;
b=0.6).

cross-section. From Fig. 4b one can obtain informa-
tion about the time behaviour of intensity 7, within
the bright domain and 7, within the background. The
time dependence of the total size S, of the bright do-
main and its approximation by a cosine function are
also given in Fig. 4b. Here we use the normalized size
So= (Sp—STin) /STa* where SP", SP** are mini-
mum and maximum sizes of the bright domain. It is
easy to see that intensities 7, and I, oscillate with the
same phase. The oscillation of the bright domain to-
tal area, however, has a phase shift Ag in the range
3n/4 < Ag< rm with respect to these intensities. It cor-
responds to the fact that variations of S, are caused
by switching processes in the boundary layer of the
bright domain. The characteristic time of these pro-
cesses depends not only on the LCLV response time
7 and optical feedback gain K, but also on the LCLV
spatial resolution. As result the equivalent response
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Fig. 4. Time behavior of output intensity in the 1D crossection of the beam: (a) space-time plot, (b) time dependences of I, Iy and S,

time for bright domain size variations is higher than
the response time for I, and 1.

In analogy with biological and chemical systems,
we consider our system as a dissipative two-compo-
nent nonlinear system [ 10]. The intensities [, or I,
play the role of the first component, since they have
a similar time behavior. The bright domain size S
can be selected as the second component. For partic-
ular sets of feedback gains K and o the cosine nonlin-
earity can be approximated by a N-type curve, that is
generic for many chemical and biological systems. In
view of these facts, it is possible to explain the exis-
tence of self-oscillations regimes in the system.

However, it is well to bear in mind that this anal-

ogy is fairly rough and can explain only the simplest
features of the system dynamics. More complex re-
gimes are excited in the area of multistability of the
system, which is connected with the cosine-type
nonlinearity.

Sets of experiments have been carried out for
studying the influence of & on the behavior of the
system. Typical results are presented in Fig. 5. Figs.
Sa, 5c and Se show phase trajectories for time series
of the integrated feedback intensity

L= J 1+cos(u+g¢p) dr.
Ay

Figs. 5b, 5d and 5f show the power spectra of these
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Fig. 5. Phase trajectories (a, ¢, ¢) and spectra (b, d, f) of output integrated intensity. (K=8; B=0.6), (a,b) @=1.9, (c,d) a=2.7, (e,
f) a=3.0.



A.V. Larichev, F.T. Arecchi / Optics Communications 113 (1994) 53-60 59

time series. Near the excitation threshold the form of
oscillations is close to a harmonic function (Fig. 5a,
b). Increasing « adds complexity to the oscillations.
At the @=2.7 the spectrum (Fig. 5c) contains sev-
eral frequencies over a continuous background. This
type of spectrum and the associated phase trajecto-
ries (Fig. 5d) suggest that a strange attractor is pres-
ent. The further increases of « leads again to periodic
motion (Fig. 5f).

The minimal model to describe the limit cycle be-
havior is made of the following elements. In the uni-
formly bright or dark regions the reaction-diffusion
equation (5) for u can be approximated as a diffu-
sionless equation for a space independent u-field

tdu/dt+u=F(u)—az. (7)

Here F(u)=K(1+cos u) represents the optical feed-
back, while the variable z is the integrated intensity
providing the global electronic feedback. It can be ex-
pressed in term of the localized position (0<x<1in
normalized units) of the boundary front between the
first and second solution of the bistable stationary
equation emerging from Eq. (7), that is,

ut+az=F(u) . (3)

We schematize the model for the one dimensional
case (justified if the two domains are separated by a
regular boundary as in Fig. 3). We approximate the
working range of F(u) (i.e., the range around the in-
tersection with the linear function u+«z as in Eq.
(8)) by a cubic, which provides three solutions for
Eq. (8): u,, u; are stable and the intermediate one u,
is unstable.

The velocity of the switching front x between the
two stable solutions is uniquely specified in terms of
the solutions of Eq. (8) as (see Ref. [12], Eq.
(11.07))

dx/dt=B(u, ~2u; +us) , (9

where f is a suitable combination of parameters of
the model.

Egs. (7)-(9) must be completed by a functional
relation z(x) for the integrated intensity in terms of
the front position. For instance, in the drastic ap-
proximation of the cubic as three pieces of straight
line, two vertical ones located at #, =0 and v3=nand
a connecting third piece of slope 2¢, the relation z(x)
is simply

z(x)=x, (10)

since we must weight the two intensities I, = § (1 +cos
u;)=1and Iy=14(1+4cos u3) =0 with xand 1 —x, re-
spectively. Similarly in this case Eq. (9) becomes

dx/dt=p(1-2ax) . (11)

Numerical solutions of Eq. (7) coupled to Eq. (11)
provide very easily limit cycle behavior. Even with-
out these drastic approximations, the single species
model of Eq. (7) coupled via z(x) to front velocity
of Eq. (9) gives limit cycle oscillations which mimic
what observed experimentally in Fig. 5. The more re-
alistic F(u) =K(1+cos u) provides more than three
solutions of Eq. (8) and this makes possible a cha-
otic behavior. A more detailed analysis will be pre-
sented elsewhere.

5. Conclusions

The extremum selection in the input image by a
nonlinear optical system with WTA-type dynamics
has been demonstrated. Diffusive coupling limits the
accuracy of selection and decreases its speed. The
radical solution of this problem is presumably possi-
ble by using a specific LCLV with internal mirror
consisting of separated subapertures. This proposal
is basically the same as sampling of input beam [7],
but it seems more convenient for our optical scheme.
Furthermore, the simultaneous coexistence of differ-
ent solutions in separate space regions has been ex-
perimentally demonstrated, and the boundary be-
tween the two regions was shown to undergo periodic
or chaotic motion. A simple model captures the es-
sence of this dynamic behavior.
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