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Abstract— We describe the electronic implemen- [I. LCO DESCRIPTION ANDMODEL
tation of light-controlled oscillators (LCOs) and the An LCO is a device made up of two RC cir-

synchronous behavior that is observed when two Qlis 5 timer chip LMS55 in its astable functioning
more oscillators are in interaction. Numerical resultsmode, infrared LEDs and photo-sensors [12], [13],
are preseqted for a small group of oscillators in aring[14] (Fig. 1). The optoelectronic components allow
configuration and for globally coupled LCOs. the LCOs to interact with one another. Basically, an
LCO is a relaxation oscillator in the sense that it has
two time scales characterized by the binary variable

. INTRODUCTION e(t): within each cycle there are intervals of slow

gcharging stage;(t) = 1) and fast (discharging stage,

Synchronization constitutes a common phenomen . I

. : ... €(t) = 0) motion. The form of the oscillation is very

that is present both in natural systems and artificiaf: . : o
ifferent from a sinusoidal wave. The period is deter-

devices. It entails the interaction of two or more self-_. o
) . i L : mined by the two external RC circuits and the output
sustained oscillators and it consists in an adjustment . ) .
- ) ‘waveform takes the form of a pulse signal with min-

of rhythms of these oscillating objects due to their : , Wy
Imum and maximum values set and =3 res-

weak interaction [1]. Since the seminal works on . .
the synchronization property in a triode generator pe ectively, Vi being the value of the supply voltage.
y property 9 P hese threshold voltages determine the valugf

formed by Eccles, Vincent, van der Pol and Apple-
ton [1], electric and electronic components have been If V(t) = XL A e(t) =0 = e(t;) =1. (1)
widely used to study synchronization (see e.g. [2], If V(t) = 2 A €(t) =1 = e(ty) =0.

[3], [4]) and other nonlinear phenomena (see e.g. [Sl?esistorsRA and R., can be modified manually and
Y

[6], [71). Most of these works deal with SInUSOIdal_are used to set the two time delays constituting the

like oscillators that allow to perform analysis usin . o .
the same mathematical approaches found in class%)aeim)d' The period is the sum of the charging stage
felated to the time constagt= (R, + R,)C, and the

works (see e.qg. [8], [9]). Among the numerous exam-

ples where synchronization is observed in nature, Orgéscharglng stage of the same capacitor that is related

of the most astonishing is the flash synchronizatioifflO the time constan% = R,C. LEDs wired to the

in certain firefly species [10]. The synchronous flashooPut of the LM555 chip emit alight flash during the

ing behavior can be understood as a self-organizind'SCharglng stage of the period. The light beam is di-

process [11]. Our work deals with the synchronours%Cted to the photo-sensors of the neighboring LCOs,

behavior of relaxation oscillators controlled by IighteStalbIIShIng an optical coupling characterized by the

pulses, which mimic the firefly flashing behavior. Invarlableﬁ. Depending on the phase difference bet-

11 we detail the electronics of an LCO, andghl we ween interacting LCOs, a flash causes a neighbor to

present a model describing the LCOs’ behavior an%{:orten its charging stage and/or to lengthen its dis-

. . . . charging one. In our LCOs, resistors take the follow-
some results for two interacting oscillators. Finally
. . o . “Ing values:
in §IV we examine the situation for small populations
of LCOs in a ring configuration and for globally cou- R 68k + [0,50] k2
pled oscillators. R, = 1.2k + [0.0,1.0]kQ,



interaction and finally for three LCOs in a line con-
i figuration. The phase response curve (PRC) was ob-
tained and an analysis of two identical LCOs was per-
. formed, showing that the system tends always towards
(2) Ho Pt synchronization except for a specific initial condition
T g possibility X i i . .
X for which the interacting LCOs are in an unstable anti-
vsiblealR ] oo ms synchronous stationary state [14].
light output . L . .
c % T C When performing experimental measurements, we
_ - o always have non- identical LCOs (the electronic com-
light sensitive RC timing circuit
ponents values are not the same and are affected by

random errors, there are always some small perturba-
tions that cannot be controlled, and so on). In order
to study higher order synchronization for 2 LCOs, we
fixed the period of LC® and modified systematically
the period of our reference oscillator Lg@period
mismatch). Under these conditions, we definem
synchronizations pulses of LCQ within m oscilla-

tory cycles of LCQ) as the regime in whiclphase-
lockingoccurs:

Fig. 1. (a) Block diagram of the LCO. (b) View of a single | 1 — maeo |< k. (3)
LCO. (c) Group of nine LCOs.

Here,k is a constant that guarantees a bounded phase

being the numbers between brackets, the intervélifference, which is equivalent to the condition of

value that can be added to the resistors, and the vaitigquency-locking1] that can be expressed in terms

that we use for the capacitor in order to perform medf the LCOs’ periods as:

surements with an oscilloscope(is= 0.47 uF which

produces a perioff ~ 30 ms. (Th) =
If we consider a system composed/éfLCOs, the

equation we use to model the voltage evolution for th@here brackets mean time averaging. It is important

<T2(ref)>a (4)

n
m

ith LCO is: to note that in the case in which the LCO firings are al-
most simultaneoug; must be of the same order as the
dVi(t) = NV — Vi()ei(t) dischargin_g timg. Arnold—tongue stru_cture_s_ are use-
dt - ful for the investigation of returned periodicities [15].
charging term We have obtained from experimental and numerical
—Vi(O[l —e(?)] results the Arnold tongues in the plane (period de-
discharging term tuning, coupling strength) for two LCOs in interac-
N tion (Fig. 2). We can observe from Fig. 2 that there
+ Z Bijdij[1 —€j(t)],  (2) are two possible types of synchronization for the sys-
j=1 tem. The first involves phase-locking and frequency-
interaction term locking with the constraint that the period for both

LCOs must not change in the synchronous regime,

where i.e. T, =constant. The other possibility is theto-
1, if i # j and they may interact dulationcan occur, i.e. the period of one of the oscil-
0ij = { 0, otherwise lators varies from cycle to cycle and the firings are not
equidistant [1]. We note that modulation appears for
indicates whether or not LCOsandj interact. large values of the interaction strength.
[1l. SYNCHRONIZATION IN TwoO LCOs IV. SYNCHRONIZATION IN GROUPS OFLCOs

Using (2) we have been able to reproduce expe- From the analytical, numerical and experimental
rimental results in 3 configurations, firstly with tworesults, we see that LCOs’ behavior is very sensitive
LCOs in a master—slave situation, secondly for mutuab initial conditions in the sense that slight changes in
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Fig. 2. Arnold tongues obtained for two interacting LCOs ~ 1000¢

whenT; = 33.620 ms is fixed and’} is mismatched.

800

the initial conditions can drive the system to differ- i@
ent states or can lengthen or shorten the synchrono @ ggg
time [14]. In practice it is not possible to control the %
LCOs’ initial conditions precisely, so that a statisti- 2 400
cal analysis is necessary in order to study the syr =
chronous behavior of LCO populations. We have 3
studied two types of LCO groups: a ring configura- 200
tion and a global coupling between LCOs.

A. LCOs in a Ring Configuration 5 10 15 20 25
Number of LCOs

Here we suppose that the LCOs are identical an (b)

that they can interact with two neighbors, the distance

between neighboring LCOs being constant, i.e. thg9d: 3- (&) Surface generated with the percentage of total
synchronized events as a function of coupling strength

coupling strength is t.he Same for each pair of LCOs. and the number of LCOs. (b) Projection onto the plane
We solved (2) numerically for rings of between 2 and  cqypling strength vs. Number of LCOs.

25 LCOs, varying the coupling strength frgin= 10
to 8 = 1000 in steps ofAg = 10 (100 simulations ) _
for each case). The numerical results we obtained, 4A€sPite the phase slip that occur between the phases

low us to construct the surface shown in Fig. 3(a) anfif LCOS 1 and 3 respect to the phase of Lg@nd

its respective projection onto the-N plane, where (1) LCOs 4 and5.
N is the number of LCOs. Frqm Fig. 3(b), we not(_eB_ Global Coupling
that global synchrony (almost simultaneous firings) is
present over a broader range for weak coupling, ex- In order to study all-to-all coupling (each element
cept for 5 LCOs, for which the percentage of totainteracts with all others) between LCOs, we consi-
synchronization events fell sharply. For greater coudered a “square” arena consisting of 2500 locations
pling strength, there is a tendency for the number dP0 X 50 cells) each of which can be occupied by an
successful total synchronization events to decreaseldgO. We performed 100 simulations with random ini-
the number of LCOs increases. Nevertheless, we mu#! conditions and random LCO positions, with bet-
point out that if we consider equality of periods andveen 2 and 25 LCOs. Experimentally, the coupling
any bounded phase difference, we find situations #trength () is found to depend on the distancg iet-
which certain stable patterns quickly arise in the syveen the LCOs, a8;; % where the exponernt
tem, as shown in Fig. 4, in which not all the LCOswas found to take the value 2.11. We considered ap-
flash at the same time. There are two groups of LCQwoximately 15000 firing events for this study. Again,
that flash almost simultaneously: (i) LCOs 1, 2 and 8e must distinguish between synchronization with al-
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315 b 35 [ HEO, and LeO, Our work shows the richness that a simple elec-
_ 3 PoSaaIpNs tronic circuit can exhibit at the level of synchronous
31 E ! : behavior. For a small number of LCOs, the system
E g 2 seems to have synchronization robustness, but when
g 305 ;ﬁ 20 the number of LCOs increases, the system tends to
g % — ico, S 15 form small synchronous clusters instead of achieving
—LCO,ref) E 10 global synchrony. This type of realistic device could
295 e, constitute a useful tool to understand synchronous be-
/1 LCO, > Lco havior in some biological systems, especially in fire-
2 - w0 ¢ 502 o flies. On the other hand, the ability to synchronize
Time (in units of flashing events) exhibited by the LCOs could find some applications

(a) (b)

Fig. 4. Results for five LCOs in a ring configuration. (a)
LCO's period evolution. (b) Time difference evolution REFERENCES
between LCO's firings. Coupling strength= 280.

in collective robotics.
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