IOPScience

Home

Search Collections Journals About Contactus My IOPscience

Global generalized synchronization in networks of different time-delay systems

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2013 EPL 103 50010
(http://iopscience.iop.org/0295-5075/103/5/50010)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 193.174.18.1
This content was downloaded on 06/11/2013 at 11:50

Please note that terms and conditions apply.

iopscience.iop.org


iopscience.iop.org/page/terms
http://iopscience.iop.org/0295-5075/103/5
http://iopscience.iop.org/0295-5075
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

A LETTERS JOURNAL EXPLORING
THE FRONTIERS OF PHYSICS

September 2013

EPL, 103 (2013) 50010
doi: 10.1209/0295-5075/103/50010

Wwww.epljournal.org

Global generalized synchronization in networks of different

time-delay systems

D. V. SENTHILKUMAR', R. SURESH?, M. LAKSHMANAN? and J. KurTHSs!34

L Potsdam Institute for Climate Impact Research - 14478 Potsdam, Germany, EU

2 Centre for Nonlinear Dynamics, School of Physics, Bharathidasan University - Tiruchirapalli 620 024, India

3 Institute of Physics, Humboldt University - 12489 Berlin, Germany, EU

4 Institute for Complex Systems and Mathematical Biology, University of Aberdeen - Aberdeen AB24 SUE, UK, EU

received 1 April 2013; accepted in final form 4 September 2013

published online 30 September 2013

PACS 05.45.Xt — Synchronization; coupled oscillators

PACS 05.45.Pq — Numerical simulations of chaotic systems

PACS 05.45.-a — Nonlinear dynamics and chaos

Abstract — We show that global generalized synchronization (GS) exists in structurally different
time-delay systems, even with different orders, with quite different fractal (Kaplan-Yorke) dimen-
sions, which emerges via partial GS in symmetrically coupled regular networks. We find that there
exists a smooth transformation in such systems, which maps them to a common GS manifold as
corroborated by their maximal transverse Lyapunov exponent. In addition, an analytical stability
condition using the Krasvoskii-Lyapunov theory is deduced. This phenomenon of GS in strongly
distinct systems opens a new way for an effective control of pathological synchronous activity by
means of extremely small perturbations to appropriate variables in the synchronization manifold.

Copyright © EPLA, 2013

Synchronization is a ubiquitous nonlinear phenomenon
serving as a platform for information processing in diverse
natural and man-made systems [1,2]. Tt has been inves-
tigated mainly in identical systems and in systems with
parameter mismatch, with rare exceptions of distinctly
(structurally) nonidentical systems [1,2]. However, in re-
ality very often synchronization emerges in distinctly non-
identical systems such as respiratory arrhythmia between
cardiovascular and respiratory systems [3], visual and mo-
tor systems [4], paced maternal breathing on fetus [5],
different populations of species [6,7], in epidemics [8], in
climatology [9], and many more. Considering the co-
herent coordination of living systems involving multiple
organs such as brain, heart, lungs, limbs, etc., or ma-
chines consisting of distinct parts, cooperative evolution
of distinct and often time-delayed systems is essential and
challenging.

Among various kinds of synchronization admitted by
coupled nonlinear dynamical systems [1,2], the intricate
phenomenon of generalized synchronization (GS) refers
to a (static) functional relationship between interact-
ing systems [10-25]. While the phenomenon of GS has
been well understood in unidirectionally coupled sys-
tems [10-13], it remains still in its infancy in bidirection-
ally coupled systems and in particular there exist only

very limited results on GS, even in systems with param-
eter mismatches [14-23], and particularly in structurally
different (nonidentical) systems with different fractal di-
mensions [24]. Thus, in general, the notion of GS in mu-
tually coupled systems needs much in-depth investigation
and in particular in distinctly different systems with dif-
ferent fractal dimensions involving time delay. Indeed,
recent investigations have revealed that GS is essentially
more likely to occur in complex networks (even with iden-
tical nodes) [15] due to the large heterogeneity (degree
distribution) of many natural networks [21].

It is important to recall that the above-mentioned stud-
ies [3-9] have demonstrated only phase synchronization
(PS) among such distinctly different complex systems,
while the natural choice of GS in them has been largely ne-
glected, except for the important study of Zheng et al. [14]
on low-dimensional systems without delay and without
a substantial difference in their fractal dimension. Fur-
ther, depending on the relation between PS and GS' in
such systems, which remains unclear, our understanding of
their evolutionary mechanism, dynamical and functional

IThe facts that PS (GS) emerges first for a low (high) degree
of parameter mismatch and that they both occur simultaneously
for a critical range of mismatch, have been clearly shown in low-
dimensional systems, see, for example, [25].
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behavior may need to be reinvestigated. Controlling the
pathological synchronous activity and inducing coherent
coordination in paralysed systems may be effectively done
upon understanding the emergence of a common GS man-
ifold in such systems. Furthermore, in a more general
scenario of networks of distinctly nonidentical time-delay
systems with different fractal dimensions, it remains un-
clear whether there exists a transformation (map) that
maps the individual systems to a common GS manifold
despite disparity in their degree of complexity.

In line with the above discussions, in this letter we will
provide a substantial extension of the formulation of GS
to mutually coupled distinctly different delay systems?,
which also holds for systems without delay. Based on our
generalized formulation, we will specifically demonstrate
the existence of global GS via partial GS in symmetrically
coupled networks, which even consist of distinctly differ-
ent time-delay systems (Mackey-Glass [26], piecewise lin-
ear [27], threshold nonlinearity [28] and Ikeda [29]). It
is important to note that such a phenomenon also occurs
among delay systems of different orders, namely, ITkeda
and a second-order Hopfield neural network [30] as well as
Mackey-Glass and a third-order plankton model [31] with
multiple delays. It is surprising that there exists a common
GS manifold even in an ensemble of distinctly different
time-delay systems to achieve global GS in four different
network (array, ring, star and all-to-all) configurations,
i.e., there exists a function (smooth map) for each system,
even with different fractal dimensions, in a network which
maps them to the common GS manifold. We calculate the
maximal transverse Lyapunov exponent (MTLE) to eval-
uate the asymptotic stability of the complete synchroniza-
tion (CS) manifold of each of the main systems with their
corresponding auxiliary systems, which, in turn, asserts
the stability of the GS manifold between the main systems.
Further, we will also estimate cross-correlation (CC) and
correlation of the probability of recurrence (CPR) [32] to
establish relations between GS and PS.

Kocarev and Parlitz [10] formulated that GS in drive x
and response y configuration occurs only if the response
is asymptotically stable, i.e. V y;(0),z(0) in the basin of
the synchronization manifold lim;_,« ||y (¢, z(0), y1(0)) —
y(t,z(0),y2(0))]| = 0, a mathematical formulation of
the concept of auxiliary-system approach [11]. Now we
give a substantial extension of this formulation to mutu-
ally coupled different dynamical systems with delay rep-
resented as

fF#g, (1)

2The main reason to consider time-delay systems in this work is
due to the ubiquity of time-delay systems as several real systems
in ecology, epidemics, physiology, economics, engineering and con-
trol systems, etc. [2] inevitably require intrinsic delay (different from
connection delay between different units) for a complete description.
Even with a single time-delay system, one has the flexibility of choos-
ing systems with different fractal dimensions just by adjusting their
intrinsic delay, which is quite attractive from a modelling point of
view.

= f(z,z-,u), v =9y, y-,v),

(a)
0999

Fig. 1: (Color online) Schematic diagram of the auxiliary-

system approach for mutually coupled time-delay systems for
the case of a linear array for N =2 (a) and N =4 (b).

where ¢, z, € R",y,y, € R", 7€ Rand u,v € R* k <
m,n. u; = —v; = hi(x(t,x0),y(t,yo)) correspond to
the driving signals. System (1) is in GS if there exists
a transformation H: (R",R™) - C R" x R™. That
is, there may exist a set of transformations H that maps
a given x,x,; € R" and y,y, € R™ to different sub-
spaces of R" x R™. This implies that the synchroniza-
tion manifold M = {(x,y): H(z,y) = 0} is such that
YV x(7),y(7),7 € [—7,0], which lies within the subset of
the basin of attraction B = By x By C R"™ x R™, ap-
proaches M C B, so that M is an attracting manifold.
Here B, and By are the basins of attractions of systems
x and y, respectively.

Thus, GS exists in system (1) only if both coupled sys-
tems are asymptotically stable such that V (x;(7), y;(7)),
7€ [-7,0] C B, i = 1,2, limy_,o0 [|y(t, x1(7),y1(7)) —
y(t @1 (%), y2(F)I] = 0 and limyoo [l(t, @1 (), 31 (7))
x(t,x2(7),y1(7))|| = 0. This is a mathematical formula-
tion of the auxiliary-system approach to system (1), whose
schematic diagrams with the main and auxiliary systems
for the case of a linear array are depicted in figs. 1(a)
and (b), respectively, which are similar in approach to
that of [14] concerned with low-dimensional systems with-
out delay. It is to be noted that the asymptotic stability
of synchronization of the auxiliary systems and their cor-
responding original systems holds good only when there
is no subharmonic entrainment of unstable periodic or-
bits [33]. Therefore, trajectories of (1) starting from B
asymptotically reach M defined by the transformation
function H (z,vy), which can be smooth if the systems (1)
uniformly converge (otherwise nonsmooth), i.e. their lo-
cal Lyapunov exponents (LLEs) are always negative, to
M [34].

Now, we will demonstrate the existence of GS in
symmetrically coupled arbitrary network of distinctly
nonidentical time-delay systems with different fractal
dimensions using the above formalism. The dynamics of
the i-th node in the network is represented as

N
& = —oqxi(t) + Bifi(mi(t — 7)) —e »_ G,

Jj=1

(2)

where i = 1,..., N, N is the number of nodes in the net-
work, a; and 3; are constant parameters, 7; are the delay
times, f; is the nonlinear vector function of i-th node and
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G is a Laplacian matrix, determining the topology of the
arbitrary network. To determine the asymptotic stability
of each of the nodes in the network, we define an idential
(auxiliary) network (starting from different initial condi-
tions) with node ¢ represented as (see fig. 1)

N

/i = —aiw(t)+Bi f] (@} (t—7:))—€ ¥ _ Gij (65 (—x;) +;).

j=1
(3)
First, we consider N = 2 mutually coupled dis-
tinctly nonidentical time-delay systems with the nonlinear

function
X1 (t — ’7'1)

"= ey W

of the Mackey-Glass (MG) [28] system and the piecewise
linear (PWL) function

0, x < —4/3,
15r—2, —4/3<x< 0.8,
fo(z) =< =z, —0.8 <2 <0.8, (5)
15242, —08<uz<4/3,
0, x>4/3

of the PWL time-delay system [27], respectively. The
parameters of the MG systems are chosen as oy = 0.5,
/1 = 1.0, and 74 = 8.5 and for the PWL systems we
choose ap = 1.0, B2 = 1.2 and 7o = 10.0, exhibiting hy-
perchaotic attractors with two (Dgy = 2.957) and three
(Dky = 4.414) positive Lyapunov exponents (LEs) [2],
respectively.

At first sight, one may think that mutually interacting
systems reach a common synchronization manifold simul-
taneously for a certain critical value of . But because
of the distinctly different coupled systems with different
fractal dimensions, one of the systems first reaches a GS
manifold for a lower value of 65;1), while the other system
remains in a desynchronized state, which we refer to as
a partial GS. With further increase of € the other system
also converges at a different critical 5&2) to the common
GS manifold achieving a global GS. Further, one may also
expect that systems with lower dynamical complexity will
converge to the GS manifold first and then the higher one
in the order of their degree of complexity (here in terms of
the number of positive LEs). On the contrary, the PWL
system with three positive LEs reaches the GS manifold
first at 5&2) ~ 0.26 as indicated by the changes in the
sign of the )\S\?[)TLE between 2 and 2’ in fig. 2(a) and then
the MG system with only two positive LEs smoothly con-
verges to the GS manifold at further larger gﬁ” ~ 0.5,
where )\S\}[)TLE < 0 as shown in fig. 2(a) confirming the
emergence of a global GS in distinctly nonidentical time-
delay systems.

The emergence and the transition from partial to global
GS is also characterized by the correlation coefficient

1 LAAAAAAAAAAAAAAAAAALLAAAL Y
a
A P (b)
AAAAAAAA Saans
Aag

R
O S &Gﬁ‘ a8 : r’g‘;‘e /
0.5 /‘G\ZJZ%“ WWV dan
E | N X/ CPR,; —o—
@) S s ‘ ,-W/ ¢ CPRy 5 &
0 MJV“M” cCpp
CCypp ot
0 0.2 € 0.4 0.6

Fig. 2: (Color online) MTLEs (a) and CC, CPR (b) of the
main and auxiliary systems of coupled MG-PWL systems.

(CC)3. If the two systems are in the CS state the CC = 1,
otherwise CC' < 1. Further, the existence of PS in highly
non—phase-coherent hyperchaotic attractors of time-delay
systems is characterized by the value of the correlation of
probability of recurrence (CPR ~ 1) [27,32].

In the absence of coupling (¢ = 0.0), CCy1/ and
CCy 9 and CPR; 1 and CPRs o (fig. 2(b)) are nearly
zero and both )\S\}[)TLE and /\S\?TLE > 0, indicating the
absence of CS (GS) between the main and auxiliary sys-
tems. If we increase the coupling strength, C'Cy o and
CPRy 5 start to increase towards unity and at gﬁ” ~ 0.26,
CCs9 =1 (CPR2 o = 1), where )\g\?[)TLE < 0, which con-
firms the onset of GS (PS) in the PWL system while the
MG system continues to remain in a desynchronized state
(CCy9 =~ 0.2 and )\S\}[)TLE > 0). Further, if we increase
the coupling strength to 622) ~ 0.5, a global GS occurs
where both C'Cy 1/ and CC3 2 become unity and while

both )\g\}[)TLE and )\g\?[)TLE < 0. It is also to be noted that
both CPR; 1» and CPR5 5 are also in agreement with their
CC confirming the existence of GS and PS together.

We have also analytically investigated the existence
of partial and global GS using the Krasovskii-Lyapunov
theory. For this purpose, we consider the difference in
the state variables of the main and auxiliary systems
(A; = z; — 7). For small values of A;, the evolution equa-
tion for the CS manifold for the Mackey-Glass time-delay
systems (A; = 1 — ) can be written as

A-1 = _(041 + E)Al + 61[f{(x7'1 )]Alﬁa (6)

where z;, = x(t — 7)) and Ay, = Ay(t — 7). The CS
manifold is locally attracting if the origin of A; is stable.
Then, a continuous positive definite Lyapunov functional
can be defined in the form

1 0
V(t) = 5A§+u/ AY(t + 0)do,

—T

(i (B)— (i (8))) (2] (1) — (z{(1))))
\/<(w11(t)*<z7:(t)>)2)<(z,’i(t)*<w§(t)))2)

brackets indicate time average.

3Ciy = , where the (...)
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Fig. 3: (Color online) MTLEs ((a) and (c)) and CC, CPR ((b) and (d)) of the main and auxiliary systems of four distinctly
nonidentical time-delay systems with ring and array configurations, respectively, as a function of e.

where p is an arbitrary positive parameter (x> 0). The
Lyapunov function V' (¢) approaches zero as Ay — 0. The
derivative of V(t) along the trajectory of the CS manifold
should be negative for the stability of the CS manifold
A = 0. This requirement results in a sufficiency condition
for the asymptotic stability as

(a1 +2) > |1 fl(wn)l. (8)
Note that the evolution equation of the synchronization
manifold and hence the stability condition depends on
the f{(x,), which, in turn, depends on the nonlinearity
of the individual systems. From the form of the nonlinear
function f(z) for the MG system, the stability condition

becomes
61<<1 +a2) —x>‘

(v +¢) > +as )2

9)

It is not possible to find the exact value of the non-
linear function fj(x, ). However, in accordance with
the Lyapunov-Razumikin function, a special class of the
Krasovskii-Lyapunov theory, one can find the value of
f1(Xmag) from the maximal value of z(¢) and arrive at
a sufficient condition for CS (GS).

From the hyperchaotic attractor of the Mackey-Glass
system for the above chosen parameter values one can find
numerically the maximum value of x4, =~ 1.24. So the
stability condition becomes & > |B1f{(Tmaz )| — 1 =
0.33 (which is a sufficiency condition for global GS). From
fig. 2, the threshold value of the coupling strength to attain
GS in the Mackey-Glass systems is £2) ~ 0.5 (> 0.33) for
which the stability condition is satisfied. With a similar
procedure, the stability condition for the PWL systems
become (az +¢) > [B2f5(2r,)|. Now from the form of the
piecewise linear function fa(x), we have

) 15, 0.8<|z| <3,
f2($-,—2) =

10
1.0, |z| < 0.8. (10)

Consequently, the stability condition becomes (az + ) >
|32] (see footnote 1), for the asymptotic CS state Ay =
0. From fig. 2, we find that CS between the piecewise
linear systems (z and x}) occur for the coupling strength

59) > (.27, which satisfies the sufficient stability condition
for partial GS € > |B2| — az = 0.2 (0.27 > 0.2).

Next, we demonstrate the existence of GS in four (only
in N = 4 for clear visibility of figures depicting synchro-
nization transitions) mutually coupled, distinctly noniden-
tical time-delay systems in a ring, an array, a global and
a star configuration. In addition to the above two time-
delay systems, now we will consider the third system as a
threshold piecewise linear time-delay (TPWL) system [28]
with the nonlinear function

f3(x) = AF* — Bx. (11)
Here
—x*, T < —x¥,
F* =<, —z* <z <a¥, (12)
¥, x> x*.
The system parameters are ag = 1.0, 3 = 1.2, 13 =

70, A = 52, B = 3.5 and z* = 0.7 and the sys-
tem exhibits a hyperchaotic attractor with four positive
LEs (Dgy = 8.211). As a fourth system, we take the
Tkeda time-delay system [29] with the nonlinear function
fa(z) = sin(xz(t—74)). This system exhibits a hyperchaotic
attractor with five positive LEs (Dgy = 10.116) [2] for
ay = 1.0, B4 = 5.0 and 74 = 7.0. The schematic diagram
of four mutually coupled main systems and their auxiliary
ones in a ring configuration is depicted in fig. 1(b). CC,
CPR and MTLE for a mutually coupled ring of the above
four distinctly nonidentical systems are shown in figs. 3(a)

and (b). )\%[)TLE > 0 and low values of CC; ;» and CPR; i

4 As the dynamics are confined to the inner regime of the nonlinear
function [2].
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Fig. 4: (Color online) MTLEs ((a) and (c)) and CC, CPR ((b) and (d)) of the main and auxiliary systems of four distinctly
nonidentical time-delay systems with global and star configurations, respectively, as a function of .

for ¢ = 0 indicate that the main and their auxiliary sys-
tems evolve independently. Increasing e results in decreas-
ing )\g\?T 1 and increasing CC; ;v and CPR; ;7. The PWL
systems with 3 positive LEs become synchronized first at

(2) = 0.088, as evidenced by A%?TLE < 0, indicating the

onset partial GS, and then the MTLE of MG Wlth 2 pos-
itive LEs becomes negative (AS\/[)TLE < 0) at e~ 0.092,
while the other two systems are not yet synchromzed. Fur-
ther, the increase in ¢ leads to CS of Tkeda systems with 5
) ~ 0.65 with )\ TLE < 0 and finally the

TPWL system becomes synchronized at 5( ) ~ 0.75, con-
firming the existence of a global GS between the four mu-
tually coupled distinctly nonidentical time-delay systems
in a ring configuration. In addition, all CC; » and CPR;
(@)

c

positive LEs at

reach umty (fig. 3(b)) exactly at the threshold values €

of A Vg corroborating the simultaneous existence of GS
and PS.

Next, we illustrate the transition from partial GS to
global GS in a linear array of N = 4 (MG, PWL, TPWL
and Tkeda) systems. MTLE, CC and CPR of all the four
main systems and their corresponding auxiliary ones are
shown in figs. 3(c) and (d). Without coupling, all the sys-
tems evolve independently as evidenced by the )\S\Z)TL >0
and low values of CC; i and CPR; ;. Again, all the four
systems reach their CS (GS) manifolds for the threshold
values 5( ) 0. 09,0.04, 0. 54 1 2, respectively, as indicated
by the transition of their )\MTLE below zero. Further, GS
and PS also occur together as indicated by CC;; and
CPR;  (fig. 3(d)) of the systems in the array.

Maximal TLEs and CC and CPR of all the four sys-
tems with global and star configurations are depicted in
figs. 4(a), (b) and (c), (d), respectively. As in the case of
ring configurations, )\g\?[)TL p transits first from positive to
negative values elucidating CS between PWL and its aux-
iliary system thereby indicating the onset of partial GS.
This is followed by the MG systems, then by Tkeda systems
and finally the TPWL systems for appropriate 6( ) con-
firming the existence of GS in four distinctly nonidentical

500

time-delay systems with different fractal dimensions in
both global and star configurations.

Further, we have also confirmed that there exists a tran-
sition from a partial to global GS in other permutations
on the order of systems between MG, PWL, TPWL, Ikeda
systems in array and star configurations. Following a sim-
ilar stability analysis as above for the four coupled time-
delay systems with their auxiliary systems for CS, one can
also arrive at a sufficiency stability condition for GS in all
the above four configurations. All the above results have
also been confirmed in a larger ensemble (N = 7,10) of
time-delay systems with distinct fractal dimensions in all
the four configurations.

Finally, we have also confirmed the existence of the
above transitions in time-delay systems with different or-
ders, namely i) in a system consisting of a mutually cou-
pled Ikeda time-delay system (which is a scalar first-order
time-delay system) and a Hopfield neural network [2,30]
(which is a second-order time-delay system), and ii) in
a system of a mutually coupled Mackey-Glass time-delay
system (which is a scalar first-order time-delay system)
and a plankton model [31] (which corresponds to a third-
order system with multiple delays). Complete details on
these results will be presented in a forthcoming paper.

In summary, we have found that there exist smooth
(as evidenced by the smooth convergence of MTLE)
transformation functions even for distinctly nonidentical
time-delay systems with different fractal dimensions and
different orders in symmetrically coupled networks (ring,
array, all-to-all and star), which map each of them to a
common synchronization (GS) manifold. We have also
shown that the asymptotic stability of each of the sys-
tems in the network guarantees the existence of GS as
confirmed by their MTLEs and analytical stability con-
ditions. Further, we have confirmed the existence of GS
using the mutual false nearest-neighbour method in all the
cases (the details will be published separately). In addi-
tion, we found that GS always coexists with PS or vice
versa in these systems using CC and CPR and hence our
understanding of the evolutionary mechanism including

10-p5



D. V. Senthilkumar et al.

the dynamical and functional behavior of systems with dif-
ferent fractal dimensions [3-9] should be revisited and im-
proved. For instance, GS leading to pathological disorders
such as epilepsy, Parkinson’s disease, paralysis, etc., may
be effectively controlled with extremely small external per-
turbations to appropriate variables (to electrodes) without
harming the subject. In this connection, investigations on
desynchronization mechanisms and conditions in ensem-
bles of such systems will also be crucial. In a recent work,
GS among remote (identical) systems in simple network
motifs with a chain of delay-coupled relay elements me-
diating them to maintaining total propagation delay time
is demonstrated using the auxiliary-system approach [35].
Here, the issue of indirect connections and synchroniza-
tion among remote elements in networks is addressed. But
we have considered different time-delay systems with dif-
ferent number of positive Lyapunov exponents in regu-
lar networks and explore local and global GS using the
auxiliary-system approach. The concept of equivalence
and predictability, which is well understood in unidirec-
tionally coupled nonidentical systems [10], remains an
open problem for bidirectionally coupled systems. Fur-
ther, one can extend the present work to complex networks
and also include heterogenity by weighted couplings, etc.,
to generalize even more.

* ok ok

The work of RS and ML has been supported by the De-
partment of Science and Technology (DST), Government
of India sponsored IRHPA research project. ML has also
been supported by a DST Ramanna project and a DAE
Raja Ramanna Fellowship. ML also acknowledges the sup-
port by the Alexander von Humboldt Foundation to visit
PIK, where the work was completed. DVS and JK ac-
knowledge the support from EU under project No. 240763
PHOCUS(FP7-ICT-2009-C).

REFERENCES

[1] Pikovsky A. S., ROSENBLUM M. G. and KURTHS J.,
Synchronization - A Unified Approach to Nonlinear Sci-
ence (Cambridge University Press, Cambridge) 2001.

[2] LAKSHMANAN M. and SENTHILKUMAR D. V., Dynam-
ics of Nonlinear Time-Delay Systems (Springer-Verlag,
Berlin) 2011.

[3] SCHAFER C., ROSENBLUM M. G., KURTHS J. and ABEL
H. H., Nature (London), 293 (1998) 239.

[4] FARMER S. F., J. Physiology, 509 (1998) 3; SEBE J. Y.,
VAN BERDERODE J. F., BERGER A. J. and ABEL H. H.,
J. Neurophysiol., 96 (2006) 391.

[5] VAN LEEUWEN P., GEUE D., THIEL M., CYSARZ D.,
LANGE S., RomaNO M. C.; WESSEL N., KURTHS J. and
GRONEMEYER D. H., Proc. Natl. Acad. Sci. U.S.A., 106
(2009) 13661.

[6] Brasius B., HUPPERT A.
(London), 399 (1999) 354.

and STONE L., Nature

[7]

8]

[9]

[10]

[11]

[12]
[13]
[14]
[15]
[16]
[17]

[18]
[19]

[20]

[21]

22]
[23]
[24]
[25]

[26]
[27]

[28]

[29]
[30]

31]

32]
[33]
[34]

[35]

50010-p6

AMRITKAR R. E. and RANGARAJAN G., Phys. Rev. Lett.,
96 (2006) 258102.

GRENFELL B. T., BRORNSTAD O. N. and KAPPEY J.,
Nature (London), 414 (2000) 716; EArRN D. T. D.,
RoHANI P. and GRENFELL B. T., Proc. R. Soc. London,
Ser. B, 265 (1998) 1471.

STEIN K., TIMMERMANN A. and SCHNEIFER N., Phys.
Rev. Lett., 107 (2011) 128501; MARAUN D. and KURTHS
J., Geophys. Res. Lett., 32 (2005) L15709.

KOCAREV L. and PARLITZ U., Phys. Rev. Lett., 76 (1996)
1816.

RurLkov N. F., SusHcHik M. M., TsiMRING L. S. and
ABARBANEL H. D. 1., Phys. Rev. E, 51 (1995) 980;
ABARBANEL H. D. I., RuLkov N. F. and SUSHCHIK
M. M., Phys. Rev. E, 53 (1996) 4528.

BROWN R., Phys. Rev. Lett., 81 (1998) 4835.

Pyracas K., Phys. Rev. E, 54 (1996) R4508.

ZHENG Z., WANG X. and Cross M. C., Phys. Rev. E,
65 (2002) 056211.

Hunc Y. C., Huang Y. T., Ho M. C. and Hu C. K.,
Phys. Rev. E, 77 (2008) 016202.

GUAN S., WaNG X., GoNnGg X., L1 K. and La1r C.-H.,
Chaos, 19 (2009) 013130.

CHEN J., Lu J.-A., WU X. and ZHENG W. X., Chaos,
19 (2009) 043119.

Hu A., Xu Z. and Guo L., Chaos, 20 (2010) 013112.
GuUAN S., Gong X., L1 K., Liu Z. and Lat C.-H., New
J. Phys., 12 (2010) 073045.

SHANG Y., CHEN M. and KUrTHS J., Phys. Rev. E, 80
(2009) 027201.

MOSKALENKO O. I., KORONOVSKII A. A., HRAMOV
A. E. and BOCCALETTI S., Phys. Rev. E, 86 (2012)
036216.

SHAHVERDIEV E. M. and SHORE K. A., IET Optoelec-
tron., 3 (2009) 274.

AcCHARYYA S. and AMRITKAR R. E., Eur. Phys. J. ST,
222 (2013) 939.

BoccALETTI S., VALLADARES D. L., KUurRTHS J., MAZA
D. and MANCINI H., Phys. Rev. E, 61 (2000) 3712.
ZHENG Z. and HU G., Phys. Rev. E, 62 (2000) 7882.
MACKEY M. C. and GLASS L., Science, 197 (1977) 287.
SENTHILKUMAR D. V., LAKSHMANAN M., and KURTHS
J., Phys. Rev. E, 74 (2006) 035205(R); Chaos, 18 (2007)
023118.

SENTHILKUMAR D. V., SRINIVASAN K., MuraLr K.,
LAKSHMANAN M. and KURTHS J., Phys. Rev. E, 82
(2010) 065201(R).

IKEDA K., DAIDO H. and AkiMOTO O., Phys. Rev. Lett.,
45 (1980) 709.

HoprIELD J. J., Proc. Natl. Acad. Sci. U.S.A., 79 (1982)
2554; MENG J. and WANG X., Chaos, 17 (2007) 023113.
ABRAHAM E. R., Nature, 391 (1998) 577; GAKKHAR S.
and SINGH A., Commun. Nonlinear Sci. Numer. Simul.,
15 (2010) 3607.

MARwWAN N., Romano M. C., THIEL M. and KURTHS J.,
Phys. Rep., 438 (2007) 237.

ParriTz U., JUNGE L. and KOCAREV L., Phys. Rewv.
Lett., 79 (1997) 3158.

Pecora L. M., CArroOLL T. L., JoHNsSON G. A. and
MAR D. J., Chaos, 7 (1997) 520.

SORIANO M. C. ; VAN DER SANDE G., FISCHER I. and
Mirasso C. R., Phys. Rev. Lett., 108 (2012) 134101.



