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Abstract— This paper presents experimental results onThe present paper is aimed at using this novel
the characterization of dynamics and synchronimatth experimental test bed to study the case of dynéinkdR-
networks of nonlinear oscillators with dynamic knkrhe C) in a network of four Chua’s. Effects such as érigg in
results are obtained using a new experimental seting synchronization region and doubled thresholds,
Accurate evaluation of synchronization with dynamtbeoretically predicted in [7] but never confirmed
coupling is reported, with reference to a netwoflCboua experimentally, are observed here for the firsetim
oscillators, each settled onto a periodic orbite Bhserved
synchronization levels, as function of the dynariik 2. The Experimental Setup
parameters, give a picture of the synchronizatiga an

parameter space which is in agreement with previouszhe eXpe“”!e”tf”" setgp, shown in Fig. 1, cqnsﬂsts 0
theoretical predictions. set ofN Chua circuits acting as network dynamical nodes,

with adjustable parameter values. The nodes arpledu
via configurable resistive and dynamical links, in
prescribed topologies. A unique characteristichef $etup
Many natural and engineered systems, such iasthe possibility of reconfiguring, by means otaital
biological neural networks, metabolic systems, teleml control, the properties of the single nodes andthef
power grids, the World Wide Web, etc. can be cfasbias interconnecting network.
complex networks, composed by a large number dflfig A modular USB multi-channel acquisition system is
interconnected e|ementary dynamica| units (nodmg)’se used to measure and monitor the variables of istténehe

collective behavior differs substantially from thei€Xperimental setup, allowing real time evaluatidntte
individual “stand-alone” dynamics [1]. synchronization level. The whole network is con&ol

A particular type of collective behavior isffom a PC in LabVIEW, so realizing the complete

synchronization, where all nodes of the networkvenge aut:matlonhoftth;atﬁxperlmelntal ct:almp?gn_. h i Ei
towards some common dynamic solution [2]. The probl shapshot oT the experimental Setup 1S shown g i
; o . where the modular structure and main subparts are
of studying synchronization in networks of non &ne . . . o
illat h ttracted iderabl brt ﬁewdenced, a more detailed description, exceedhey t
osciators has aftracted considerable - researcorte scope of the present paper, can be found in [6]vhat
Much of this effort has been dedicated to the itigation follows we will briefly describe its main features.
of the relationship between the synchronizationadyics
and the nature and the strength of the couplingyedlsas
the topology of the network. Fewer results are lalté as o ,
experimental verification of synchronization. Basisults ~_ 1he realization of the network nodes as Chua's
are reported in [3] for a simple two nodes systefrereas circuits follows the (;IaSS|caI implementation berwe_dy
in [4] the case of four nodes with diffusive (reisis links) [8I]’ W'th tge fqrtger |mpl)rovemen|t. prqposedAby Aﬁe'm .
have been eplored, for various couping toologes % 11 ), (rhuerlss, eatzaton 5 sotemate
E}'\Egl] dedicated architecture implementation is preesen together with the characteristic of the “Chua’'sddib
A. ¢ desianed  t tend q i Passive component selection to 0.1% tolerance has
- new setup, designed 1o extend and generalipa, considered for the realization, in order taldbu
previous experimental work, has been

’ ) reali;gd 8fmost identical circuits. The values of the norhiziecuit
described in [6] by some of the authors, wheresfieific  h3rameters are reported in Tab. 1. For such coribinaf

problem of synchronization in the presence of NQfyminal parameters, and assumRa@s basic bifurcation
identical nodes has been addressed. parameter for the (uncoupled) circuit, the value of
This work was supported by the Science and Tecgyaizhool o R—19832 guarantees a limit cycle attractor, as desired.

the University of Naples Federico Il, under theessh program
F.A.R.O., project Cos(RT

1. Introduction

2.1. Chua’s circuits layer implementation
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2.2. Coupling impedances layer implementation

Multi-valued discrete impedanceR C) sets have
been realized with digitally controlled switchesabling
their insertion in a series-parallel scheme. Thimns to
accurately evaluate the dynamics and synchronizaifo
the coupledN-nodes network as a function of the link
impedances values.

Each link resistor is realized as a series of § ste
values; the desired value of the coupling resigadRcis
obtained by setting the switches, which are finally
controlled by a USB interface cascaded to a logit and
a decoder. In Fig. 3 a block schematic of the resiset is
shown. For the present experiments the module &ar b
designed to scan the range 0+12%5 2® =256 uniform
steps of 5. Moreover, an “offset” precision resistor can
be placed in series, in order to widen the rangeatiies
assumed by the coupling resistors, keeping the rmaxi
accuracy of 5@ steps.

i j Dynamic link coupling impedances are implemented
- ’\/\/\/ - by capacitor set€. connected in parallel to resistdrs.
+ R + The implementation of a switched PCB, is in prifeip
] quite similar to the one described above, althosgties
L Ver —— Vel T ¢ v connections have to be replaced by parallel onestHe
! experiment reported in this paper a simpler versiith
- DIP switches has been used. Each link capacitarevi
1 obtained as a parallel of 8 step values. We coreidthe
(@ = range 0+1.035 nF in steps of 0.035 nF. Once thpepro
capacitance value has been chosen, each capasitor i

placed in parallel to the corresponding link resigt order
Gy 1 to implement a dynamic link between the nodes ef th
NG network.
a
|
: Virk ,
- | Y, 2.3. Interconnection layer implementation
brk |
; A key property of the setup is its general and
(b) reconfigurable topology. It is realized by ane of the
Figure 2. Chua’s circuit (a) and characteristic of non-linessistor (b).
{I\l DG412DJZ
A single PCB with 8 Chua’s dynamical nodes has . Switeh
been realized as the elementary unit of such a taodu STancsa v
system (Chua’s circuits layer in Fig. 1). umoase | [7| shitRegister
USB Interface - s e e e
TABLE I. CHUA’S CIRCUIT ELEMENTS NOMINAL VALUES DGSM‘tz[r)\JZ
WILC
Description
Name ,
parameter type value unit sn7aHcias | |
C, Capacitance 10 nF Decoder
C, Capacitance 100 nF : D%ﬂgcﬁyz
L Inductance 18 mH : T
G, Conductance -0.756 mS BN %m‘gg;gfetl
Gy Conductance -0.409 mS I N =
Virk Voltage 1.089 \Y DGa12DJz

Figure 3. USB controlled resistor for the coupling resistdeger.



connection layer, visible in Fig. 1. At the presstatus of _ 2
the project, arbitrary topologies are defined (befstarting | =100 |t S| A% (k) 1
an experimental campaign) with the configuration of s NN, F= |xrinax -x

jumpers on a connection matrix PCB. Further
developments will allow such definition again waHJSB whereNc is the number of node circuitdg the number of

controlled set of switches. (measured) samples adoﬁax—x" is a normalizing

. . min
F_or the sake pf brevity, in t_he pfese”.t work WFactor for each set of measurements. In our casbave
consider only a basic network configuration witmades, Ne = 4,Ng = 2500

fully connected (Fig. 4). Further and more extendelilts

will be published elsewhere. Each node has been settled onto a periodic orbé. T
four nodes have been coupled with 6 paral@lcouples,

2.4. Automatic data acquisition and experiment combl ~ so forming a fully connected all-to-all network tpgy,

_ .as shown in Fig. 4. The coupling resistai:ehas been
The data acquisition board allows to record thestim _ . . . . .

. SO ; varied in the range 0+74Xkwith a step of 10@; for each
evolution of the Chua’s circuit state variables fmach

node of the network, namely the voltage across fixed value of the resistance, the coupling capacit in
capacitorC,, the voltage/, across capacitdt, and thei, parallel has been varied between 0 and 520 pF

inductor current. Because of the relatively largenber of of about 19 pF. As a consequence, a total of at
variables (chanﬁels) to be concurrentl aé/ uirgfd dular 18000 coupling configurations has been analyzed. Fo
National Instruments USB  ac uisyitior? S s?em ( ach configuration the wave forms of the threeestat
. d Y Gariablesvcl, Ve, and i, have been recorded and the
CompactDAQ with 8 NI9215 modules) has been use e
: : : synchronization indek has been calculated.
allowing a maximum of 32 channels per single USB.un . .
. . As an example, in Fig. 5 we have shown the
The experiment control and data acquisition is o : .
o - se/nchronlzatlon index, calculated on the first estat
governed by specific software developed within th

: ... variablev,, as a function of the coupling resistance when
LABVIEW environment. Data batches are saved elth%e coupling capacitance @=143 pF anC,=390 pF.
automatically or at the operator request.

We notice that: a) the transition from the
synchronized to the unsynchronized is sharp; bhibeer
the coupling capacitance, the higher is the thrhdsho

Here we report results of synchronizatiomepresented by the coupling resistance value; rchifgh
experiments carried out on a 4-nodes network, witlalues of the coupling capacitance there is a new
dynamic undirected couplings, having equal weights transition from the unsynchronized state to the
each link. The coupling has been implemented ofitbie  synchronized state; d) a threshold can be founthén
state variable/,. capacitance value, above which no transition occurs

As for the evaluation of synchronization levels, we All results from the 18000 -configurations are
have calculated the indek, which describes the rmssummarized in Fig. 5, where synchronization (whéejl
» de-synchronization (gray) regions can be distirfuris

3. Experimental Results

distance of trajectoriesx’ (t) from the “average

trajectory X’ (t) . After defining the difference for the j-th

state of the i-th node a&x' =x/ —X', the index can be Fully connected topology (V.,)

. . 210

defined (in percent) as: Fl
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Figure 5. synchronization index as a funcrion of link regsis@R; for a

) ) o dynamic link. G=143 pF and &390 pF.
Figure 4. 4 nodes all-to-all network topology with dynamicKs .
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Figure 6. synchronization index as a funcrion of couplingsesiceR;
and capacitancé.

The experimental results confirm the theoretical
findings in [7] where the case of networks of Clsuaith
dynamic coupling was presented, using Harmonic igada
methods together with an MFS approach. We wish to
emphasize that, while having been validated nurakyic
in 8, this is the first time these theoretical tesfind an
experimental confirmation.
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