
Physica D 205 (2005) 80–86

Global synchronization in two-dimensional lattices of discrete
Belousov–Zhabotinsky oscillators

Hirokazu Fukudaa,∗, Hiroki Morimurab, Shoichi Kaia,c

a Department of Applied Quantum Physics and Nuclear Engineering, Faculty of Engineering,
Kyushu University, Fukuoka 812-8581, Japan

b Department of Applied Quantum Physics and Nuclear Engineering, Graduate School of Engineering,
Kyushu University, Fukuoka 812-8581, Japan

c Department of Systems Life Sciences, Graduate School of Systems Life Sciences,
Kyushu University, Fukuoka 812-8581, Japan

Available online 10 February 2005

Abstract

Macroscopic synchronization was investigated experimentally in the Belousov–Zhabotinsky reaction with a two-dimensional
lattice arrangement of coupled chemical oscillators. The natural frequency of each oscillator was distributed randomly and the
spacing distanced between beads was varied, where the coupling strength between two oscillators was controlled by changing
d. At smalldbeyond a certain critical value, the oscillators synchronized spontaneously with each other. Global synchronization
in the lattice was described as a function ofd. The critical coupling strength for global synchronization depends on the total
number of oscillators. When noisy light was applied uniformly to whole oscillators, the order of synchronization was maximized
at optimal noise intensity: noise synchronization was observed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The phenomenon of synchronization in a large num-
ber of coupled nonlinear oscillators has been studied in
physical[1–12], chemical[13,14], and biological sys-
tems[15,16]. Populations of coupled oscillators may
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synchronize spontaneously to a common frequency in
spite of differences in their natural frequencies. The
onset of macroscopic synchronization in populations
has been investigated using a simple model based on a
phase description of individual oscillators[2,3]. The-
oretical and numerical results predict a transition, at a
certain coupling constant, from an individual oscilla-
tion to a coherent one. In particular, the transition to
global synchronization in a spatially distributed oscil-
lator system (SDOS) has attracted wide attention[4–
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10] because the formation and mergence of synchro-
nization clusters with interesting dynamics can be ob-
served.

Experimental studies of spatially distributed and
coupled oscillator systems have been performed ex-
tensively using the Belousov–Zhabotinsky (BZ) reac-
tion. For example, spatiotemporal patterns, e.g., tar-
get and spiral patterns, were observed in a spatially
continuous BZ system[17–19]. Their dynamic fea-
tures have already been explained well[2]. The BZ
reaction in SDOS has also been studied using cation-
exchange beads, which absorbed the catalyst ions[20–
26]. When the beads are immersed in the catalyst-free
BZ solution with proper concentrations, the BZ reac-
tion occurs only on the surface of individual beads.
Thereupon, individual beads become localized oscil-
lators that exhibit a stable limit-cycle oscillation. In
general, the SDOS may have four different character-
istic scales: the distance between the nearest-neighbor
oscillators, the coupling length via diffusion, the char-
acteristic length of the generated pattern field, and the
system size[27]. In the bead oscillator system, there is
one more characteristic scale: the radius of the oscil-
lator. Depending on relative magnitudes among these
scales, local, global and non-local couplings are pos-
sible. Therefore, the bead oscillator system may also
show a variety of dynamics such as global and non-
local coupling systems, as suggested by Kuramoto[28–
30]. By careful choices of the concentration for chem-
icals and scales in the bead oscillator system, a non-
locality of the coupling could be realized. Very recently,
there are reports that noise enhances the synchroniza-
tion in coupled bead oscillators at an optimal noise
intensity [25,26]. Therefore, noise may also play an
important role in influencing interactions and charac-
teristic scales. However, that role has not been clari-
fied experimentally yet in a large number of BZ oscil-
lators.

This study investigated global synchronization in
SDOS experimentally using cation-exchange beads ab-
sorbing catalyst ions and the catalyst-free BZ solution
as the discrete chemical oscillators. They were dis-
tributed spatially in two-dimensional lattice arrange-
ments with spacingd. Coupling among the oscillators
via mass diffusion of chemicals can be varied by chang-
ing the spacingd. We used a photo-sensitive catalyst
for the BZ reaction to control the reaction using light
illumination. The present study addresses the onset of

global synchronization with and without external noise
in lattice oscillators as a function ofd. We also per-
form numerical simulation using a modified Oregona-
tor model.

2. Experimental setup

Chemicals and their concentrations were 0.83 M
H2SO4, 0.28 M KBrO3, 0.06 M KBr, and 0.11 M
CH2(COOH)2 at room temperature of 24± 1◦C. To ab-
sorb the catalyst into cation-exchange beads (50 W×
4; Muromachi Technos Co. Ltd.), beads with diameter
a (0.9 ± 0.01 mm) were immersed in a ruthenium(II)–
bipyridyl complex (Ru(bpy)32+) solution controlled to
the desired concentration of 2.3 × 10−5 mol/g for more
than 6 h with stirring. We prepared glass boards with
regular holes (0.6 ± 0.01 mm diameter) in a lattice ar-
rangement with various lattice constantsl0 (l0 − a =
d) to obtain a regular lattice arrangement of beads. A
bead was fixed at each hole on the board, which was
then immersed into the BZ solution (20 ml) in a Petri
dish. The difference of the intrinsic period of oscilla-
tion for each bead was mainly attributable to the con-
centration fluctuation in beads absorbing the catalyst.
Oscillation was observed using a CCD camera, images
of which were recorded for later analysis on a video-
tape and the hard disk of a computer. The time sequence
of light intensity from each oscillator was obtained by
averaging the gray level of the central region on the
bead surface, corresponding to a grid of 8× 8 pixels.
A halogen lamp with intensity that was controlled by a
computer was prepared to apply photic noises. Noisy
light was illuminated though a 460 nm band-pass filter.

The period distribution of isolated oscillators (total:
223) was described by a unimodal distribution with
an average periodT0 = 256 s and a standard deviation
σ = 7.5 s. Analyses for each oscillator were performed
from 5000 to 20 000 s after initiation of the reaction to
discard the transient process to a steady state oscilla-
tion. Temporal variation of the amplitude and period of
each oscillator over time were less than 10% and 5%,
respectively, during the time interval.

Computer simulation was performed using the
fourth-order Runge–Kutta method with the time step
�t = 0.01 s. Statistical quantities were calculated from
a run of 2× 106 time steps after discarding the initial
5 × 105 time steps as transient.
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