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We demonstrate generalized synchronization in a spatiotemporal chaotic system, a liquid crystal
spatial light modulator with optoelectronic feedback.
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Patterns in spatiotemporal systems are evident in na-
ture and have been investigated extensively for many
years [1]. Experiments and numerical models of pattern
formation have revealed and explained different aspects
of these intriguing phenomena. A most interesting dy-
namical aspect of pattern formation that is only begin-
ning to be explored is the question of spatiotemporal
synchronization, particularly for chaotic systems. In the
past decade, a great variety of temporal synchronization
phenomena have been reported for chaotic systems, in-
cluding identical, phase, lag, and generalized synchroni-
zation [2]. However, it is only very recently that there
have been efforts to demonstrate identical synchroniza-
tion of spatiotemporal chaotic patterns [3].

Measurements of drive and response signals in ex-
tended spatiotemporal systems may have important ap-
plications in methods for noninvasive testing and
monitoring of structures and materials, ranging from
buildings to nanostructures such as biomolecules. They
could also be used for computing in optical systems and
encoded communications systems, including parallel
communications. The dynamical synchronization of spa-
tial patterns could have applications to spatiotemporal
communication [4], which provides a practical motivation
for the work presented here. The dynamics and patterns of
the drive and response systems may differ greatly in
character when generalized synchronization occurs and
may provide an additional element of camouflage for
message information.

While identical synchronization is more easily under-
stood, detected, and quantified, generalized synchroni-
zation presents a much greater challenge to the
experimentalist. Theoretically, generalized synchroniza-
tion may be shown to exist between the drive and re-
sponse systems through the predictability [5] or the
existence of a functional relationship [6]. These ap-
proaches have been implemented in numerical models
but are often difficult to implement in experimental mea-
surements, due to the presence of noise and lack of pre-
cision. The auxiliary system method has been suggested
for detecting generalized synchronization [7] when rep-
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licas or duplicates of the response system are available. In
this method, the drive system is coupled to two or more
response systems. If, after starting from different initial
conditions, the response systems display identical syn-
chronization after a period of transient dynamics depen-
dent on system parameters, we can conclude that the
response signal is generally synchronized to the drive
[7]. In recent experiments, generalized synchronization
has been observed in a one-dimensional laser system with
optoelectronic feedback using the auxiliary method. This
has been seen when systems with many degrees of free-
dom are coupled together by only a few variables or a
lumped variable [8].

In this Letter, we demonstrate generalized synchroni-
zation experimentally in a spatiotemporally chaotic two-
dimensional system. An optoelectronic feedback loop
using a liquid crystal spatial light modulator (SLM) is a
flexible method for generating spatiotemporal patterns
and has been used in this manner over the last 20 years
[9–11]. These patterns range from hexagonal close packed
dot structures to spatiotemporal chaos. Numerical models
of liquid crystal SLM behavior show a variety of regular
and irregular patterns that correspond well to experi-
ments [10]. We use the auxiliary system method to show
that generalized synchronization occurs between a re-
corded and replayed sequence of drive and response
patterns.

In our experiments, the reference light beam from a
linearly polarized 633 nm helium neon laser is incident
on a Hamamatsu computer controlled, electrically ad-
dressed liquid crystal SLM, as shown in the experimental
setup of Fig. 1. After reflecting off of the phase grating,
the beam propagates for approximately 2.5 m before it is
incident on a Pulnix TM-72EX charge coupled device
(CCD) camera. The SLM uses the videographics array
output to make a gray-scale pattern on an internal liquid
crystal display (LCD). Though the liquid crystal is not
pixilated, the LCD consists of an array of 640� 480
pixels, 480� 480 of which are active and of which the
central 244� 360 are used in this experiment. The image
from the camera is then displayed on a computer monitor
2004 The American Physical Society 084101-1
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FIG. 2. (a) is a typical far field chaotic pattern generated by
the SLM in the closed-loop feedback system. (b) is a 3D plot of
the autocorrelation from which we take 2D slices at the peak in
the x and the y direction. We calculate the FWHM of the slices
and, from this, the grain size. (c) is a plot of the average grain
size in the x and y direction versus the bias voltage.
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FIG. 1. Experimental setup for generalized synchronization
of spatiotemporal chaos: SLM, spatial light modulator; M, mir-
ror; LCD, liquid crystal display; DM, dielectric mirror.
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and also transferred to the SLM. The camera detects
114� 180 pixels from the center of the diffracted beam
and the inverted image is displayed on the array of 244�
360 pixels in the center of the LCD. Therefore, we use an
inverted stretched image of the central portion of our
beam as the feedback signal over the utilized area of
the SLM. An internal laser provides a write light beam
that propagates through the LCD onto the back of an
amorphous silicon photoconductive layer coated on trans-
parent glass plates, which place voltages across the liquid
crystal. This creates the phase grating, as shown in Fig. 1.
Thus the intensity pattern, created by the initial phase
grating and displayed on the monitor, transforms the
liquid crystal into a new phase grating which, in turn,
modulates the laser beam and the process repeats, again
as shown in Fig. 1. The time scales for the liquid crystal
are approximately 30 ms for turn on (this depends on the
bias voltage) and approximately 40 ms for relaxation into
the off state. The LCD refresh rate is 30 Hz. The pattern
evolution time scale depends on the bias voltage and the
refresh rate of the LCD. These time scales are all roughly
comparable in the regime of operation of the experiment.

The closed-loop (the configuration that includes the
broken arrow in Fig. 1) intensity patterns are recorded for
approximately 17 s on a Silicon Graphics Inc. O2 Media
Recorder in Apple Quicktime format at a rate of
30 frames=s. The resulting sequence of patterns (a movie)
that are generated from the closed loop are spatiotempor-
ally chaotic and serve as the drive signals in the auxiliary
system method. In previous experimental and numerical
studies of liquid crystal pattern formation, the route to
chaos via destabilization of regular patterns is governed
by the intensity of the write light [9–11]. In our system,
the write light intensity is fixed, and when the SLM is in a
feedback loop, we see chaos immediately, if the bias
voltage exceeds a threshold value of 1.5 V.

In our experiments, the parameter we vary is the bias
voltage. Drive movies were recorded at bias voltages
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between 1.50 and 5.00 V at 0.25 V increments. Bias
voltage plays an important role in determining the prop-
erties of the optical turbulence that we observe in the
closed-loop system. Figure 2(a) shows a typical picture of
the images that appear when the SLM is run in a closed
loop. The average grain size depends on the applied bias
voltage, the smallest grain size appearing at the middle
bias voltage levels and the largest appearing at bias volt-
ages closer to the minimum and maximum values. The
grain sizes were determined using a two-dimensional
autocorrelation function after subtracting the mean value
of each image. The full width at half maximum (FWHM)
was then calculated and an average grain size was ex-
tracted. The autocorrelation function and average grain
size as a function of bias voltages for a variety of drive
signals can be seen in Fig. 2(b) and 2(c), respectively. The
spatial Fourier spectra were also calculated, and they
correspond well to the autocorrelation results.
084101-2
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To test for generalized synchronization, an open-loop
configuration is created by breaking the connection
shown by the dashed line in Fig. 1, and a second computer
is connected to the SLM. The drive movie stored on the
original computer is ‘‘played’’ into the SLM by the sec-
ond computer and the SLM response to the drive movie is
recorded on the original computer. Several response sig-
nals to the same drive signal are recorded in order to
implement the auxiliary system test for generalized syn-
chronization. Additionally, the initial conditions of each
response movie are made to differ by placing a different
initial frame on the drive movie each time it was played.
The intensity patterns of the response movies are then
compared with each other, frame-by-frame and pixel-by-
pixel, in order to see if the response system is generally
synchronized to the drive system. The experiment was
repeated for different values of the SLM bias voltage.
Since all of the movies are recorded on the same setup, all
images undergo the same transformations.

Figure 3 shows typical snapshots of the drive and two
response movies at the same frame number. It is evident
that the drive and response images look very dissimilar
but that response 1 and response 2 are nearly identical,
which is consistent with generalized synchronization.
The quality of the synchronization is quantified by the
synchronization error. This is the difference of the gray-
scale values at each two-dimensional spatial location
(pixel) between the images of the two response movies,
he�x; y; t�i � 10� log10hj�IA�x; y; t� 	 IB�x; y; t�
ji, where
the angle brackets denote space and time averaging.
IA�x; y; t� and IB�x; y; t� are the normalized intensities of
(a) Drive

(b) Response 1 (c) Response 2

FIG. 3. Typical far field chaotic patterns generated by the
SLM in the closed-loop drive system (a) and the open-loop
response system (b),(c), at 1.5 V bias voltage. The chaotic
patterns for the two responses are well synchronized both
spatially and temporally.
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the two response images at the position of �x; y� at the
time of t in the two response movies. For calibration, the
synchronization error was computed for the response of
the SLM to the same static image at two different times
and was found to be approximately 	30 dB. Therefore, a
synchronization error of less than 	25 dB was defined as
the threshold for generalized synchronization. The results
of this analysis are presented in Fig. 4(a), where the
transient period before synchronization is a result of the
mismatched initial conditions, and time is represented by
the frame number of the movie. The movies analyzed
were responses to a drive movie taken at a bias voltage
of 1.5 V. Initially, the responses are unsynchronized, but
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FIG. 4. Characteristics of generalized synchronization.
(a) Transients of generalized synchronization error at different
bias voltages of the SLM. (b) Transient time (frame number) of
generalized synchronization as a function of bias voltage. The
threshold for synchronization is set at 	25 dB. (c) Generalized
synchronization error at different bias voltages after the tran-
sient period.
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the synchronization level increases (error decreases) with
time and converges to an error of 	30 dB.

The system shows transient behavior on time scales
that depend on the bias voltage. The first frame of the
drive movie was changed each time the drive movies were
played to the response system, but the changes in initial
conditions were identical for each bias voltage. However,
the system response to these changes varied depending on
the response bias voltage, as did the time the responses
took to synchronize. Figures 4(b) and 4(c) show how the
synchronization error depends on the bias voltage of the
response system. Transient time monotonically decreases
as the bias voltage increases, which indicates that re-
sponses taken at high bias voltages synchronize to the
drive signal more quickly than those at low bias voltages.
Generalized synchronization error after the transient
process was also investigated as a function of bias volt-
age. Figure 4(c) demonstrates that the synchronization
error is approximately constant for all values of the
response bias voltage once synchronization occurs. The
system, therefore, reacted to the change in initial con-
ditions differently for each bias voltage. When a static
image is placed on the SLM, tuning the bias voltage
affects only the spatial resolution of the image; it does
not change the image itself. In the dynamic case studied
here, tuning the bias voltage results in changes in the
images formed in response to the same drive images.
The different transient responses of the SLM at different
bias voltages are evidence that the SLM is not just acting
as a passive filtering device, but that the generalized
synchronization is a product of dynamics internal to the
device.

We can conclude that the response system displays
generalized synchronization to the drive, independent
of initial conditions. Since the dynamics of the response
system are repeatable and reproducible, generalized syn-
chronization is stably achieved in this system. We do not
observe identical synchronization in our experiments.
The reason for observing only generalized synchroniza-
tion is a loss of information in the recorded movies at
each iteration of the feedback loop. Feeding back only the
center portion of the diffracted beam leads to a signifi-
cant loss of information and resolution of the spatial
pattern. All of these issues result in a recorded movie
that has lost various spatiotemporal degrees of freedom,
corresponding to hidden variables in the system. This is
analogous to loss of modal information corresponding to
hidden degrees of freedom in the experiment presented in
Ref. [8].

In conclusion, we have observed generalized synchro-
nization of spatiotemporal chaos in an optoelectronic
feedback system with a liquid crystal SLM. The transient
characteristics of generalized synchronization depend on
the bias voltage of SLM, whereas the generalized syn-
084101-4
chronization error is almost constant at various bias
voltages after transient.
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