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Foreword

Synchronization is a fundamental nonlinear phenomenon, discovered at the be-
ginning of the modern age of science by Christiaan Huygens [36]. In the classical
sense, synchronization means adjustment of frequencies of periodic oscillators
due to a weak interaction. This effect, observed in various physical and biologi-
cal systems, is well studied and finds a lot of practical applications in electrical
and mechanical engineering.

The first aim of this thesis is to extend the classical theory to cover the
case of weakly coupled chaotic oscillators. This is achieved by introducing the
notion of phase and mean frequency for autonomous time-continuous chaotic
systems. It is demonstrated that for this class of objects one can observe such
synchronization phenomena as entrainment by an external force, mutual syn-
chronization of two systems, synchronization in spatially ordered and globally
coupled oscillators. It is shown that synchronization of periodic, noisy and
chaotic self-sustained oscillators can be considered within a unified framework,
i.e., in terms of phase and frequency locking.

The second aim of the thesis is the development of data analysis tools, based
on the ideas from the synchronization theory. In particular, two problems are
considered: detection of weak interaction and determination of the direction of
coupling from data. The techniques are exploited in analysis of experiments on
cardiorespiratory interaction and pathological brain activity.

The first Chapter presents brief introduction to the classical synchronization
theory; next, the notion of phase and phase dynamics of chaotic oscillators are
discussed there; the Chapter is concluded by the description of synchronization
of a chaotic oscillator by a periodic force. The second Chapter presents the
effects of mutual synchronization of two systems, self-synchronization in ensem-
bles of globally coupled oscillators and synchronization in lattices, as well as
the discussion of synchronization transitions. Chapter 3 treats the case of oscil-
lators which do not admit unambiguous definition of the phase (systems with
ill-defined case). Chapter 4 is devoted to data analysis. It contains formulation
of the synchronization approach to data analysis, discussion of the data analysis
tools and experimental examples.

Presentation of results is mainly based on the papers [85, 86, 76, 88|, the
book chapter [91], and the book [70].
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Chapter 1

Phase synchronization of a
periodically forced chaotic
oscillator

1.1 Introduction

Synchronization, a basic nonlinear phenomenon, discovered at the beginning of
the modern age of science by Huygens [36], is widely encountered in various fields
of science, often observed in living nature [29, 28] and finds a lot of engineering
applications [8, 9]. In the classical sense, synchronization means adjustment of
frequencies of self-sustained oscillators due to a weak interaction. The phase of
an oscillator may be locked by periodic external force; another situation is the
locking of the phases of two interacting oscillators. Synchronization of periodic
systems is pretty well understood [8, 2, 35, 45, 32|, as well as the effects of noise
on phase and frequency locking [106].

In the context of interacting chaotic oscillators, several effects are usually
referred to as “synchronization”. Due to a strong interaction of two (or a large
number) of identical chaotic systems, their states can coincide, while the dy-
namics in time remains chaotic [25, 73]. This effect is called “complete synchro-
nization” of chaotic oscillators. It can be generalized to the case of non-identical
systems (“generalized synchronization”) [93, 41, 63] or interacting subsystems
(“master-slave synchronization”) [64, 41, 63]. Another effect is the “chaos—
destroying” synchronization, when a periodic external force acting on a chaotic
system destroys chaos and a periodic regime appears [46], or, in the case of an
irregular forcing, the driven system follows the behavior of the force [42]. This
effect occurs for a relatively strong forcing as well. A characteristic feature of
these phenomena is the existence of a threshold coupling value depending on
the Lyapunov exponents of individual systems [25, 73, 7, 18].

The goal of the present work is to describe weak interaction of chaotic
systems. In other words, we try to extend the classical synchronization theory to
cover the case of chaotic systems. We denote the corresponding effects as ” phase
synchronization“, to distinguish them from other forms of synchronization in
chaotic systems. The phenomenon has been theoretically studied in [85, 74,
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8 Forced chaotic oscillator

105, 69, 56, 71, 72, 87, 68, 86, 83, Appendices 1 and 2]. It has been observed
in laboratory experiments with electronic generators, gas discharge, lasers, and
electrodissolution of metals [62, 109, 113, 1, 38].

We mention also another direction in development of the classical synchro-
nization theory, namely its extension to stochastic systems, see [54, 99, 3] and
references therein.

We start with brief review of classical results on synchronization of periodic
self-sustained oscillators in Section 1.1.1 and effects of noise in Section 1.1.2.
The notion of phase and amplitude of chaotic systems is introduced and dis-
cussed in Section 1.2; We illustrate it taking as examples the famous Rdssler
and Lorenz models. We show that the dynamics of the phase in chaotic systems
are similar to those in noisy periodic ones. Section 1.3 is devoted to effects of
phase synchronization by periodic external force.

1.1.1 Periodic oscillations: locking of phases and frequen-
cies

We remind basic facts on the synchronization of periodic oscillations (see, e.g.,
[58]). Stable periodic self-sustained oscillations are represented by a stable limit
cycle in the phase space, and the dynamics of a phase point on this cycle can
be described as

do

dt
where wg = 27 /Ty, and T} is the period of the oscillation. It is important that
starting from any monotonically growing variable 8 on the limit cycle, one can
introduce the phase satisfying Eq. (1.1). Indeed, an arbitrary 6 obeys 6 = v/(6)
with a periodic v(0 + 27) = v(6). A change of variables

wo (1.1)

0
6= wo/o [ (6)]~1do

gives the correct phase, where the frequency wg is defined from the condition
2T = wo fOZW[V(Q)]’ldH. A similar approach leads to correct angle-action vari-
ables in Hamiltonian mechanics. From (1.1) it is evident that the phase corre-
sponds to the zero Lyapunov exponent, while negative exponents correspond to
the amplitude variables (not written in (1.1)).

If two oscillators are weakly coupled, then in the first approximation one can
neglect variations of the amplitudes to obtain equations describing the phase
dynamics. In general, these equations have the form

% = w1 +eg1(¢1,P2) , i = w2 +£ga(p2, $1) , (1.2)
t dt

where the coupling terms g; 2 are 2m-periodic in both arguments, and ¢ is the
coupling coefficient.

The phase space of Egs. (1.2) is a 2-torus, and with the usual construction
of the Poincaré map this system can be made equivalent to a circle map, with
a well-known structure of phase-locking intervals (Arnold’s tongues) [58]; each
of the intervals corresponds to a n : m synchronization region. This picture
is universal and its qualitative features do not depend on the characteristics of



1.1 Introduction 9

the oscillations and of the external force (e.g. nearly sinusoidal or relaxational),
and on the relation between amplitudes.

Analytically, one can proceed as follows. The interaction between the oscil-
lators essentially effects the evolution of their phases if the frequencies w; > are
in resonance, i.e., if for some integers n, m we have

nwip ~ mws .

Then, in the first approximation, the Fourier expansion of the functions gi o
contains slowly varying terms ~ n¢; — m¢s. This suggests to introduce the
generalized phase difference,

Pn,m(t) =ng1(t) — mea(t) . (1.3)
Subtracting the equations (1.2) and keeping only the resonance terms, we get

don,m

5T e —mws eG(Pnm) (1.4)

where G(+) is 2m-periodic. This is a one-dimensional ODE that admits solutions
of two kinds: fixed points or periodic rotations of ¢, ,,. The stable fixed point
corresponds to perfect phase locking ¢,, ,, = const; periodic rotations describe
quasiperiodic motion with two incommensurate frequencies in the system (1.2).

In the analytical treatment of the Eqgs. (1.2) we have neglected nonresonant
terms, what is justified for small coupling. With nonresonant terms, the condi-
tion of synchronization for periodic oscillators should be generally written as a
phase locking condition

[ng1(t) — mea(t) — d| < const (1.5)
where § is some (average) phase shift, or as a frequency entrainment condition
TLQl = mQQ 5 (16)

where ;9 = <¢1,2> are observed frequencies. We emphasize, that in the syn-
chronized state the phase difference is generally not constant but oscillates
around J. These oscillations vanish in the limit of very small coupling (cor-
respondingly, the frequency mismatch nw; — mws must be also small), or if the
coupling depends only on the relative phase: g1 2 = g1,2(n$1 — mes).

1.1.2 Synchronization in the presence of noise

In general, both properties of phase and frequency locking (Egs. (1.5,1.6)) are
destroyed in the presence of noise £(t) when instead of (1.4) one has

d@n m

o = +eG(pnm) +E(1) . (1.7)

For small noise the stable phase dynamics is only slightly perturbed. Thus
the relative phase ¢, ,, mainly fluctuates around some constant level (former
fixed point). These nearly stationary fluctuations may be interrupted by phase
slips, where the relative phase changes relatively rapidly by +2x. Thus, strictly
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speaking, the phase difference is unbounded and condition (1.5) is not valid
anymore. Nevertheless, the distribution of the cyclic relative phase

Yy m = ©n,m mod 27 (1.8)

has a dominating peak around the value corresponding to the stable fixed point
[106]. Presence of this peak can be understood as the phase locking in a statis-
tical sense.

If the noise is weak and bounded, then there exists a range of frequency
mismatch nw; — mwsy, where the phase slips are impossible and the averaged
condition of frequency locking (1.6) is fulfilled. Near the boundaries of the
Arnold tongue the noise causes phase slips and the transition out of the syn-
chronous regime is now smeared. If the noise is unbounded, e.g., Gaussian, the
probability of a slip to occur is nonzero even for nw; —mws = 0, so that strictly
speaking the region of frequency locking shrinks to a point. As this probability
is (exponentially) small for weak noise, practically the synchronization region
appears as an interval of nw; —mws, where n{2; =~ mfy. Within this region, the
distribution of the cyclic relative phase is not uniform, so that one can speak of
phase locking.

In the case of strong noise, the phase slips in both directions occur very
frequently, so that the segments of nearly constant relative phase are very short
and time course of ¢y, ., (t) looks like a random walk, that is unbiased in the very
center of the synchronization region and biased otherwise. The synchronization
transition is now completely smeared and, hence, synchronization appears only
as a weakly seen tendency.

1.2 Phase of a chaotic oscillator

1.2.1 Definition and estimation of the phase

The first problem in extending the basic notions from periodic to chaotic oscilla-
tions is to introduce the notion of phase. There seems to be no unambiguous and
general definition of phase applicable to an arbitrary chaotic process. Roughly
speaking, we want to define phase as a variable which is related to the zero Lya-
punov exponent of a continuous-time dynamical system with chaotic behavior.
Moreover, we want this phase to correspond to the phase of periodic oscillations
satisfying (1.1).

Suppose we can define a Poincaré map for our autonomous continuous-time
system. Then, for each piece of a trajectory between two cross-sections with
the Poincaré surface we define the phase just proportional to time, so that the
phase increment is 27 at each rotation:

t—1p
¢(t) = 2r——— + 27mn, ty <t <tpti. (1.9)
tn+1 - tn
Here t,, is the time of the n-th crossing of the secant surface. Note that for
periodic oscillations corresponding to a fixed point of the Poincaré map, this
definition gives the correct phase satisfying Eq. (1.1). For periodic orbits having
many rotations (i.e., corresponding to periodic points of the map) we get a
piecewise-linear function of time, moreover, the phase grows by a multiple of
27 during the period. The second property is in fact useful, as it represents
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the organization of periodic orbits inside the chaos in a proper way. The first
property demonstrates that the phase of a chaotic system cannot be defined as
unambiguously as for periodic oscillations. In particular, the phase crucially
depends on the choice of the Poincaré surface.

Nevertheless, defined in this way, the phase has a physically important prop-
erty: its perturbations neither grow nor decay in time, so it does correspond
to the direction with the zero Lyapunov exponent in the phase space. We
note also, that this definition of the phase directly corresponds to the special
flow construction which is used in the ergodic theory to describe autonomous
continuous-time systems [15].

To be not too abstract, we illustrate a general approach on the well-known
Réssler system [92]

T = —y—=z,
y = x+0.15y, (1.10)
2 = 04+z(x—-85).

This attractor has a sharp peak in the power spectrum and a rather simple form
(Fig. 1.1). Here the Poincaré map can be easily constructed, a proper choice of
the Poincaré surface may be the half-plane y = 0, £ < 0. The phase computed
according to Eq. 1.9 is also shown in Fig. 1.1. The phase grows nearly uniformly:
the phase diffusion constant is extremely small (D, < 10~%), what corresponds
to an extremely sharp peak in the power spectrum; due to the this reason the
attractor is called phase-coherent.

For the Rossler attractor, as well as for many other systems a specially
chosen projection of the phase portrait (z—y for this case) looks like rotations
around a point that can be taken as the origin. Hence, we can also introduce
a phase variable as the angle between the projection of the phase point on the
plane and a given direction on the plane (see also [69, 30, Appendix 2]):

¢p = arctan(y/z) . (1.11)

We can consider the variable ¢p as an easily computable estimate of the phase
¢ (for simplicity we often call ¢p simply phase). Note that although the two
phases ¢ and ¢p do not coincide microscopically, i.e., on a time scale less than
the average period of oscillation, they have equal average growth rates. In other
words, the mean frequency defined as the average of ¢p over large period of
time coincides with a straightforward definition of the mean frequency via the
average number of crossings of the Poincaré surface per unit time.

Finally, we mention one more approach to phase estimation, that is particu-
larly useful in experimental applications. It exploits a well-known tool in signal
processing, the analytic signal concept [60]. This general approach, based on
the Hilbert transform and originally introduced by Gabor [27], unambiguously
gives the instantaneous phase and amplitude for an arbitrary scalar signal s(t).
The analytic signal (t) is a complex function of time defined as

C(t) = s(t) +1i5(t) = A(t)e?n®) | (1.12)

where the function §(¢) is the Hilbert transform of s(t)

5(t) =n"'P.V. /jo :(_—T)Tdr (1.13)
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Figure 1.1: The phase portrait in the coordinates (z,y), the power spectrum
of z(t), and the time evolution of the phases for the phase-coherent Rossler
oscillator. Dot-dashed line: the phase ¢ (see Eq. 1.9); solid line: the phase
variable ¢p (Eq. 1.11); dashed line: the Hilbert-transform phase ¢g (Eq. 1.12).
Three phase estimates practically coincide.

(where P.V. means that the integral is taken in the sense of the Cauchy principal
value). The instantaneous amplitude A(t) and the instantaneous phase ¢x(t)
of the signal s(t) are thus uniquely defined from (1.12).

For the example considered all three phase estimates give similar results
(Fig. 1.1). In fact, we have found that the difference between ¢, ¢p and ¢ is
negligible.

1.2.2 A nontrivial example: the Lorenz system

Strange attractor of the Lorenz system

i=10(y - z),
y=28z—y—zxz, (1.14)
2=-8/3-z+uzy,

is topologically different from the Rossler one. The variable z(t) demonstrates
characteristic chaotically modulated oscillations, but the processes x(t),y(t)
show additionally switchings due to evident symmetry (z,y) — (—z,—y) of
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the Lorenz equations. While the oscillations of z are rather regular, the switch-
ings are not. To overcome the complications due to this mixture of oscilla-
tions and switchings, we introduce a symmetrized observable u(t) = \/x2 + y?
and project the phase portrait on the plane (u,z), see Fig. 1.2. In this pro-
jection the phase portrait resembles that of the Rossler attractor, and the
phase can be introduced in a similar way. A possible Poincaré section is, e.g.,
z = 27, u > 12. Alternatively, one can define an angle variable ¢p(t) choosing
the point ug = 12, z9 = 27 as the origin and calculating

¢p = arctan((z — zo)/(u — uo)) - (1.15)

Again, this angle variable gives the same mean frequency as the phase based on
the Poincaré map.

(b)

2 4 6 8 10
time

Figure 1.2: (a) The dynamics of the Lorenz system in the variables u, z looks
like a smeared limit cycle with rotations around the unstable fixed point of the
system. The dashed line shows the surface of section z = 27,u > 12. (b) The
evolution of the phase ¢ based on the Poincaré map (Eq. 1.9), dashed line) and
the angle variable ¢p (Eq. (1.15), solid line). They coincide at the points (filled
circles) where the Poincaré surface is crossed, and differ slightly on the time
scale smaller than a characteristic return time (see inlet in (b)).

1.2.3 Phase dynamics of a chaotic oscillator

In contrast to the dynamics of the phase of periodic oscillations, the growth
of the phase in the chaotic case cannot generally be expected to be uniform.
Instead, the instantaneous frequency depends in general on the amplitude. Let
us hold to the phase definition based on the Poincaré map, so that one can
represent the dynamics as (cf. [74])

Anpr = M(A,), (1.16)
%‘f — w(4,) =wy+ F(A) . (1.17)

As the amplitude A we take the set of coordinates for the point on the secant
surface; it does not change during the growth of the phase from 0 to 27 and can
be considered as a discrete variable; the transformation M defines the Poincaré
map. The phase evolves according to (1.17), where the “instantaneous” fre-
quency w = 27/ (tp+1 — tn) depends in general on the amplitude. Assuming the
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chaotic behavior of the amplitudes, we can consider the term w(A,) as a sum
of the averaged frequency wp and of some effective noise F'(A); in exceptional
cases F'(A) may vanish. For the Rossler attractor the “period” of the rotations
(i.e., the function 27 /w(A,,)) is shown in Fig. 1.3a. This period is not constant,
so that the function F(A) does not vanish, but the variations of the period are
relatively small.

Equation (1.17) is similar to the equation describing the evolution of phase
of periodic oscillator in the presence of external noise. Thus, the dynamics of
the phase is generally diffusive: for large ¢t one expects

< (p(t) — ¢(0) — wot)? >ox Dyt ,

where the diffusion constant D,, determines the phase coherence of the chaotic
oscillations. Roughly speaking, the diffusion constant is proportional to the
width of the spectral peak calculated for the chaotic observable [22].

Generalizing Eq. (1.17) in the spirit of the theory of periodic oscillations to
the case of periodic external force, we can write for the phase

o _ aw _
=Wt eGo.0) + F(A4),  G=v, (118)

where 1, v are the phase and frequency of the forcing. Here we assume that
the force is small (of order of €) so that it affects only the phase, and the am-
plitude obeys therefore the unperturbed mapping M. This equation is similar
to Eq. (1.7), with the amplitude-depending part of the instantaneous frequency
playing the role of noise. Thus, we expect that in general the synchronization
phenomena for periodically forced chaotic system are similar to those in noisy
driven periodic oscillations. One should be aware, however, that the “noisy”
term F(A) can be hardly explicitly calculated, and for sure cannot be consid-
ered as a Gaussian d-correlated noise as is commonly assumed in the statistical
approaches [106, 82].

We illustrate the coherence properties of the Rossler and Lorenz attractors
in Fig. 1.3, where we show the return times T),, or the “periods” of rotation.
For the Rossler oscillator, the variation of T,, is comparatively small, while for
the Lorenz oscillator the return time 7;, can be arbitrary large (this corresponds
to the slow motion in the vicinity of the saddle at © = y = z = 0). As we show
below, this feature determines essentially different synchronization properties of
these two systems.

In conclusion, we expect that the synchronization phenomena for chaotic
systems are similar to those in noisy periodic oscillations. We support this
conclusion by simulation results presented in the next Section.

1.3 Phase synchronization by external force

In this Section we consider periodically forced chaotic oscillators with well-
defined phase. It means that here we restrict ourselves to the cases when the
attractors have ”good“ topological structure, like attractors of the Lorenz and
the Rossler systems. The case of ill-defined phase will be treated separately.
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Figure 1.3: The return times and the Poincaré maps for the attractors of the
Rossler (a) and the Lorenz (b) systems. The return time of the Lorenz system
has a logarithmic singularity at u ~ 23.

1.3.1 Synchronization region

We add periodic forcing to two prototypic models of nonlinear dynamics: the

Lorenz
i = 100y a),
y = 28x—y—xz, (1.19)
2 = —8/3-z+uxy+ Ecosvt.
and the Rossler
T = —y—z+FEcosvt,
¥y = z+0.15y, (1.20)
2 = 04+ z(z—8.5).

oscillators. In the absence of forcing, both are 3-dimensional dissipative systems
which admit a straightforward construction of the Poincaré maps. The mean
rotation frequency can be thus directly calculated as

N,
Q= lim 27TTt , (1.21)

where N, is the number of crossings of the Poincaré section during observation
time t. This method can be straightforwardly applied to the observed time
series, in the simplest case one can, e.g., take for N; the number of maxima (of
x(t) for the Rossler system and of z(t) for the Lorenz one). Alternatively, we
can compute the phase of the driven systems according to (1.11) or (1.15) and
compute the observed frequencies as ) = (q5p>.

Dependence of the frequency €2 on the amplitude and frequency of the exter-
nal force is shown in Fig. 1.4. Synchronization here corresponds to the plateau
) = v. One can see that the synchronization properties of these two systems
differ essentially. For the Rossler system there exists a well-expressed region
where the systems are perfectly locked. Moreover, it is seen that the amplitude
threshold of synchronization is very small, almost negligible. Thus, the phase
locking properties of the Rossler system are practically the same as for a periodic
oscillator; in particular, one can also observe high order (n : m) locking [71]. On
the contrary, for the Lorenz system we observe the frequency locking only as a
tendency seen at relatively large forcing amplitudes, as this should be expected
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Figure 1.4: The phase synchronization regions for the Réssler (a) and the Lorenz
(b) systems.

for oscillators subject to a rather strong noise. In this respect, the difference
between Rossler and Lorenz systems can be described in terms of phase diffu-
sion properties. Indeed, the phase diffusion coefficient for autonomous Rdssler
system is extremely small D, < 107%, whereas for the Lorenz system it is sev-
eral oder of magnitude larger, D, ~ 0.2. This difference in the coherence of the
phase of autonomous oscillations implies different response to periodic forcing.

1.3.2 Statistical approach

We characterize now phase synchronization considering the distribution of phases.
The invariant measure of an autonomous chaotic system gives a nearly uniform
distribution of the phases.! With a periodic external force, the measure is ex-
plicitly time-dependent. Phase synchronization means that for each time the
distribution density of the phases is non-uniform (there is a time-dependent
preferable value of the phase), where the sharpness of the peak characterizes
the level of synchronization. This peak in the phase distribution rotates with
the phase of the external force. The distribution of the amplitudes remains,
however, broad. Due to ergodicity, the probability distribution can be obtained
also from one chaotic trajectory, if it is observed stroboscopically in the proper
phase of external force.

As an example we consider again the Rossler system. Let us observe the
oscillator stroboscopically, at the moments corresponding to some phase 1y of
the external force. In the synchronous state the probability distribution of the
oscillator phase is localized near some preferable value (which of course depends
on the choice of 1y). In the non-synchronous state the phase is spread along
the attractor (Fig. 1.5). One can say that synchronization means localization
of the probability density near some preferable time-periodic state. In other
words, this means appearance of the long-range correlation in time and of the
significant discrete component in the power spectrum of oscillations.

The main advantage of the statistical approach is that it provides character-
ization of synchronization without explicit computation of phase. This becomes
especially important in case of attractors with "bad* topology, i.e., when the
phase is not well-defined (see Chapter 3).

1Phases here are taken modulo 2.
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Figure 1.5: Distribution inside (a) and outside (b) the synchronization region for
the Rossler system, shown with black dots. The autonomous Rossler attractor
is shown with gray.

1.3.3 Interpretation through embedded periodic orbits

In order to understand structural metamorphoses of attracting chaotic sets un-
der the action of the synchronizing force, it is convenient to look at the properties
of individual periodic orbits embedded into the strange attractors. Unstable pe-
riodic orbits (UPOs) are known to build a kind of “skeletons” for chaotic sets
[58]; in particular, each of the systems (1.19) and (1.20) in the absence of forcing
possesses infinite number of periodic solutions with two-dimensional unstable
manifolds. Let us pick up one of these solutions and consider the influence of a
small periodic force on it. With the exception that the cycle is now unstable,
we come to a standard problem of periodically forced periodic oscillator. Hence,
for a particular orbit one can determine the corresponding Arnold tongue.

Figure 1.6: A schematic view of the Arnold tongues for an unstable periodic

orbits in a chaotic system. Generally, the autonomous orbits have different
frequencies woi); therefore the tongues tip the w-axis in different points. The
rightmost and the leftmost tongues corresponding to the orbits with the minimal
and maximal w(()i) are shown by solid lines. In the shadowed region all the cycles
are synchronized and the mean frequency of oscillations virtually coincides with

the forcing frequency.

If we plot the Arnold tongues for the set of UPOs (Fig. 1.6), then generally

the tongues touch the w-axis in different points w;, where w(()i) is the mean
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frequency of the i-th autonomous orbit. The frequencies w(()l) can be close to
each other or widespread, depending on the properties of the return times. If
the frequencies w(()’) are not very different, the Arnold tongues overlap and one
can find a parameter region where the motion along all periodic orbits is locked
by the external force. If the forcing remains moderate, this is the overlapping
region for the leftmost and the rightmost Arnold tongues, which correspond to
the periodic orbits of the autonomous system with the smallest and the largest
values of w(()i), respectively. Inside this region, the chaotic trajectories repeatedly
visit the neighborhoods of different UPOs; but, as all UPOs are locked, the
overall motion remains locked to the external force as well. Outside the region
where all the tongues overlap, synchronization cannot be perfect: for some time
intervals a trajectory follows the locked cycles and the phase follows the external
force, but for other time epochs the trajectory comes close to non-locked cycles
what results in a phase slip (see details in [118, 61]).



Chapter 2

Phase synchronization in
coupled systems

In this Chapter we demonstrate the effects of phase synchronization in coupled
chaotic oscillators. We start with the simplest case of two interacting systems,
and then briefly discuss globally coupled systems and oscillator lattices.

2.1 Synchronization of two interacting oscilla-
tors

We consider here two non-identical coupled Rossler systems

12 = —wioyi2— 21,2 +e(T21 —212),
Y12 = w1212+ 0.15y 9, (2.1)
231,2 = 02+ 2172(3)172 — 10)

The parameters w; » = 1+v and ¢ determine the mismatch of natural frequencies
and the coupling, respectively.

Again, like in the case of periodic forcing, we can define the mean frequencies
Q2 of oscillations of each system, and study the dependence of the frequency
mismatch 25—y on the parameters v and €. This dependence shown in Fig. 2.1
gives a typical picture of the synchronization region. The phase diagram of
different regimes (in dependence on the coupling € and the frequency mismatch
we — w1 ) exhibits three regions of qualitatively different behavior:

(I) The synchronization region, where the frequencies are locked, 2; = Q9. Tt
is important to note that there is almost no threshold of synchronization;
this is a particular feature of the phase-coherent Rossler attractor.

(IT) The region of non-synchronized oscillations, where | — Qa| = || > 0.
In analogy to the case of periodic oscillators, this frequency €2, can be
considered as the “beat frequency”.

(III) In this region oscillations in both systems disappear, due to diffusive cou-
pling. This effect is known for periodic systems as oscillation death, or
quenching.

19
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Figure 2.1: (a) The synchronization region for two coupled Rossler oscillators
(2.1): the plot of the difference in observed frequencies AQ = (¢; — ¢) in
dependence on the coupling £ and mismatch v exhibits a domain where A
vanishes. (b) A schematic diagram showing the regions of non-synchronous (II)
and synchronous (I) motion, and of the oscillations death (III). The diagram
is approximate, the windows of periodic behavior in regions I and II are not
shown.
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Figure 2.2: The 4 largest Lyapunov exponents and the frequency difference vs.
coupling ¢ in the coupled Réssler oscillators (2.1); ¥ = 0.015. For small couplings
there are two positive and two nearly zero Lyapunov exponents. Transition to

the phase synchronization occurs at € ~ 0.028, at this value of the coupling one
of zero Lyapunov exponents becomes negative.

It is instructive to characterize the synchronization transition by means of
the Lyapunov exponents (LE). The 6-order dynamical system (2.1) has 6 LEs
(see Fig. 2.2). For zero coupling we have a degenerate situation of two inde-
pendent systems, each of them has one positive, one zero, and one negative
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exponent. The two zero exponents correspond to the two independent phases.
With coupling, the phases become dependent and the degeneracy must be re-
moved: only one LE should remain exactly zero. We observe, however, that for
small coupling also the second zero Lyapunov exponent remains extremely small
(in fact, numerically indistinguishable from zero). Only at relatively stronger
coupling, when the synchronization sets on, the second LE becomes negative:
now the phases are dependent and a relation between them is stable. Note that
the two positive exponents remain positive which means that the amplitudes
remain chaotic and independent: the coupled system remains in the state of
hyperchaos.

2.2 Population of globally coupled chaotic oscil-
lators

A number of physical, chemical and biological systems can be viewed at as
large populations of weakly interacting non-identical oscillators [45]. One of
the most popular models here is an ensemble of globally coupled nonlinear
oscillators (often called “mean-field coupling”). A nontrivial transition to self-
synchronization in a population of periodic oscillators with different natural
frequencies coupled through a mean field has been described by Kuramoto [45,
44]. In this system, as the coupling parameter increases, a sharp transition is
observed for which the mean field intensity serves as an order parameter [32].
This transition owes to a mutual synchronization of the periodic oscillators, so
that their fields become coherent (i.e. their phases are locked), thus producing a
macroscopic mean field. In its turn, this field acts on the individual oscillators,
locking their phases, so that the synchronous state is self-sustained. Different
aspects of this transition have been studied in [94, 16, 17], where also an analogy
with the second—order phase transition has been exploited.

A similar effect can be observed in a population of non-identical chaotic
systems, e.g., the Rossler oscillators [69, Appendix 2]

T = —wiyi —ziteX,
Vi = wiT; + ay;, (22)

coupled via the mean field X = N~! Ziv x;. Here N is the number of elements
in the ensemble, ¢ is the coupling constant, a and w; are parameters of the
Rossler oscillators. The parameter w; governs the natural frequency of an indi-
vidual system. We take a set of frequencies w; which are Gaussian-distributed
around the mean value wy with variance (Aw)?. The Rossler system typically
shows windows of periodic behavior as the parameter w is changed; therefore
we usually choose a mean frequency wg in a way that we avoid large periodic
windows. In our computer simulations we solve numerically Egs. (2.2) for rather
large ensembles N = 3000 =+ 5000.

With an increase of the coupling strength e, the appearance of a non-zero
macroscopic mean field X is observed [69, Appendix 2]. This indicates the phase
synchronization of the Rossler oscillators that arises due to their interaction via
mean field. This mean field is large, if the attractors of individual systems are
phase-coherent (parameter a = 0.15) and the phase is well-defined. On the
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contrary, in the case of the funnel attractor, a = 0.25, when the oscillations
look wild, and the imaging point makes large and small loops around the origin,
the field is rather small, and there seems to be no way to choose the Poincaré
section unambiguously. Nevertheless, in both cases synchronization transition
is clearly indicated by the onset of the mean field, without computation of the
phases themselves.

Our numerical results are confirmed by recent experiments with globally
coupled chaotic chemical oscillators [39, 40].

2.3 Lattice of chaotic oscillators

Here we consider the case when chaotic oscillators are ordered in space and
form a lattice with nearest neighbor interaction. Such a situation is relevant,
e.g., for modeling chemical systems, where homogeneous oscillations are chaotic,
and the diffusive interaction can be model-led with dissipative nearest neigh-
bors coupling [12, 30]. One can expect to observe complex spatio-temporal
synchronization in such a lattice.

Our model is a 1-dimensional lattice of Rossler oscillators with local dissi-
pative coupling:

Y = wizj+ay; + et — 245 + yj-1), (2.3)
Here the index j = 1,..., N counts the oscillators in the lattice and ¢ is the

coupling coefficient. To study synchronization in a lattice of non-identical os-
cillators, we introduce a linear distribution of natural frequencies w;

wj = wi +6(j — 1), (2.4)

where § is the frequency mismatch between neighboring sites. Depending on
the values of § we observed two scenarios of transition to synchronization [56].
For small §, the transition occurs smoothly, i.e., all the elements along the chain
gradually adjust their frequencies. If the frequency mismatch is larger, clustering
is observed: the oscillators build phase-synchronized groups having different
mean frequencies. At the borders between clusters phase slips occur; this can
be considered as appearance of defects in the spatio-temporal representation.
Both regular and irregular patterns of defects can be found. Synchronization
was observed not only for the systems with simple attractor (a = 0.15), but also
for the systems with the funnel attractor (a = 0.25) [56].

2.4 Synchronization transitions

In this Section we describe synchronization transitions. First, we discuss in-
termittency at the threshold of phase synchronization. Next, we follow what
happens if the coupling strength is increased further, and describe the effect of
lag synchronization [87, Appendix 3].
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2.4.1 Intermittency at the synchronization transition

An interesting feature is the appearance of intermittency at the onset of phase
synchronization. Consider again two coupled Rossler oscillators (Egs. (2.1)).
As one can see from Fig. 2.3a, at the border of the region of complete phase
locking, the phases are almost locked. It means that from time to time phase
slips occur, where during a rather small interval of time the phase difference
changes by 2m. The time intervals between these slips are irregular, as one can
see from their distribution (Fig. 2.4a). The slips are exponentially rare, and the
dependence of the number of phase slips per constant time Ny on the coupling
strength obeys a relation Ny ~ exp(—|e — .| ~/?) [86] (Fig. 2.4b).
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Figure 2.3: Phase difference of two coupled Réssler systems (Eq. (2.1)) vs. time
for non-synchronous, (¢ = 0.01), nearly synchronous, or intermittent, (¢ =
0.027) and synchronous (¢ = 0.035) states. In the last case the amplitudes A; o
remain chaotic, their cross-correlation is less than 0.2. The frequency mismatch
is v =0.015.
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Figure 2.4: (a): The distribution of the number of phase slips N, with the
interval between slips Ty for ¢ = 0.027; it demonstrates that the slips occur
irregularly. (b) The number of phase slips per constant time N vs. the coupling
strength in the vicinity of the transition point. The slips are exponentially rare.
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2.4.2 Lag synchronization

If the coupling between two chaotic oscillators is sufficiently strong, then one
can observe the onset of phase synchronization. We discuss what happens in the
system of two symmetrically coupled non—identical oscillators with the further
increase of coupling. We demonstrate that for larger couplings a new regime
which we call lag synchronization (LS) sets in. LS appears as almost perfect
coincidence of shifted in time states of two systems, x1(t + 79) ~ x2(¢). Finally,
with further increase of coupling, the time shift decreases and this regime tends
to complete synchronization. We show that these transitions are related to the
changes in the spectrum of Lyapunov exponents (LE). For this purpose, we take
our basic model, two coupled Rossler systems

Ti2 = —wigYre — 212 +e(T21 —21,2),
Y12 = Wi12T1,2+ayie, (2.5)
12 = fHza(®i—c),

where a = 0.165, f = 0.2, ¢ = 10. The parameters w; 2 = 0.97 £0.02 and €
determine the mismatch of natural frequencies and the coupling, respectively.
The parameters are chosen by trial in such a way that appearance of large
windows of periodic behavior is avoided.

To characterize LS, we introduce a similarity function S as a time averaged
difference between the variables 21 and xo (with mean values being subtracted)
taken with the time shift 7

((w2(t +7) = 21(1))?)

SO = L Em < B0 (26)

and search for its minimum ¢ = min, S(7). If the signals 21 and x5 are indepen-
dent, the difference between them is of the same order as the signals themselves;
respectively S(7) ~ 1 for all 7. If z1(t) = z2(¢), as in the case of complete syn-
chronization, S(7) reaches its minimum o = 0 for 7 = 0. Here we demonstrate
a nontrivial case, when the similarity function S(7) has a minimum for non-zero
time shift 7, meaning the existence of a time lag between the two processes.

Computation of the observed frequencies 2 2 allows us to follow the transi-
tion to the frequency entrainment 2; = s = ; it takes place at € = €, ~ 0.036
(see Fig. 2.5). For stronger coupling ¢ = ¢; ~ 0.14 we observe a new transition
to lag synchronization (see the o vs e curve in Fig. 2.5). In Fig. 2.6 we show
numerically obtained similarity functions in system (2.5) for relatively weak,
intermediate and strong coupling. For weak coupling € < ¢, (curves 1,2), S ~ 1
and practically does not depend on 7, as can be expected for independent sig-
nals. For intermediate coupling strength €, < ¢ < g, a minimum of S(7)
appears (curves 3,4) indicating the existence of some characteristic time shift 7
between x1 and xo. This shift is related to the phase difference as 79 = §¢ /.
Note that in this regime the amplitudes are uncorrelated, so the value of S(7p)
is relatively large. Further increase of coupling makes at € ~ ¢; this minimum
very sharp (curves 5,6) and practically equal to zero. It means that the states
of the systems become identical, but shifted in time with respect to each other.
The regime of LS can be easily demonstrated by plotting x1(¢t + 79) vs x2(¢). It
is important that calculations of S(0), i.e., the comparison of 1 and x5 without
time shift, reveal no transition at ¢ = ¢;. For larger couplings € > ¢;, the time
lag 79 continuously decreases, but no qualitative transitions are observed.



2.4 Synchronization transitions 25

0.04

0.02

QZ_Ql

0.00 -

0.00 0.05 0.10 0.15 0.20
€

Figure 2.5: The frequency difference 2y — €3, the minimum of the similarity
function o and the four largest Lyapunov exponents A of two coupled Rossler
oscillators vs. the coupling €. Three different regions are clearly seen on o vs
€ plot correspondent to non—synchronous state, phase and lag synchronization
respectively. The transitions between these regimes are reflected in the spectrum
of Lyapunov exponents: at the first transition one of the zero LE becomes
negative, while the second transition corresponds to the zero crossing of one of
the positive LE. The dashed line shows dependence of S(0) on the coupling; from
this plot one can see that comparison of states of interacting systems without
time shift does not reveal the transition to LS. Two “outbursts” on o vs € plot
at € = 0.06 and € ~ 0.145 correspond to period 3 windows.
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Figure 2.6: Similarity function S(7) for different values of coupling strength ¢
(1: € =0.01, 2: € =0.015, 3: € =0.05, 4: ¢ = 0.075, 5: ¢ = 0.15, 6: € = 0.2).
With the increase of coupling a minimum appears indicating the existence of a
certain phase shift between interacting systems (curves 3 and 4). In the regime
of lag synchronization (curves 5 and 6) the minimum is extremely small.

The transitions between different types of synchronization can be related to
the changes in the Lyapunov spectrum (see Fig. 2.5). For small coupling € < ¢,
there are two positive LE (corresponding to chaotic amplitudes) and two nearly
zero LE (corresponding to independently rotating phases). At the phase locking
transition at € = ¢,, one of the zero LEs becomes negative, corresponding
to a definite stable relation between phases (one zero LE, corresponding to a
simultaneous phase shift of both Rossler oscillators, remains for all couplings, as
it should be in an autonomous system). The second transition to LS corresponds
to the change of the sign by the second positive LE, but does not exactly coincide
with it due to intermittency discussed below. This means that the relation
appears not only between the phases, but also between the amplitudes. The
phase shift remains, and therefore a time lag between the signals x; and x5 is
observed.



Chapter 3

Systems with ill-defined
phase

In this Chapter we treat the case when a chaotic system has no well-defined
phase. It means that we are not able to find a projection of the strange attractor
that looks like smeared rotations around some center and, hence, we are not able
to choose unambiguously the Poncaré section. However, synchronization can be
characterized in this case as well. We consider two approaches to the problem.

3.1 Statistical approach

3.1.1 An example: Rossler system with funnel attractor

Now we consider the Rossler system for parameters slightly different from those
in (1.20): instead of the term 0.15y take 0.25y in the second equation. This
change leads to the appearance of the so-called funnel attractor, shown in
Fig. 3.1. The Rossler system with the funnel attractor serves as an example
of the system with ill-defined phase. The topological structure is now complex:
there are small and large loops on the z,y plane, and it is not clear which
phase shift (7 or 27) should be attributed to these loops. Respectively, different
definitions of the phase give different results (Fig. 3.1).

3.1.2 Indirect characterization of synchronization

An important consequence of the statistical approach described in Section 1.3.2
is that the phase synchronization can be characterized without explicit compu-
tation of the phase and/or the mean frequency: it can be indicated implicitly
by the appearance of a macroscopic mean field in the ensemble of oscillators, or
by the appearance of the large discrete component in the spectrum. Although
there may be other mechanisms leading to the appearance of macroscopic order,
the phase synchronization appears to be the mostly common ones.

We use this approach to look for possible effects of phase synchronization
in the Rossler system with the funnel attractor. Because the phase itself is ill-
defined, we considered only implicit characteristics of synchronization. Namely,
we take a large ensemble of identical copies of the chaotic oscillator which differ
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Figure 3.1: Rossler oscillator with the funnel attractor is an example of the
system with ill-defined phase. Here different approaches to phase estimations
provide different results. Dot-dashed line: the phase ¢, solid line: the phase
variable ¢p, dashed line: the Hilbert-transform phase ¢p.
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only by their initial states, and let them evolve under the same periodic forcing.
After the transient, the projections of the phase state of each oscillator onto the
plane x, y form the cloud that exactly corresponds to the probability density. Let
us now consider the ensemble average of some observable, e.g., x(t). Without
synchronization the cloud is spread over the projection of the attractor, and the
average is small: no significant average field is observed. In the synchronous
state the probability is localized, so the average is close to some middle point
of the cloud; this point rotates with the frequency of the force and one observes
large regular oscillations of the average field.

Hence, the synchronization can be easily indicated through the appearance
of a large (macroscopic) mean field in the ensemble. Physically, this effect is
rather clear: unforced chaotic oscillators are not coherent due to internal chaos,
thus the summation of their fields yields a small quantity. Being synchronized,
the oscillators become coherent with the external force and thereby with each
other, so the coherent summation of their fields produces a large mean field.

3.2 Locking-based frequency measurement

In this Section we discuss a method that allows one to reveal synchronization of
systems with ill-defined phases, estimating the average frequency <¢> of individ-
ual oscillators from observed signals. This method, based on the use of auxiliary
limit cycle oscillators, can characterize synchronization of two or many coupled
systems; unlike the above described statistical approach it does not require en-

semble averaging.

3.2.1 Idea of the method

Let us consider an ensemble of uncoupled limit cycle oscillators with natural
frequencies wy distributed in an interval [Wimin,Wmaz]- Let each oscillator of
this ensemble be driven by a common periodic force of a frequency v. It is well-
known that the force synchronizes those elements of the ensemble which have
frequencies close to nv/m, where n, m are integers. This can be demonstrated by
plotting the frequencies of the driven limit cycle oscillators €2, called hereafter
the observed frequencies, vs. the natural frequencies wy: the synchronization
manifests itself in the appearance of horizontal plateaus (more precisely, one
expects to observe a devil’s staircase structure with infinitely many plateaus
whose widths depend on the amplitude of the forcing). This means that the
frequencies of entrained elements corresponding to a particular plateau are in
exact n : m relation to the frequency of the forcing. Hence, an unknown fre-
quency of the drive can be revealed by the analysis of the Qj vs. wy plot. The
idea of our approach is to use the ensemble of auxiliary oscillators as a device
for measuring the frequency of complex signals.

A simple implementation of the method is to drive the array of Poincaré
oscillators with a signal X (t)

A = (1+iwr) Ay, — [Ag[* Ag + X () . (3.1)

Separating the real amplitude R and the phase ¢ from the complex amplitude
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A = Re'® we can rewrite (3.1) as

Ry,
Pk
Noting that for small € the amplitude R is close to unity, and neglecting its

fluctuations, we can write equations for our measuring oscillators as pure phase
equations:

Ry — R} +eX(t) cos ¢y ,

wi, — R e X (t) sin ¢y, . (3:2)

dr = wy, — eX (t) sin gy, , (3.3)

and the observed frequencies are Q, = (¢). Note that Egs. (3.3) become exact
if one writes a higher order nonlinearity |A[PA in (3.1) and considers the limit
p — oo. Practically, in calculations below we normalize the signal X (t) to
have zero mean and unit variance so that the coupling constant € is the only
parameter of the method.!

3.2.2 Synchronization of chaotic oscillators with complex
dynamics

Driven systems
First we consider the Rossler system with a funnel attractor (Fig. 3.1):
T = —-y—z,

¥ z+ 0.4y, (3.4)
i 0.25 4 z(z — 8.5) .

Clearly we cannot find an origin that is revolved by all trajectories. Due to this,
there is no direct way to introduce the phase for this system and to characterize
its synchronization. Therefore we use the (normalized) signal z(t) to drive
system (3.3) with & = 0.5. The frequencies of the oscillators in the measuring
device driven by X (t) = x(¢) are shown in the solid curve denoted by E = 0 as
functions of the natural frequencies in Fig. 3.2. The resulting plateau in the
vs. wg plot gives QP = 0.94, where “p” stands for “plateau”. Thus an estimate
of the characteristic frequency of the signal z(t) is QP = 0.94. One can see that
this characteristic frequency cannot be directly associated with a peak in the
power spectrum (Fig. 3.1). We also see that Fig. 3.2 does not show the devil’s
staircase structure, but only one, smeared plateau. This is due to the chaotic
nature of the process x(t), so that, similar to the case of narrow-band noisy
signals, the high-order phase-locked regions are not observed [47, 70].

Next we study a synchronization of the system (3.4) by a periodic forcing.
The first equation of (3.4) now reads as & = —y — z + Esin(vt). Performing
measurements with “device” (3.3) for different values of the forcing amplitude
E, we see that the measured frequency QP approaches the external frequency
v, giving a clear picture of frequency entrainment (Fig. 3.2). Note also that the
plateau becomes wider: this can be interpreted as an indication that the external
force brings order in the Rossler system. It is important to mention that the
shift of the plateau is due to the entrainment of the chaotic oscillations and is
not an effect of the presence of a periodic component in the signal z(t). This
was checked by using a mixture of an unforced oscillation z(¢) and a periodic

1The mean value can slightly influence the result.
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Figure 3.2: Output of the frequency measuring “device” (3.3) as a function of
the natural frequencies of auxiliary systems wy for the driven Rossler oscillator
at three forcing amplitudes (results for (3.1) practically coincide with them).
Bold curve shows the frequencies of an ensemble of uncoupled limit cycle os-
cillators driven by the system (3.4). The height of the plateau determines the
characteristic frequency of this chaotic drive Q) = 0.94. Two other curves are
obtained for the forced (with the amplitude E') Rossler system, and demonstrate
shift of the characteristic frequency towards the frequency of the forcing v = 0.9
(horizontal line), thus indicating synchronization.

force Esin(vt) for X (t) in (3.3); in this case no shift of the plateau has been
observed.

The described method has been also applied to experimental data obtained
from the ensemble of 64 globally coupled chaotic electrochemical oscillators [116,
38]. (See [116] for the details of the experiment). The oscillators have been sub-
jected to a mutual coupling stronger than that required for phase synchroniza-
tion but weaker than that necessary for complete synchronization. The array
was forced periodically and the oscillations have been recorded for several values
of the forcing amplitude. Because of the coupling, several of the oscillators in
this parameter range demonstrate complex patterns of oscillations so that it was
impossible to define the phase with the Hilbert Transform method. Neverthe-
less, with applying our method we were able, without any special adjustment,
to determine the frequencies of all oscillators in the array and to show that with
increasing of the forcing amplitude they become phase synchronized with the
external force.

Coupled oscillators

Our next application is the analysis of two coupled oscillators with ill-defined
phases. The scalar signals z; 2 from these systems are used as inputs for two
measuring devices, i.e., z1,2 drive two identical ensembles (3.1) or (3.3). The
outputs of the devices are two frequencies Qf 23 for uncoupled systems we expect
that they differ due to a detuning. The onset of the equality Qf = QF with the
increase of coupling will reflect the synchronization of the complex systems
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under consideration. As a particular example we consider two weakly coupled
Rossler systems with funnel attractors:

T12 = —wWi2Y12 — 212+ 77(352,1 —T12),
Y12 = wi2Z12+0.22y104+0(y21 —v1.2) s (3.5)
2.1’2 = 0.1+ 21’2({);‘1’2 — 8.5)7

where wy = 0.98, wy = 1.03. Application of the method (Fig. 3.3) reveals
synchronization for coupling parameter n 2 0.05. The particular parameter
values in (3.5) give us a possibility to compare our approach with direct phase
measurements. Indeed, for most 1 the trajectory in the coordinates (&, §) rotates
around the origin and the phase ¢ = arctan(y/) is well-defined; this does not
hold for coupling 0.04 2 n = 0.03, when some trajectories do not wrap the origin
(although these events are relatively rare).? Thus the onset of synchronization
in system (3.5) can be traced in a straightforward way, by plotting the phase
difference that becomes bounded with increase of coupling (for n 2 0.05).
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Figure 3.3: Output of the frequency measuring “device” for two Rossler sys-
tems (2.5). (a) no coupling, (b) coupling, n = 0.05. For zero coupling (a)
the characteristic frequencies Qgp % are different (plateaus have different height);
for coupling (b) these frequencies coincide, i.e. synchronization sets in. Solid
and dotted lines correspond to first and second oscillator, respectively. Note
that the common frequency in (b) lies below both frequencies in (a); such a
frequency shift is usual for diffusive coupling, it appears due to dependence of
the frequency on the amplitudes, the latter being reduced due to coupling.

Discussion of the method

We expect that for chaotic systems with very complicated topology of the phase
space the plateau may be not seen at all and hence the frequency may be not
found. This limitation of the presented method is due to the principal fact that
systems with strong effective noise do not have a characteristic frequency and
are not capable of synchronization. Like noisy systems, chaotic oscillators with
ill-defined phase do not allow an unambiguous definition of synchronization;
therefore the distinction between the systems that can and cannot synchronize
is smeared. Note also, that with our method we define frequency of a signal,

2Tt is easy to see that the transformation to the coordinates (i,) proposed in Chen et
al. Phys. Rev. E. 64, 016212 (2001), is not of general use. So, it also fails for the driven
system (3.4) and another parameter choice in (3.5), whereas our technique reveals phase
synchronization in these cases as well.
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not of an oscillator. In particular, frequencies for different observables from one
system can differ.

In a general context, we can interpret the ensemble of uncoupled oscillators
with a common input (Egs. (3.1) or (3.3)) as a nonlinear filter that picks
up a certain frequency from a broad-band input. Indeed, the average velocity
of the phase point rotation around the limit cycle in a single oscillator (3.1)
is determined by some average properties of the aperiodic driving force. In
particular, the system filters out the action when the signal X(¢) is nearly
zero (and therefore the phase is ill-defined), because the point of the oscillator
continues to rotate (with the natural frequency). In this respect our device is
similar to the well-known technical system, the phase locked loop [6]. The latter
provides a phase of an input even during epochs when the amplitude of the input
is small (say, of the same order as the underlying noise). In particular, taking
the natural frequency in (3.3) in the middle of the plateau, one can use the
corresponding phase ¢ (t) as an “estimate” to the signal’s phase. It is essential
to use nonlinear self-sustained oscillators and not linear resonators, in the latter
case simply the power spectrum of the process would be measured, while in our
case a single frequency is extracted.
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Chapter 4

Synchronization approach
to bivariate data analysis

In this Chapter we use the idea of phase synchronization for experimental ap-
plications. The problems we consider can be formulated as follows. Suppose we
observe two systems that are possibly coupled. We do not have access to the
parameters of these systems but just can measure the signals at their outputs.
Out goal is to analyze these bivariate data in order to find out whether these
systems interact. If they do, the natural problems are:

1. to quantify the strength of interaction;
2. to quantify the asymmetry in interaction (coupling direction).

We discuss methods of data analysis giving answers to the above questions and
illustrate them by experimental examples. The relation of the developed and
traditional techniques is also discussed.

Our approach is especially important for applications in medicine and bi-
ology. Indeed, in experiments with live systems a researcher usually cannot
perform an active experiment, i.e., to change the parameters of systems and/or
coupling and to look for the response in the dynamics of the systems. Quite
often one can perform only passive experiments, i.e., to measure the signals from
biological systems under free-running conditions and analyze them.

4.1 Introduction

Remarkably, the properties of phase synchronization in chaotic systems are sim-
ilar to those of synchronization in periodic noisy oscillators (see the discussion in
Section 1.2.3. This allows one to describe both effects within a common frame-
work. Moreover, from the experimentalist’s point of view, one can use the same
methods in order to detect synchronization both in chaotic and noisy systems.
Therefore, describing particular experiments and searching for phase relations,
we will not be interested in the question, whether the observed oscillations are
chaotic or noisy: the approach we present below is equally applicable in both
these cases.

35
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Synchronization phenomena are often encountered in living nature. Indeed,
the concept of synchronization is widely used in experimental studies and in
the modeling of interaction between different physiological (sub)systems demon-
strating oscillating behavior. The examples range from the modeling of the heart
in the pioneering paper of van der Pol and van der Mark [114] to investigation
of the circadian rhythm [5, 29], phase locking of respiration with a mechanical
ventilator [67] or with locomotory rhythms [10], coordinated movement [29] and
animal gaits [14], phase locking of chicken embrion heart cells with external
stimuli and interaction of sinus node with ectopic pacemakers [29], synchroniza-
tion of oscillations of human insulin secretion and glucose infusion [107], locking
of spiking from electroreceptors of a paddlefish to weak external electromagnetic
field [53], and synchronization of heart rate by external audio or visual stimuli
[4].

The notion of synchronization is also related to several central issues of
neuroscience (see, e.g., [103, 33, 34]). For instance, synchronization seems to
be a central mechanism for neuronal information processing within a brain area
as well as for communication between different brain areas. Another evidence
is that synchronization of the oscillatory activity in the sensorimotor cortex
may serve for the integration and coordination of information underlying motor
control [50]. On the other hand, synchronization plays an important role in
several neurological diseases like epilepsies [20] and pathological tremors [23, 19].
Correspondingly, it is important to analyze such synchronization processes to
achieve a better understanding of physiological brain functioning as well as
disease mechanisms.

4.1.1 Synchronization and analysis of bivariate data

Synchronization phenomena are abundant in the real world and biological sys-
tems, in particular. Thus, detection of synchronization from experimental data
appears to be an important problem, that can be formulated as follows: Suppose
we can obtain several signals coming from different simultaneous measurements
(e.g., an electrocardiogram and respiratory movements, multichannel electro-
or magnetoencephalography data, records of muscle activity, etc.). Usually it
is known how to attribute these signals to different oscillating objects. The
question is whether there are states (or epochs) where these objects oscillate in
synchrony. Unfortunately, typically observed oscillations are highly irregular,
especially in live systems, and therefore possible synchronization phenomena are
masked by strong noise and/or chaos, as well as by nonstationarity.

This task is similar to a well-known problem in time series analysis: how to
reveal the presence of an interdependence between two (or more) signals. The
analysis of such bivariate data is traditionally done by means of linear cross-
correlation (cross-spectrum) techniques [78] or nonlinear statistical measures
like mutual information or maximal correlation [81, 77, 115].

Recently, different synchronization concepts of nonlinear dynamics have been
used in studies of bivariate data. Schiff et al. [98] used the notion of dynami-
cal interdependence [65] and applied the mutual prediction technique to verify
the assumption that measured bivariate data originate from two synchronized
systems, where synchronization was understood as the existence of a functional
relationship between the states of two systems, called generalized synchroniza-
tion. In our previous works [86, 90, 89, 111, 95, Appendices 4 and 5], we
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proposed an ansatz based on the notion of phase synchronization; this implies
existence of a relationship between phases of two weakly interacting systems,
whereas the amplitudes may remain uncorrelated [85, 71, Appendix 1]. In our
approach we assume that the measured bivariate data originate from two in-
teracting self-oscillatory systems which may either be phase locked or oscillate
independently.

Generally, we try to access the following problem: suppose we observe a sys-
tem with a complex structure that is not known exactly, and measure two time
series at its outputs (Fig. 4.1). Our goal is not only to find out whether these
signals are dependent or not - this can be done by means of traditional statisti-
cal techniques - but to extract additional information on the interaction of some
subsystems within the system. Obviously, we cannot consider the system under
study as a “black box”, but need some additional knowledge to support the
assumption that the content of this “box” is complex, and we indeed encounter
several subsystems, that generate their own rhythms, but are, probably, weakly
coupled.

An advantage of our approach is that it allows to address rather weak in-
teraction between the two oscillatory subsystems. Indeed, the notion of phase
synchronization implies only some interdependence between phases, whereas
the irregular amplitudes may remain uncorrelated. The irregularity of ampli-
tudes can mask the phase locking so that traditional techniques treating not the
phases but the signals themselves may be less sensitive in the detection of the
systems’ interrelation [86, 89).
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Figure 4.1: Illustration of the synchronization approach to analysis of bivariate
data. The goal of the analysis is to reveal the presence of a weak interaction
between two subsystems from the signals at their outputs only. The assump-
tion made is that the data are generated by two oscillators having their own
rhythms (a). An alternative hypothesis is a mixture of signals generated by two
uncoupled systems (b).

To conclude this Section, we stress that the appearance of synchronization
entails some relations between phases and frequencies of oscillators, but the in-
verse statement is strictly speaking not correct. Indeed, if a system is outside
the synchronization region, but close to its border, then the distribution of the
cyclic relative phase Wy, ,,, (t) is also non-uniform, and the frequencies of oscilla-
tors are closer than those for non-interacting systems. Thus, the presence of a
peak in the distribution of ¥, ,,(¢) generally indicates the presence of some in-
teraction only, but does not necessarily mean that the systems are synchronized.
As we are not interested in determination of the borders of a synchronization
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region, but are only searching for the presence of coupling, this fact does not
influence interpretation of our results. We emphasize that interdependence of
phases can results not only from coupling of self-sustained oscillators, capable
to synchronize, but also due to such effects as modulation or stochastic reso-
nance [51]. Hence, the interpretation of passive experiments must be made very
carefully.

4.2 Estimating phases from data

Before we can analyze the relations between the phases of two oscillators, we
have to estimate these phases from scalar signals. We have shown above how to
define the phase for a periodic self-sustained system and for chaotic oscillations.
Quite often, the phase of an oscillator can be determined if one can find a suitable
projection of the phase space ensuring that all the trajectories rotate around
some point that is taken as the origin. From this projection, the phase can be
identified with the angle (with respect to an arbitrary direction) of the vector
drawn from the origin to the corresponding point on the trajectory. Note that in
this way we obtain a some non-uniformly rotating phase, what can essentially
complicate the analysis. Another possibility is to construct a Poincaré map
(stroboscopic map) and to define the phase according to (1.9).

@ R, R, R (b)

ECG signd
respiration

(d)

% 50
time () time (s)

Figure 4.2: Short segments of (a) an electrocardiogram (ECG) with R-peaks
marked and (b) of a respiratory signal; both signals are shown in arbitrary
units. (c¢) Phase of the ECG computed according to Eq. (4.1) is a piece-wise
linear function of time; the instants when the R-peaks occur are shown by circles.
(d) Phase of respiration obtained via the Hilbert transform (Eq. (1.13)).

These two methods can be adapted for estimation of phases from experi-
mental data. To explain the details, we consider a human electrocardiogram
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(ECG) and a respiratory signal (air flow measured at the nose of the subject)
as examples. An essential feature of the ECG is that every (normal) cardio-
cycle contains a well-pronounced sharp peak that can be with high precision
localized in time; traditionally it is denoted as R-peak (Fig. 4.2a). The series of
R-peaks can be considered as a sequence of point events taking place at times
tr, k = 1,2,.... Phase of such a process can be easily obtained. Indeed, the
time interval between two R-peaks corresponds to one complete cardiocycle;
therefore the phase increase during this time interval is exactly 27w. Hence, we
can assign to the times ¢ the values of phase ¢(t;) = 2wk, and for arbitrary
instant of time ¢, <t < tgq1

—t

o(t) =27k + 27 .
tpe1 — g

(4.1)

This method (see also [99]) can be applied to any process that contains distinct
marker events and can therefore be reduced to the spike train. Determination
of the phase via marker events in time series can be considered as the analogy
to the technique of Poincaré section, although we do not need to assume that
the system under study is a dynamical one.

Now we consider the respiratory signal (Fig. 4.2b); it reminds a sine-wave
with slowly varying frequency and amplitude. Phase of such a signal can be
effectively obtained by means of the analytic signal concept, see Section 1.2.
Discussion of properties and practical implementation of the Hilbert Transform
and analytic signal are given in Appendices to [91, 70].

An important practical question is: Which method should be chosen for
analysis of particular experimental data? To address this problem we make the
following remarks:

e If we define the phase of a system in order to characterize its frequency
locking properties, then different methods (via the Poincaré section, from
the two-dimensional projection of the phase space or from an oscillatory
observable by means of the Hilbert transform) give similar results, at
least if the system is a “good” one [71]. Although these phases vary
microscopically, i.e., on the time scale less than one (quasi)period, the
average frequencies obtained from these phases coincide, and it is exactly
the frequencies what is primarily important for the description of syn-
chronization. Therefore, theoretically all the definitions of the phase are
equivalent. That is rarely the case in an experimental situation, where we
have to estimate the phases from short, noisy and nonstationary records,
so that numerical problems become a decisive factor.

e If the signal has very well-defined marker events, like the ECG, the Poincaré-
map-technique is the best choice. It could be also applied to an “oscilla-
tory” signal, like the respiratory one: here it is also possible to define the
“events” (e.g., as the times of zero crossing) and to compute the phase
according to Eq. (4.1). However, we do not recommend to do this: the
drawback is that the determination of an event from the slowly varying
signal is strongly influenced by noise and trends in the signal. Besides,
we get only one event per quasiperiod, and if the record is short, then
the statistics is poor. In such case the technique based on the Hilbert
transform is much more effective because it provides the phase for every
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point of the time series, so that we have a lot of points per quasiperiod
and can therefore smooth out the influence of noise and obtain sufficient
statistics for the determination of phase relationships.

Another important point is that even if we can unambiguously compute the
phase of a signal, we cannot avoid the uncertainty in the determination of the
phase of an oscillator.! The latter depends on the observable used; “good”
observables provide equivalent phases (i.e., the average frequencies defined from
these observables coincide). In an experiment we are rarely free in the choice of
an observable. Therefore, one should always be very careful in formal application
of the presented methods and in the interpretation of the results.

We emphasize, that even if the observable is good enough, the distribution
of the estimated cyclic relative phase can essentially differ from that obtained
from the distribution of the correct phase satisfying Eq. (1.9).

4.3 Detection of weak interaction: techniques
and experimental examples

In this Section we on elaborate the techniques of phase relationship analysis and
illustrate them by several examples. These techniques are based on the idea of
synchronization and, therefore, we use the corresponding vocabulary, although
generally speaking we can reveal only the presence of some interaction.

4.3.1 Straightforward analysis of phase difference: Appli-
cation to posture control in humans

The simplest approach to look for synchronization is to plot the phase difference
versus time and look for horizontal plateaus in this presentation. Generally, we
have to plot the generalized phase difference

On,m = NP1 — M2 . (4.2)

This straightforward method turned out to be quite effective in the analysis of
model systems and some experimental data sets.

To illustrate this, we describe the results of experiments on posture control
in humans [89]. During these tests a subject is asked to stay quietly on a special
rigid force plate equipped with four tensoelectric transducers. The output of
the setup provides current coordinates (z,y) of the center of pressure under
the feet of the standing subject. These bivariate data are called stabilograms;
they are known to contain rich information on the state of the central nervous
system [31, 13, 26, 49]. Every subject was asked to perform three tests of
quiet upright standing (3 minutes) with (i) eyes opened and stationary visual
surrounding (EO); (ii) eyes closed (EC); (iii) eyes opened and additional video—
feedback (AF). 132 bivariate records obtained from 3 groups of subjects (17
healthy persons, 11 subjects with an organic pathology and 17 subjects with a
psychogenic pathology) were analyzed by means of cross-spectra and generalized

1We remind that although one can compute several phases from different observables of the
same oscillator, there exist only one phase of that system corresponding to its zero Lyapunov
exponent.
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mutual information. It is important that interrelation between the body sway
in anterior—posterior and lateral directions was found in pathological cases only.
Another observation is that stabilograms can be qualitatively rated into two
groups: noisy and oscillatory patterns. The latter appear considerably less
frequently — only a few per cent of the records can be identified as oscillatory
— and only in the case of pathology.

The appearance of oscillatory regimes in stabilograms suggests the excitation
of self-sustained oscillations in the control system responsible for the mainte-
nance of the constant upright posture; this system is known to contain several
nonlinear feedback loops with time delay. From the other hand, the indepen-
dence of the body sway in two perpendicular directions for all healthy subjects
and many cases of pathology suggests that two separate subsystems are involved
in the regulation of the upright stance. A plausible hypothesis is that when self-
sustained oscillations are excited in both these subsystems, synchronization may
take place. To test whether the interdependence of two components of a sta-
bilogram may be due to a relation between their phases, we have performed the
analysis of the phase difference.

Here we present the results for one trial (female subject, 39 years old, func-
tional ataxia). We can see that in the EO and EC tests the stabilograms are
clearly oscillatory (Figs. 4.3 and 4.4). The difference between these two records
is that with eyes opened the oscillations in two directions are not synchronous
during approximately the first 110 sec, but exhibit strong interrelation between
phases during the last 50 sec. In the EC test, the phases of oscillations nearly
coincide during all the time. The behavior is essentially different in the AF test;
stabilograms represent noisy patterns, and no phase relation is observed. We
emphasize, that the traditional techniques are not efficient to detect the cross-
dependence of these signals because of the non-stationarity and insufficient
length of the time series.

Remarks on the method

An important advantage of the straightforward phase analysis is that by means
of ¢, m (t) plots one can trace transitions between qualitatively different regimes
that are due to nonstationarity of parameters of interacting systems and/or
coupling (Fig. 4.3). Noteworthy, this is possible even for very short records.
Indeed, two different regimes that can be distinguished in Fig. 4.3 contain only
about ten characteristic periods, i.e., these epochs are too short for reliable
application of conventional methods of time series analysis.

A disadvantage of the method is that synchronous regimes of the order dif-
ferent from n : m, e.g., synchronization of order n : (m + 1), appear in this
presentation as nonsynchronous epochs. Besides, there exist no regular meth-
ods to pick up the integers n and m, so that they are usually found by trial and
error. Respectively, in order to reveal all the regimes, one has to analyze a num-
ber of plots. In practice, the possible values of n and m can be estimated from
the power spectra of the signals, or by computation of the frequencies along the
recommendations given in the previous Section, and are often restricted due to
some additional knowledge on the system under study.

Another drawback of this technique is that if noise is relatively strong, this
method becomes ineffective and may be even misleading. Indeed, frequent phase
slips mask the presence of plateaus and synchronization can be revealed only by
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Figure 4.3: Stabilogram of a neurological patient. x (bold line) and y (solid line)
represent the body sway while quiet stance with open eyes in anterior-posterior
and lateral directions, respectively (a). The phases of these signals, and the
phase difference are shown in (b) by bold, solid and dashed lines, respectively.
The transition to a regime where the phase difference fluctuates around a con-
stant is clearly seen at =~ 110 sec. A typical plot of y vs. x shows no structure
that could indicate the interrelation between the signals (c).

a statistical approach, e.g., by analysis of the distribution of the cyclic relative
phase to be defined below.

4.3.2 Statistical analysis of phase difference: Application
to brain activity

If the interacting oscillators are quasilinear then we can estimate the strength
of the n : m phase locking by comparing the distribution of the cyclic relative
phase U, ,,(t) = (n¢1 — m¢2) mod 27 with the uniform distribution. For a
single record this can be done by visual inspection, but in order to perform
automatic analysis for large data sets or in order to trace the variation of the
strength of interaction with variation of some parameter, we need quantitative
criteria of synchronization. Quantitative characterization is also required for
significance tests. To this end we introduce three n : m synchronization indices:

(I) The synchronization index based on the Shannon entropy S of the phase
difference distribution [111, Appendix 5]. Having an estimate py of the distri-
bution of ¥,, ,,, we define the index p as

Smaz - S

Pnm = )
' Smax

(4.3)
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Figure 4.4: Stabilogram of the same patient as in the Fig. 4.3 obtained during
the test with the eyes closed. All the notations are the same as in Fig. 4.3. From
the phase difference one can see that the body sway in two directions are tightly
related in phases within the whole test, although the amplitudes are irregular
and essentially different.

where S = — ij:l P In pg, and the maximal entropy is given by Sj,q.: = In NV;
N is the number of bins and py, is the relative frequency of finding ¥,, ,,, within
the k-th bin.2 Due to the normalization used,

0<pnm=1, (4.4)

whereas p,, ,n, = 0 corresponds to a uniform distribution (no synchronization)
and pn,m = 1 corresponds to a distribution localized in one point (d-function).
Such distribution can be observed only in the ideal case of phase locking of
noise-free quasilinear oscillators.

(IT) Intensity of the first Fourier mode of the distribution

%21,m = (cos \Iln,m(t)>2 + (sin \I/n,m(t)>2 , (4.5)

where the brackets denote the average over time, can serve as the other measure
of the synchronization strength; it also varies from 0 to 1. The advantage of
this index is that its computation involves no parameters: we do not need to
choose the number of bins as we do not calculate the distribution itself.

(III) If the oscillators are strongly nonlinear then the distribution of ¥,, ,,,(¢)
is non-uniform even in the absence of noise; this is essential if synchronization
occurs via parametric action. In this case we need some other measure to

2The optimal number of bins can be estimated as N = exp[0.626 + 0.41n(M — 1)], where
M is the number of samples [57].
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characterize the strength of synchronization. For this purpose we recall the
stroboscopic approach: we know that in the synchronous state the distribution
of the stroboscopically observed phase is the d-function; it is smeared in the
presence of noise. Thus, for n : m synchronization we have to characterize the
distribution of

n= (b? mod 27n |¢1 mod 27rm=0 - (46)

This means that we observe the phase of the second oscillator at the instants of
time when the phase of the first one attains a fixed value 6 (phase stroboscope).
To account for the n : m locking, the phases are wrapped into intervals [0, 27m)
and [0, 27n], respectively. Repeating this procedure for all 0 < § < 27 and
averaging, we get a statistically significant synchronization index [111, Appendix
5].
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Figure 4.5: Synchronization index based on the conditional probability. Phase
of the second oscillator ¢o wrapped in the interval [0, 27n] is observed strobo-
scopically, i.e. when phase of the first oscillator ¢; is found in the certain bin
0, of the interval [0,27m]. If there is no synchronization then the stroboscopi-
cally observed ¢- is scattered over the circle, otherwise it groups around some
value. The sum of the vectors pointing to the position of the phase on the circle
provides a quantitative measure of synchronization.

Practically, if we deal with the time series, we can introduce binning for
the phase of the first oscillator, i.e. divide the interval [0,27m] into N bins.
Next, we denote the values of ¢; mod 27m falling into the [-th bin as #; and
the number of points within this bin as M;. Then, with the help of Eq. (4.6)
we compute M; corresponding values n; ;, where ¢ = 1,..., M;. If the oscillators
are not synchronized, then we expect 7;; to be uniformly distributed on the
interval [0, 27n], otherwise these quantities group around some value and their
distribution is unimodal (Fig. 4.5). To quantify it, we compute

M,
Ar=M;"> exp lu(nia/n)] - (4.7)
i=1
The case of complete dependence between both phases corresponds to |A;] = 1,

whereas |A;| vanishes if there is no dependence at all. To improve the statistics,
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we average over all N bins and get the synchronization index
N
Anm =N TIA (4.8)
1=1

According to the definition above A, ,, measures the conditional probability for
¢2 to have a certain value provided ¢ is in a certain bin.

Comparison of these three indices using the simulated data was performed
in [91]. We stress here two points. First, the indices are nonzero outside the
synchronization region. It is not surprising: we have noted already that the
distribution of the cyclic phase outside the region also has a peak. Thus, we
can reveal the presence of interaction even if it is too weak to induce synchro-
nization. Second, in case of frequency modulation in the signals, the conditional
probability index is definitely superior over two other indices.

Human brain activity during pathological tremor

Here we briefly present the results of the investigation of phase synchroniza-
tion between different brain areas, as well as between brain and muscle activ-
ity in Parkinsonian patients by means of noninvasive measurements [111, 110,
Appendix 5]. The goal of the study was to find out whether synchronization
between different cortical areas is involved in the generation of pathological
tremor.

The neuronal activity of the human brain was noninvasively assessed by
registering the magnetic field outside the scull by means of multichannel mag-
netoencephalography (MEG). In addition to the MEG, the electromyogram
(EMG) from two antagonistic muscles exhibiting tremor activity, namely the
right flexor digitorum superficialis muscle (RFM) and the right extensor indicis
muscle (REM), was registered by standard techniques.

The phase analysis was performed in the following way. First, the instanta-
neous phases of signals were obtained by means of the Hilbert transform. Next,
one signal was taken as the reference one, and phase locking between this chan-
nel and all others was studied in pairs. To cope with nonstationarity, a sliding
window analysis was done and the distribution of ¥, ,,, was computed for every
time point ¢ within the window [t —T'/2,¢+T'/2] and characterized by means of
the synchronization indices p and A\.?> The window length T was varied between
2 and 20 s; the results are robust with respect to this variation. In search of
corticomuscular synchronization (CMS), an EMG signal was taken as a refer-
ence signal. Investigation of cortico-cortical synchronization (CCS) was done
by choosing for reference one of the MEG channels over the left sensorimotor
cortex.

It was found that tremor activity reflects the time course of cortico-cortical
synchronization. Another important observation is that the onset of CCS pre-
cedes initiation of the tremor. Moreover, the phase analysis allows to localize
the brain areas with MEG activity phase locked to tremor activity from non-
invasive measurements (Fig. 4.6). The main focus of the 1 : 2 synchronization
is located over the contralateral sensorimotor cortex. Additionally, this type of
locking is observed over premotor, frontal, contralateral parietal and contralat-
eral temporal areas. In contrast to the 1 : 2 locking, the 1 : 1 synchronization is

3Computation of both indices gives consistent results.
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much weaker, and is observed over contralateral sensorimotor, parieto-occipital
and frontal areas. All areas which are 1 : 2 locked with the tremor are also 1 : 1
locked among each other.
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Figure 4.6: Time dependence of the synchronization index p; o characterizing 1 :
2 locking between the EMG of the right flexor muscle (reference channel, plotted
in the lower right corner) and all MEG channels. Each rectangle corresponds
to an MEG sensor; time axis spans 310 s and y-axis scales from 0 to 0.25. The
head is viewed from above, ‘L’ and ‘R’ mean left and right (see the “head” in the
upper right corner). The upper and lower gray regions corresponds to premotor
and contralateral sensorimotor areas respectively. The results are similar for
the extensor muscle.

4.3.3 Stroboscopic technique: Application to cardiorespi-
ratory interaction

In this Section we present the synchronization analysis of cardiorespiratory in-
teraction in humans. The data we analyze, namely electrocardiogram (ECG)
and respiratory signal, were already introduced in Fig. 4.2. The complexity of
this case is related to the following features:

e the time series have essentially different forms (respiration is a narrow-
band signal, while ECG can be reduced to the spike train);

e the characteristic time scales of two signals are different (there are always
several heartbeats per respiratory cycle) and vary essentially within one
experimental record; therefore we expect (and we indeed observe it) syn-
chronization of some high order n : m and transitions between different
synchronous states;

e synchronization is probably related to modulation of the heart rate by
respiration, so that stroboscopic methods suitable for the detection of
n : m locking from nonstationary data are required.

These features make the problem a very useful example for comparison of dif-
ferent analysis techniques.
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Phase stroboscope (Cardiorespiratory synchrogram)

First we present a graphic tool based on the stroboscopic technique. With this
method, the phase of the driven oscillator is observed with the period of external
force, o, = ¢(to+k-T), where k =1,2,... and ¢¢ is the (arbitrary) time of the
first observation. If the oscillator is entrained, the distribution of the ¢y is a
d-function, if the oscillator is periodic, and it is narrow, if the oscillator is noisy
or chaotic. Non-synchronous state implies that the stroboscopically observed
phase attains an arbitrary value, and its distribution is therefore broad.

A simple generalization makes this technique a very effective tool of time
series analysis. To this end, we consider two coupled oscillators and observe
the phase of one oscillator not periodically in time, but periodically (with the
period 27) in phase of the other oscillator. In other words, we pick up ¢ at
the moments when ¢2(t) = ¢o+27-k. We refer to this technique as to the phase
stroboscope. Obviously, if the second oscillator is periodic, the phase and the
time stroboscopes are equivalent. Certainly, it does not matter which oscillator
is taken as the reference one (second in our notation); the choice solely depends
on the convenience of the phase determination. In the rest of this Section
we explain and illustrate how the stroboscopic technique can be used for the
detection of interaction (provided that we know that the signals originate from
interacting self-sustained oscillators) in case when the frequencies of the signals
obey n{); & mfls, or, generally, for detection of complex relations between the
phases of two signals.

Suppose first that we deal with two n : 1 synchronized oscillators that gen-
erate signals like shown in Fig. 4.2 and let n spikes® of the fastest signal occur
within one cycle of the slow one, i.e., there is a n : 1 locking. Then we expect to
find the spikes at n different values of the phase of the slow signal. A similar pic-
ture can be observed if there is no synchronization, but one process is modulated
by the other one. Therefore, in a particular experiment, we can use this idea
to reveal complex interaction, but cannot distinguish between synchronization
and modulation.

It is natural to observe the phase of the slow signal at the times of spiking.
Thus, we plot the stroboscopically observed cyclic phase () = (¢1(tx) mod
2m)/2m versus time and call such a plot a synchrogram. Presence of interaction
is reflected by the occurrence of n stripes in this presentation.

The final step is to extend the stroboscopic technique to the general case of
n : m locking. Suppose again that we observe one oscillator, whenever the phase
of the second one is a multiple of 2. Then, if interaction is present, we expect
to make n observations within m cycles of the first oscillator. To construct
a synchrogram we have to distinguish somehow the phases within m adjacent
cycles. For this purpose we make use of the fact that phase can be defined either
on a circle, i.e., from 0 to 27, or on the real line. We often intermingled these
two definitions, and the range of the phase variation was clear from the context.
Now we perform the following trick: we take the unwrapped (i.e., infinitely
growing) phase and wrap it on the cycle [0,27m]. In this way we consider m
cycles as one cycle, and then proceed as before, plotting ,,(tx) versus time
(Fig. 4.7); the index m indicates how the phase was wrapped. Note that only

4If there were no spikes, we can define the events as, say, zero crossing in one direction.
In other words, we have to define the instants when the phase of the fastest oscillator attains
some fixed value.
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the value of m should be chosen by trial and error, and different epochs, say
with approximate frequency ratios n : m and (n + 1) : m, can be seen within
one synchrogram.

time

Figure 4.7: Principle of the phase stroboscope, or synchrogram. Here a slow
signal (a) is observed in accordance with the phase of a fast signal (c). Measured
at these instants, the phase ¢, of the slow signal wrapped modulo 27m, (i.e., m
adjacent cycles are taken as a one longer cycle) is plotted in (d); here m = 2. In
this presentation n : m phase synchronization shows up as n nearly horizontal
lines in (d); similar picture appears in the case of modulation.

Cardiorespiratory interaction

Interaction between human cardiovascular and respiratory systems was inten-
sively studied. Although it is well-known that these systems do not act inde-
pendently [43] and in spite of early communications in the medical literature
(that often used different terminology) [108, 21, 66, 37, 79, 80], in the biological
physics community these two systems were often considered to be not synchro-
nized. So, an extensive review of previous studies of biological rhythms led to the
conclusion that “there is comparatively weak coupling between respiration and
the cardiac rhythm, and the resulting rhythms are generally not phase locked”
(see [29], page 136). Recently, the interaction of these vital systems attracted
attention of several physics groups, and synchronization during paced respira-
tion [97, 102] was investigated. Here, as well as in Refs. [108, 66, 37, 97, 102]
only synchronous states of orders n : 1 (n heartbeats within 1 respiratory cycle)
were found due to limitation of the ad hoc methods used for the analysis of
data. In our recent work [95, 96, 52, Appendices 4 and 6] we have reported on
cardiorespiratory synchronization under free-running conditions in two groups
of subjects: young athletes and healthy newborns. The proposed analysis tech-
nique allows to find out synchronous epochs of different orders n : m by means
of synchrograms (see an example in Fig. 4.8) as well as fully automatically, by
means of stroboscopic synchronization index [52, Appendix 6]. Cardiorespira-
tory synchrogram was also used in [11, 104], where cardiorespiratory interaction
in healthy relaxed subjects (non-athletes) and in rats during anesthesia was an-
alyzed.
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Figure 4.8: An example of alternation of interaction with approximate frequency
relations 2 : 1 and 5 : 2 between heart rate and respiration of a healthy baby.
(a) Two adjacent respiratory cycles are taken as one cycle. Therefore, epochs
of 2:1 and 5 : 2 relation between phases appear as 4- and 5-lines patterns. (b)
Plot of the number of heartbeats within two respiratory cycles Ny also indicates
epochs of interdependence. (c) If the respiratory phase is wrapped modulo 27
then only 2 : 1 relation is seen. The data points are shown by different symbols
in cyclic order (5 and 2 symbols in (a) and (c), respectively) for better visual
impression.

4.3.4 Discussion
Is it really synchronization?

An important issue is interpretation of the results of the phase analysis. Here
we have to be aware of two problems:

e Can we be sure that the patterns of the relative phase, described in the
sections above, indeed indicate synchronization, and, respectively, under-
lying nonlinear dynamics?

e How reliable is this indication?

Before we address these questions, we remind that the synchronization tran-
sition in noisy systems is smeared. Next, as we already stressed, the relation
between phases indicates, strictly speaking, the presence of interaction between
systems, but not necessarily means that they are synchronized. Finally, our
synchronization approach to data analysis is based on certain assumptions that
might be not always fulfilled. All in all, we can never unambiguously state that
we have observed synchronization; nevertheless, strong indications in favor of
such a conclusion can be sometimes found.

As synchronization is not a state, but a process of adjustment of rhythms
due to interaction, we cannot validate its existence if we do not have access to
the system parameters and cannot check experimentally that the synchronous
state is stable towards variation of the parameter mismatch within a certain
range (i.e., if we cannot plot the frequency vs. detuning curve). If we are not
able to do such experiments, but just have some data sets registered under
free-running conditions, the only way to get some confirmation (but certainly
not a proof) on the existence of synchronization is to make use of the fact
that the data are nonstationary. Indeed, we can trace the variation of the
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instantaneous frequencies of both signals and their relation with time. If we
find some epochs, as in the case of cardiac and respiratory data, where both
frequencies vary, but their relation remains stable (example of such epoch in
context of cardiorespiratory interaction is given in [91]), this can be considered
as a strong indication in favor of our conclusion.

Another indication that also can be obtained using the fact of nonstationarity
of the data is the presence of several different n : m epochs within one record.
Indeed, one can argue that observed phase or frequency locking of, e.g. order
3 : 1, could be due to the coincidence of frequencies of the uncoupled systems.
Nevertheless, occasional coincidence of frequencies having the ratios exactly
corresponding to neighboring Arnold tongues seems to be very unlikely.

If the data are rather stationary and we are not able to find such epochs,
the situation is more difficult. Suppose that the distribution of the relative
phase for such a bivariate record is non-uniform. Can it just happen due to an
occasional coincidence of frequencies? From the theory and the simulation of
model examples we know that even if the frequencies of uncoupled oscillators are
equal, the distribution of ¥, ,,, computed on a sufficiently long time scale, has
to be nearly uniform due to the diffusion of the phase. Certainly, occasionally
one can find short epochs where phases seem to be locked. How can we estimate
what is “short” and “long” in this context?

From the first sight, a natural way to address this problem is to use the
surrogate data techniques [59, 102]. However, we see some serious problems in
this approach. The usual formulation of the null hypothesis that is used for
nonlinearity tests is to consider a Gaussian linear process [112] with a power
spectrum that is identical to that of the tested signal; more sophisticated meth-
ods [101] imply also preservation of the probability distribution. A modification
of this null hypothesis for the tests for synchronization — a consideration of two
surrogate signals that preserve the linear cross-correlation between the original
data — seems to be not sufficient. Indeed, due to the definition of synchroniza-
tion, we are interested in the relation between instantaneous phases, whereas
the variations of amplitudes and their interrelation are of no importance. The
usual way to construct surrogates (the randomization of Fourier phases) mizes
the phase and amplitude properties, transforming the variation of instantaneous
phase into the variation of instantaneous amplitude and vice versa. Moreover,
the signals generated by self-sustained oscillators possess certain properties of
the distribution of instantaneous amplitudes (see [48] and references therein),
and this distribution is destroyed by the Fourier phase randomization.

Although we cannot give a general recipe how to estimate the reliability of
phase analysis, some empirical methods can be used in particular experiments.
So, in the above described MEG study [111, 110, Appendix 5] the surrogates
were constructed by taking either white noise or empty room measurements
(instrumental noise) and filtering them with the same band-pass filter as the
data. The 95th percentile of the distribution of a synchronization index for
surrogates was taken as the significance level. Afterwards, the synchronization
indices were re-calculated in accordance to this level, e.g. pn.m — max{pnm —
5,0}, where p is the significance level.
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Figure 4.9: Results of the cross-spectral analysis of two pairs of signals. The
autospectra of a channel characterizing the sensorimotor and muscle activities
and the coherence function are shown in (a), (b), and (c), respectively. The
same is shown in (d), (e) and (f) for a channel over the right temporal cortex.
(The spectrum of the EMG is repeated in (e) for convenience). It is seen that
both MEG channels are coherent with the muscle activity, whereas only one
channel is synchronized with it.

Synchronization versus coherence

A very important problem is the difference between our synchronization ap-
proach and traditional correlation (coherence) analysis. Coherence is widely
used in neuroscience as a standard tool for the detection of interaction [55].
However, since the coherence analysis does not separate the phase and ampli-
tude dynamics but treats the signals themselves, it addresses different aspects
of systems interaction as compared to the phase synchronization analysis. This
is illustrated in Fig. 4.9.

4.4 Identification of coupling direction from data

In this Section we discuss experimental detection of directionality of weak cou-
pling between two self-sustained oscillators from bivariate data [84, 83, Ap-
pendix 7]. The algorithms we present provide directionality index that shows
whether the coupling between the oscillators is unidirectional or bidirectional
and quantifies the asymmetry of bidirectional coupling. These techniques are ap-
plied to analysis of cardiorespiratory interaction in healthy infants. The results
reveal that the direction of coupling between cardiovascular and respiratory sys-
tems varies with the age within the first 6 months of life: we find a tendency to
change from nearly symmetric bidirectional interaction to nearly unidirectional
one (from respiration to the cardiovascular system).
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Estimation of interdependence between two time series is a traditional prob-
lem of signal processing. Widely used tools like cross-spectra [57], mutual infor-
mation [77] or maximal correlation [115] provide symmetric measures and are
therefore not suitable for evaluation of causality in interrelation. The latter issue
was addressed in recent studies, where one can outline two main approaches.
One approach, based on the information theory, used entropy measures [100]. A
second approach, arising from studies of generalized synchronization, exploited
the idea of mutual predictability: it quantified the ability to predict the state
of the first system from the knowledge of the second one [98]. While both ap-
proaches are rather complicated to implement and interpret, neither requires
any assumptions on the systems under investigation. On the contrary, the ap-
proach to analysis of causality, or directionality of interaction, presented here, is
explicitly based on the assumption that experimentalists deal with weakly inter-
acting self-sustained oscillators. In this particular, but pretty often encountered
case the direction of coupling can be efficiently quantified.

The main idea is to use the fact that weak coupling affects the phases of
interacting oscillators, whereas the amplitudes remain practically unchanged.
Hence, the dynamics can be reduced to those of two phases ¢ o:

Pro=wia+erafia(par, dra) +E1a(t) . (4.9)

Here, random terms £; 2 describe noisy perturbations that are always present
in real-world systems; small parameters €1 2 << wj 2 characterize the strength
of the coupling. Equations (4.9) describe also the phase dynamics of coupled
continuous-time chaotic systems; in this case &; 2 are irregular terms that re-
flect the chaotic nature of amplitudes. The fact that the regular component of
the phase dynamics is two-dimensional, essentially simplifies detection of the
asymmetry in interaction. Functions f; o are 27-periodic in both arguments
and combine the description of the phase dynamics of autonomous (uncoupled)
systems and the coupling between them. If the coupling is bidirectional, f;
and fo depend on both ¢; and ¢o. In case of unidirectional driving, say from
system number 1 to system number 2, f; = f1(¢1), whereas fo = fo(d1, ¢2) is
the function of two arguments.

In the following discussion of the algorithms, we assume that the time series
of phases are known. Practically, the phases ¢1 2(tx), t = k- At, k=1,2,...,
where At is the sampling interval, can be estimated from the experimental data
as discussed above.

4.4.1 Evolution map approach

Here we briefly describe the technique introduced in [84], we call it the EMA.
Let us consider increments of phases during some fixed time interval 7:

Ay o(k) = 120tk +T) — P1.2(tk) ; (4.10)

T is the only parameter of the algorithm. Note that the phases are unwrapped,
i.e. not reduced to the interval [0,27); hence A 2 can be larger than 2. These
increments can be considered as generated by some unknown two-dimensional
noisy map

Aqo(k) = wioT + Fro (2,1 (tk), d1,2(tk)) + m2(tk) - (4.11)
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The deterministic parts Fj o of the map can be estimated from the time se-
ries Ay 2(k) and ¢ 2(k). For this purpose, we fit (in the least mean square
sense) the dependencies of Ay and As on ¢1,¢2. As the phases are cyclic
variables, the natural choice of the probe function is a finite Fourier series,
Fio=3,, A e Fild2 Note that fitting also filters out the noise. A sim-
ilar procedure was used for noise reduction in discrete dynamical systems [75]
and (with 7 — 0) for extracting model equations from experimental noisy data
[24].

From the smooth functions F1 2 obtained via approximation one can compute
the measures c; o of the cross-dependencies of phase dynamics of two systems:

2T OF 5\
io= / /O ( 5 qgf) d¢y dos . (4.12)

Finally, the directionality index is introduced as

a1 =2 (4.13)
c1+c2
Normalized in this way, the index varies from 1 in the case of unidirectional
coupling (1 — 2) to —1 in the opposite case (2 — 1) with intermediate values
—1 < d"? < 1 corresponding to bidirectional coupling. Note that the index is
an integrated measure of how strong each system is driven and of how sensitive
it is to the drive.

To understand exactly how the asymmetry in coupling is characterized by
the index d, i.e., how d is related to the parameters of the model equation (4.9),
we estimate the deterministic components A; o of the phase increase within the
interval 7. As follows from (4.9), in the absence of noise, we obtain for small
€1,2

Ap12 ~ w1 2T + 51,2/ f1,2(02,1, 01,2)dt = w1 oT + F12(p21,01,2) . (4.14)
0

So, for a particular (but rather common) case of antisymmetric coupling function
f1(p2, ¢1) = — fa(¢1, d2), we obtain from (4.12) ¢; 2 = aeq 2, where the constant
a is determined by the integral in (4.14). In general case the coefficients ¢1 2 =
a1,2€1,2, where a; # ao, reflect also the difference in coupling functions fi ».
Thus, the directionality index d characterizes the asymmetry in coupling but
does not incorporate the difference in the frequencies of autonomous systems.

4.4.2 Instantaneous period approach

Let us now compute the time needed for the phase ¢; 2(t;) to increase by 2;
in other words we compute the instantaneous periods, or Poincaré return times,
for all k> Obviously, for uncoupled noisy and/or chaotic systems the return
times fluctuate around a constant (mean period), Ti (k) = TPy 4 n12(tk),
while for coupled systems T1 (k) = TPy + O1,2(¢2,1(tk), d1,2(tk)) + M 2(tk).

5Practically, for discrete data, this can be done in the following way. For any t; we
find t; such that ¢(t;) < ¢(tg) + 2w and ¢(tj41) > H(tg) + 2w. Then t’' correspondent to
¢ = ¢(t) + 27 is obtained via interpolation between t; and ¢;11. If the sampling rate is high,
simple linear interpolation suffices, otherwise spline interpolation (using several points around
t;) is recommended; this procedure also reduces the effect of noise.
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The deterministic component ©; 5 of this dependence can be again found by
fitting a Fourier series, and the cross-dependencies of 177 on ¢9 and of Ty on
¢1 can be characterized in the same way as above, by computing coefficients
¢1,2 from partial derivatives of ©1 o with respect to ¢s 1, similarly to Eq. (4.12).
Then, the new directionality index r(1?) = (¢y — ¢1)/(ca + ¢1) is computed (cf.
Eq. (4.13)). An important advantage of the proposed algorithm is the absence
of parameters.

Now we show that this algorithm provides different characterization of asym-
metry than EMA. Indeed, for weak coupling, €12 << w2, the deterministic
component of the instantaneous period T} can be estimated from (4.9) as

B d1+2m d¢’
T1(o1,02) = /1 w1 +€1f1(¢2, ')

B i ¢1421 d¢/
w1 b1 1+%11f(¢2,¢/) (415)
2 g [P

= T 3 f(¢27 ¢I)d¢/

2
w1 w1 b1

- T10+®1(¢27¢1) )

and similarly for T. Clearly, for coupling functions satisfying fi(¢2,¢1) =
—fa(@1, ¢2), this algorithm provides ¢1 2 = (15172/6:)%2. Hence, directionality
index r reflects not only asymmetry in coupling coeflicients €, » and asymmetry
in coupling functions f; 2, but also in natural frequencies wj ».

4.4.3 Mutual prediction approach

As already mentioned, mutual prediction is used for estimation of causal rela-
tions in the methods based on the concept of generalized synchronization. These
methods imply existence of a functional relationship between the (phase) states
of two systems; such a relation arises due to a comparatively strong coupling.
We exploit here a different understanding of mutual prediction, and this allows
us to assess a weaker interaction. Namely, we look whether the predictability
of, say, first time series can be improved by the knowledge of the second signal.
A similar concept, initially introduced by C. Granger, was very recently used
by several groups [117]. The main distinction of our approach is that we work
with phases, not raw signals.

Thus, we take one series, say, ¢1(tx), and use some scheme to predict a
future of its points. For the kth point we compute the univariate prediction
error Eq(ty) = |¢) (tx) — ¢1(tx +7)|, where @) (tx) is the 7-step ahead prediction
of the point ¢ (t); remember that phases are unwrapped. Next, we repeat the
prediction for ¢ (tx), but this time we use both signals ¢1, ¢o for construction
of the predictor. In this way we obtain the bivariate prediction error E1a(ty). If
system 2 influences the dynamics of system 1 then we expect F12(tx) < Eq(tx),
otherwise (for sufficient statistics) E12(tx) = FE1(tx). The root mean squared

6Also: U. Feldmann and J. Bhattacharya, presentation at the 6th Experimental Chaos
Conference; B. Schack and M. Arnold, private communication.
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Ey(ty) — E12(tr), computed over all possible k and denoted by I15, quantifies
the predictability improvement for the first signal. This measure characterizes
the degree of influence of the second system on the first one. Computing in the
same way I, we end with the directionality index

(1,2) _ fo1 = Ti

. 4.16
Tip + Iy ( )

p

Particularly, we use simple prediction scheme, due to the low dimension of the
phase dynamics [88, Appendix 7]. We emphasize that the MPA does not directly
use the assumption of weakly coupled oscillators; generally, it can be applied to
arbitrary signals. If the assumption of weak coupling is correct, then the choice
of phases is crucial as these variables are mostly sensitive to the coupling.

To summarize this Section, we emphasize two points. First, it is clear that
all methods fail if oscillators synchronize. Indeed, in this case ¢ 2 are func-
tionally related, and no information on the coupling direction can be obtained.”
Practically it means that the points on the (¢1,¢2) torus collapse to a line,
and the approximation procedure fails. Thus the direction of interaction can
be revealed if the coupling is too weak in order to induce mode locking (i.e.,
in the quasiperiodic state) or the noise in the system is strong enough to cause
large deviations from the synchronous state. If the noisy systems are close to
a synchronous state, the points on the torus form a band with some (rare) ex-
cursions from it. In this case the described global approximation procedures,
i.e., EMA and IPA, are not efficient and a scheme based on local approximation
is required. Next, we emphasize that there is no unique way to quantify the
directionality in case of bidirectional coupling; different methods can therefore
give non-coinciding characteristics (e.g., d and r indices do not coincide). The
choice of a quantification measure is to large extent a matter of taste.

"Indeed, for the simplest case of sine coupling function, fi 2 = sin(¢2,1 — ¢1,2), in the
wo —w
synchronous regime the constant phase difference is ¢o — ¢p1 = arcsin !

, and we cannot
g2 +e1
extract information on €1,2 separately.
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Chapter 5

Conclusions

1. Tt is demonstrated that synchronization phenomena in periodic, noisy and
chaotic oscillators can be understood within a unified framework. This is
achieved by extending the notion of phase to the case of continuous-time
autonomous chaotic systems. Phase is introduced as a variable corre-
sponding to the zero Lyapunov exponent.

(a) If the system admits construction of a Poincaré map, then, for each
piece of a trajectory between two cross-sections with the Poincaré
surface of section, the phase is defined as linear function of time,
so that it gains 27 with each return to the surface of section. The
method can be adopted to phase estimation from scalar experimental
signals.

(b) The phase can be efficiently estimated from such a projection of the
strange attractor, where all the trajectories rotate around the origin,
as the polar angle in this projection. The phase can also be estimated
from an oscillatory observable by means of the Hilbert Transform.

2. A chaotic oscillator can be n : m entrained by a weak external force; two
nonidentical oscillators can synchronize due to a weak coupling. These
effects can be described in terms of phases and corresponding mean fre-
quencies. Synchronization properties of chaotic systems are qualitatively
similar to those of noisy oscillators. Depending on the distribution of the
Poincaré return times chaotic system can synchronize like a limit cycle
oscillator with bounded or unbounded noise (respective examples are the
Rossler and the Lorenz systems). In the former case there is a range of
parameter mismatch where frequencies are perfectly locked and the phase
difference between the oscillators fluctuates around a constant; outside
synchronization region the phase dynamics are intermittent.

3. Transition to phase synchronization is reflected in the spectrum of Lya-
punov exponents: one of the zero Lyapunov exponents of the combined
system becomes negative what corresponds to the stability of the phase
difference. Two positive Lyapunov exponents remain positive, reflecting
the irregularity of chaotic amplitudes; the latter are practically uncorre-
lated in the state of phase synchronization. Thus, phase synchronization
transition is a transition within hyperchaos.

o7
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Conclusions

. Ensembles of nonidentical chaotic oscillators exhibit Kuramoto self-syn-

chronization transition. This is observed even for systems with ill-defined
phase. Synchronization is also possible in chains of nonidentical nearest-
neighbor coupled oscillators. Depending on the parameter mismatch, syn-
chronization transition in chains occurs either smoothly or via formation
of clusters.

. Coupled nonidentical chaotic oscillators (e.g., Rossler systems) can ex-

hibit effect of lag synchronization. If the coupling is increased beyond the
threshold of phase synchronization, the amplitudes become dependent as
well, and lag synchronization appears as a nearly perfect coincidence of
shifted in time states of two systems, x;(t 4+ 79) ~ xa(t).

. Synchronization of systems for which there exist no well-defined phase can

be however characterized indirectly. Onset of synchronization by exter-
nal force can be traced by resonance-like increase of the average field in
an ensemble of identical systems having different initial conditions. Next,
synchronization can be revealed with the help of ensembles of auxiliary
limit cycles oscillators. These ensembles can be considered as a device
for locking-based frequency measurements. This method is easily imple-
mentable in experiments and can be exploited in analysis of many coupled
oscillators.

. Ideas of the synchronization theory can be used to reveal weak interaction

from experimental data. As noisy and chaotic systems have qualitatively
similar phase dynamics, synchronization approach to data analysis can be
exploited for analysis of any irregular oscillators (noisy, chaotic, or noisy
chaotic).

. Algorithms for detection and quantification of weak interaction from noisy

multivariate data have been developed and used in several experiments.

(a) It was found that cardiovascular and respiratory systems in humans
(in young athlets and in healthy newborns) can exhibit n : m lock-
ing. Intensity of cardiorespiratory interaction in healthy newborns
increases with the age within first 6 month of life.

(b) Synchronization analysis allowed us to localize the sources of patho-
logical brain activity in Parkinsonian patients from multichannel
magnetoencephalography data, as well as reveal interaction between
different brain areas involved in generation of Parkinsonian tremor.

. Algorithms for detection of coupling direction from data have been devel-

oped. They are effective for analysis of signals generated by two weakly
coupled noisy oscillators. With the help of these techniques it was found
that the direction of cardiorespiratory interaction in healthy newborns is
age-dependent.
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Phase Synchronization of Chaotic Oscillators

Michael G. Rosenblum,* Arkady S. Pikovsky, and Jirgen Kurths

Max-Plank-Arbeitsgruppe “Nichtlineare Dynamik” an der Universitat Potsdam, Am Neuen Palais 19,
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We present the new effect of phase synchronization of weakly coupled self-sustained chaotic
oscillators. To characterize this phenomenon, we use the analytic signal approach based on the Hilbert
transform and partial Poincaré maps. For coupled Réssler attractors, in the synchronous regime the
phases are locked, while the amplitudes vary chaotically and are practically uncorrelated. Coupling
a chaotic oscillator with a hyperchaotic one, we observe another new type of synchronization, where
the frequencies are entrained, while the phase difference is unbounded. A relation between the phase
synchronization and the properties of the Lyapunov spectrum is studied.

PACS numbers: 05.45.+b

Cooperative behavior of chaotic dynamical systems andunction of time defined as
in particular, synchronization phenomena have received B 50)
much attention recently. Nevertheless, the notion of syn- (1) = s(t) + j5(1) = AQ)e! ", (1)
chronization |_tsel_f Iaqks a unique Interpretation. MOStlY'Where the functiors(z) is the Hilbert transform of(z)
the synchronization is considered as the complete coin- "
cidence of the states of individual systems (subsystems). 5(1) = W*lp_v_] (0 dr )

Such a regime can result from an interaction between sys- =

tems [1] or subsystems [2,3], as well as from the influencgwhere P.V. means that the integral is taken in the sense of
of external noisy [4] or regular [5] fields; in all these situ- the Cauchy principal value). The instantaneous amplitude
ations synchronization is a threshold phenomenon. A(r) and the instantaneous phagér) of the signals(r)

Generally, synchronization can be treated as an apgre thus uniquely defined from (1). From (2), the Hilbert
pearance of some relations between functionals of tWeransform3(r) of s(r) may be considered as the convolu-
processes due to interaction [6]. The choice of the funciion of the functionss(z) and 1/7¢. Hence the Fourier
tionals is to some extent arbitrary and depends on thgansformS( jw) of 3(¢) is the product of the Fourier trans-
problem under consideration. In the classical casgesf forms ofs(r) and1/7¢. For physically relevant frequen-
riodic self-sustained oscillators, described as early as iBiesw > 0, §(jw) = —jS(jw);i.e., ideally3(r) may be
the 17th century by Hugenii [7], synchronization is usu-pptained froms(r) by a filter whose amplitude response is
ally defined as locking of the phases ., n¢1 — mé> = unity, and whose phase response is a constafitlag at
const [8], while the amplitudes can be quite different.a|| frequencies [13,14].
This effect is widely used in engineering for improvement  For chaotic oscillators, we can calculate the phase from
of the linewidth of a high-power generator with the helptaking ass(s) any observable, so there is no unique phase
of a low-power but more stable (having narrower line)of chaotic oscillations. However, in some cases “natural”
one. Some other types of synchronization in systems withpservables provide phases that agree with an intuitive
quasiperiodic and chaotic behavior have been discussed #efinition. For example, for the Réssler attractor [15]
Ref. [9]. taking the observables, = x and s, = y [see below

In this Letter we investigate phase synchronization ofegs. (3)] gives phases shifted by /2 and rotating with

chaoticoscillators. Using the methods of analytic signalthe same averaged velocity, corresponding to the main
and the Poincaré map, we show that the interaction ofeak in the power spectrum.

nonidentical autonomous chaotic oscillators can lead to a To study phase synchronization of coupled chaotic
perfect locking of their phases, whereas their amplitudegscillators, we calculate the phases of the oscillators and
remain chaotic and noncorrelated. A similar effect ofthen check whether the weak locking conditibrg, —
phase locking of chaotic oscillations by a periodic external, ¢,| < const is satisfied. In this Letter, we restrict
force has been described in Refs. [10,11]. We als@yrselves to the case = n = 1.
describe a weaker type of synchronization, when the As the simplest example of phase synchronization, we
frequencies are locked while the phase difference exhibitgonsider two coupled Réssler systems [15]
a random-walk-type motion.

Firstly, we have to determine the amplitude and the X120 = —wioyi2 — 212 + Clxay — x12),
phase of an arbitrary signa(t). A general approach has -
been introduced by Gabor [12] and is based on the analytic iz = @xip + 015y12, (3)
signal concept [13]. The analytic signalr) is a complex 212 = 0.2 + z12(x12 — 10).

1804 0031-900796/76(11)/1804(4)$10.00 © 1996 The American Physical Society
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Here we introduce the parametetg, = 1 £ Aw and lations (number of maxima) per unit time in both systems
C, which govern the frequency mismatch [16] and thecoincide. The region of synchronization in the plane of pa-
strength of coupling, respectively [17]. As the couplingrameters “coupling-frequency mismatch,” obtained using
is increased for a fixed mismatchw, we observe a these partial Poincaré maps, is presented in Fig. 2. Note
transition from a regime, where the phases rotate witlhat it seems to have no threshold: If the frequency mis-
different velocities¢p; — ¢, ~ AQ ¢, to a synchronous match is smalAw — 0, synchronization appears already
state, where the phase difference does not grow with timéor vanishing coupling. This is a particular feature of the
|1 — ¢pa] < const AQ = 0. This transition is illus- Ro&ssler system, where the motion is highly coherent (in
trated in Fig. 1(a). We emphasize that in contrast to thehe power spectrum a very sharp peak is observed [18]).
other types of synchronization of chaotic systems [1,2]From the other side, it is possible to synchronize systems
here the instant fields, », y;2, andz;, do not coincide. with frequency mismatch of more than 20% (see Fig. 2).
Moreover, the correlations between the amplitudes of The instantaneous phage defined through the Hilbert
and x, are pretty small [Fig. 1(b)], although the phasestransform (2) provides, of course, additional information
are completely locked and in this respect the motions aren the dynamics of synchronization (see, e.g., the time
highly coherent. evolution ofp; — ¢, for C = 0.027 in Fig. 1). We also
For the Rossler attractor, because of its simple form, thaote that in the case of asymmetric coupling the averaged
phase can be introduced in a more straightforward wawalue of the phase difference can be nonzero. This, e.g.,
based on the Poincaré map construction. One can say tHadppens in the asymmetric coupling of Rdssler systems,
the motion from one crossing with a secant surface until thevhere the variabler; is driven byy, [the first equation
next one corresponds to the phase shift 2Vhen we con- in (3) has a formx; = —w;y; — z; + cy»]. Here in the
sider coupled chaotic systems, we still can construct parsynchronous state the phase difference (both phases are
tial Poincaré maps, e.g., taking successive maxima of thebtained using observables;) fluctuates near the mean
variablesx, ; in the coupled Rossler systems. Partial fre-values /2. With the method of partial Poincaré map this
quencies are then simply defined as an average number pérticular property is not detectable.
crossings of the secant surfaces per unit time. According It is remarkable how the phase synchronization mani-
to this approach, the synchronization in coupled Rosslefests itself in the Lyapunov spectrum (Fig. 3). In the ab-
systems simply means that the average numbers of osci#ence of coupling, each oscillator has one positive, one
negative, and one vanishing Lyapunov exponent. As the
coupling is increased, the positive and negative exponents
70 ; . ; remain, whereas one of the zero exponents becomes nega-
@) tive. This behavior can be explained as follows: Without
coupling, the vanishing exponents correspond to the trans-
lation along the trajectory, i.e., to the shift of the phase of
the oscillator. The coupling produces an “attraction” of the
phases such that the phase differettge— ¢, decreases.
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5 9 13 17 FIG. 2. The mean frequency differenae) for the coupled
Rossler systems (3), calculated with the method of partial
Poincaré maps, as a function of the coupli@yand the
FIG. 1. Phase difference of two coupled Rossler systemérequency mismatciAw. For C large enough the frequency
[Eqg. (3)] versus time for nonsynchrono@€ = 0.01), nearly  differenceAQ is nearly zero; this region of synchronization is
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0.10 . . ‘ the interaction of the chaotic and the hyperchaotic Rdssler
008 | T\”\\\N | oscillators [22]:
0.06 /\\ T ™) X = —wy — 2 + C(l/l - .X),
o 004 T e T y = wx + 0.15y,
< Seeestetessscssenttneae
< oozt “““"“"""'“-N"‘\\ ] z=02+ z(x — 10),
0.00 - (7)
\m
-0.02 ~ B P = —u — v,
%% 00 001 0.02 0.03 0.04 u=p+025u+w+ Clx — u),
coupling C .
v =3+ puv,

FIG. 3. The four largest Lyapunov exponents, one of which is .
always zero (lines) and ) (circles) vs couplingC for system w
(3) with Aw = 0.015.

—0.5v + 0.05w.

Clearly, for the interaction of such different systems there
is no hope to observe synchronization in the usual sense

Thus one of the vanishing exponents becomes negativél,2]. However, the phase synchronization occurs in (7),
For large coupling the attraction is so strong that the phase& i demonstrated in Fig. 4. Here we plot the difference
remain locked. between averaged frequenciaf) = (¢| — ¢,) VS
Qualitatively, the dynamics of the phase of an au-(this parameter governs the frequency mismatch), for
tonomous chaotic oscillator can be described with thdlifferent coupling strength€. For this system we have

equation (cf. [10,19]) not found a regime with perfect phase locking: Even
whenAQ = 0, the phase differencgb; — ¢,) exhibits a
b =w + FA). (4) random-type walk and is not constrained [23]. Thisak

phase synchronization can be qualitatively described with
Here  is the mean frequency of the oscillations, andthe_ model equation (6) with sufficiently large effective
the term F(A) accounts for the amplitude dependenceNOiSeFi(A1) — Fa(Az). o
of the frequency; the amplituda is assumed to behave In conclusion, we have demonstrated the possibility of

chaotically. For coupled oscillators a generalization ofPhase synchronization of chaotic self-sustained oscilla-
(4) reads tors. In this regime the phases are synchronized, while

the amplitudes vary chaotically and are practically uncor-

P T Fio(As) + G ’ . 5 rglatgd. We hav_e descr_|bed two .types_of phase synchro-

P12 = w12 12(A12) + £G($21. 612) ®) nization: When interacting chaotic oscillators are highly
Here G is 2 periodic in each argument function coherent, the phases are perfectly locked; otherwise, the

describing coupling. In the simplest case we can aSSu”{éequencies are entrained while the phase difference is un-
that G(¢y,ds) = sin(¢s — ¢1). Thus for the phase ounded. The effect of phase synchronization is also pos-
difference’A¢> — &, — &, we get from (5) sible when the natural frequencies are in a rational relation

(this is relevant for an important physiological problem of

ddA;ﬁ — 0, — wy — 2eSiNAG) + Fi(A) — Fa(Ay). interaction of the cardiac and respiratory systems).
(6)
0-04 T T T T T T
This equation is similar to the equation describing phase
locking of periodic oscillators in the presence of noise 002 -

[20]. Here instead of external noisy force we have

the term depending on the chaotic amplitudes. In the

Rossler attractor the dependence of the frequency on the %} 0.00

amplitude is very small, so the effective noigg(4,) —

F>(Ay) in Eq. (6) is negligible, and the dynamics of the ~0.02

phases is very similar to that in the coupled periodic

oscillators. This explains the complete phase locking, as

well as the absence of the threshold. 089 090 091 082 093 o062
It is noteworthy that the phenomenon of phase synchro- 0

nization is observed even when completely different sySgi 6 4 The mean frequency difference in system (7),

tems, such as the Rossler oscillator and the Mackey-Glassiculated via Hilbert transform ve for several values of the

differential-delay system [21], interact. Here we describecoupling constan€.
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cases can have no threshold, contrary to other types of8] In the presence of noise, a weaker condition for phase
synchronization. This phenomenon is a direct general- _ 10cking|n¢; — md,| < const should be used instead.
ization of synchronization of periodic self-sustained os- [°] 21 LZ%”Odalg;‘g N. Laran.kov.a\,/RSa(il\ot.ecEnlks ! TEIeEct{/on(;_ca
cillators. As the latter, it may find practical applications, ' ( ) (in Russian); V. S. Anischenko, T.E. Vadi-
. ) . vasova, D.E. Postnov, and M.A. Safonova, Int. J. Bif.
in particular, when a coherent summation of outputs of

. . L . - Chaos2, 633 (1992); P. Landa and M. Rosenblum, Appl.
slightly different generators operating in a chaotic regime  \1och Rev .46 414 (1993); 1. Blekhman, P. Landa, and

is necessary. For this purpose, it is sufficient to synchro- 1 Rrosenblumibid. 48, 733 (1995)Nonlinear Dynamics:
nize phases, while amplitudes can remain uncorrelated.  New Theoretical and Applied Resultacademic Verlag,
We expect this to be relevant for an important problem of  Berlin, 1995), pp. 17-54.

output summation in arrays of semiconductor lasers [24](10] A.S. Pikovsky, Sov. J. Commun. Technol. Electr@g,
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mean field [26]. ] For discrete signals given within the bounded time
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chronization is a characteristic feature of autonomous  gpith, Introduction to Digital Signal Processin@Wiley,
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Synchronization in a population of globally coupled
chaotic oscillators
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PACS. 64.60Cn — Order-disorder and statistical mechanics of model systems.

Abstract. — We demonstrate synchronization transition in a large ensemble of non-identical
chaotic oscillators, globally coupled via the mean field. We show that this coherent behaviour
is due to synchronization of phases of these oscillators, while their amplitudes remain chaotic.
Two types of transition, depending on the phase coherence properties of the individual systems,
are described.

A number of physical, chemical and biological systems can be viewed as large ensembles
of weakly interacting non-identical oscillators [1]. One of the most popular models here is
an ensemble of globally coupled non-linear oscillators. Such systems appear in the studies of
Josephson junction arrays [2], oscillatory neuronal systems [3], multimode lasers [4], charge-
density waves [5], etc. Investigations of ensembles of non-linear continuous-time oscillators have
revealed such interesting phenomena as clustering [6], existence of splay states [7], finite-size—
induced transition [8], dephasing and bursting [9] and collective chaotic behaviour [6], [10]. A
non-trivial transition to self-synchronization in a population of periodic oscillators with differ-
ent natural frequencies coupled through a mean field has been described by Kuramoto [11]. In
this system, as the coupling parameter increases, a sharp transition is observed for which
the mean-field intensity serves as an order parameter. This transition owes to a mutual
synchronization of the oscillators, so that their fields become coherent (i.e. their phases are
locked), thus producing a macroscopic mean field. In its turn, this field acts on the individual
oscillators, locking their phases, so that the synchronous state is self-sustained. Different
aspects of this transition have been studied in [12], where also an analogy with a second-order
phase transition has been exploited.

In this letter we describe self-synchronization transitions in a population of chaotic sys-
tems. We explain this by the recently found phenomenon of phase synchronization of chaotic
oscillators [13].

As a basic model we consider a population of non-identical Rossler oscillators

T = —wiyi — 2 +eX,

Ui = wiT; + ay;, (1)
2, =04+ Zl(.’l?l — 8.5),

(*) A. von Humboldt Fellow. Permanent address: Mech. Eng. Res. Institute, Russian Academy
of Sciences, Moscow, Russia.
(**) Homepage: www.agnld.uni-potsdam.de.

(© Les Editions de Physique
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Fig. 1. — Variance of the mean field X wvs. coupling parameter ¢ for different topologies of the Rossler
system (a = 0.15,wp = 1 for curves a) and b); a = 0.25,wo = 0.97 for curves ¢) and d)) and different
distributions of natural frequencies (Aw = 0 for curves a) and c¢); Aw = 0.02 for curves b) and d)).
The number of oscillators is N = 5000 for curves a)-d). Curve e) differs from curve d) only in the size
of the ensemble (N = 20000); it demonstrates the finite-size effect on the order parameter.

coupled via the mean field X = N1 Zf/ x;. Here N is the number of elements in the ensemble,
¢ is the coupling constant, a and w; are parameters of the Rossler oscillators [14]. The param-
eter w; governs the natural frequency of an individual system [13]. We take a set of frequencies
w; Gaussian distributed around the mean value wg with variance (Aw)2. Because the Rossler
system typically shows windows of periodic behaviour as the parameter w is changed, we
usually choose such a mean frequency wg that avoids large periodic windows. The parameter
a governs the topological type of the Rossler attractor; its significance is discussed below.

In our computer simulations we solve egs. (1) numerically for rather large ensembles N =
3000-5000. From our numerical calculations we have good indications that these ensembles
are large enough to describe the dynamics correctly in the thermodynamic limit N — oo.

With an increase of the coupling strength e, the appearance of a non-zero macroscopic mean
field X is observed, as is shown in fig. 1. There the order parameter (the variance of the mean
field) is depicted ws. the coupling € for two values of the parameter a of the Rossler system

b) {10
y O 7 0 Y
1-10
-20
d) {10
y Q 1°Y
1-10
‘ ‘ 1 20
5 5 15

Fig. 2. — Projections of the phase portraits of the Rossler oscillators (left column) and of the mean
fields X = (x;), ¥ = (y;) in an ensemble of N = 5000 oscillators. a) Phase-coherent Rossler
attractor, wo = 1, a = 0.15. b) Mean field in the ensemble of oscillators a) with Gaussian distribution
of frequencies Aw = 0.02 and coupling € = 0.1. ¢) Funnel attractor wo = 0.97, a = 0.25. d) Mean field
in the ensemble of oscillators ¢) with Gaussian distribution of frequencies Aw = 0.02 and coupling
e =0.15.
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Fig. 3. — Power spectra of the processes z(t) and X (t) from fig. 2.

and for ensembles of identical (Aw = 0) and non-identical (Aw > 0) oscillators. The non-zero
value of the order parameter (= 0.01) for small couplings is due to finite-size effects (finiteness
of N, compare curves d) and e)).

We first focus on the non-identical case (curves b) and d)). One can see that although
qualitatively a macroscopic mean field appears for both values of the parameter a, for a = 0.15
the field is much stronger than for a = 0.25. Also the threshold . =~ 0.05 for a = 0.15
is significantly smaller than e, ~ 0.1 for a = 0.25. We attribute this to the quite different
topologies of the corresponding strange attractors and hence the corresponding phase coherence
properties to be described below.

The phase portrait of the Rossler attractor for @ = 0.15 is shown in fig. 2a). Here, the
motion can be well represented as oscillations with a chaotic amplitude modulation, while
the dynamics of the phase is relatively regular. In the power spectrum of the variable x(¢),
this manifests itself as a sharp peak above a broad-band component (fig. 3a)) [15], [16]. This
type of attractor is called phase-coherent. In fact, we can introduce the phase of the Rossler
attractor by making a projection of (1) on the plane (z,y) and taking the value of

¢i(t) = arctan(z; (t) /yi(1)) (2)

for the instantaneous phase. As has been argued in [17], [13], the dynamics of the phase is
similar to that of a periodic oscillator and can be described by the following model equation:
$i = w; + F(A). (3)
Here w; is the mean frequency of oscillations and F'(A) is the amplitude-dependent non-linear
term responsible for the non-uniform phase motion. Due to the chaotic nature of the attractor,
F(A) can be considered as a noisy term responsible for the phase diffusion.
Regarding the mean field X (¢) in eq. (1) as an external force having nearly constant
amplitude (which is confirmed by numerics, see fig. 2b)) and the phase 1, we can write the
dynamics of the phase ¢; under this force as

¢i = wi + F(A;) +eG(9i, ) (4)

where G is a 2m-periodic in each argument function describing phase entrainment by the
external force; in the first approximation one can take G(¢, ) ~ sin(¢ — ). Comparing with
the model of globally coupled periodic noise-driven oscillators having distribution of natural
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Fig. 4. — Successive maxima (upper panel) and observed frequencies, eq. (5) (bottom panel) vs. natural
frequencies in the ensemble of coupled phase-coherent Rossler systems of fig. 2a). a) The coupling
e = 0.05 is slightly below the transition threshold, the observed frequencies {2 are proportional to the
natural frequencies w. b) Above threshold (¢ = 0.1) most of the oscillators form a coherent cluster
(plateau in the bottom panel), while the amplitudes remain chaotic (with the exception of the period-3
window for w & 0.97).

frequencies [18], we can see that the difference is in the term F(A), which, instead of being
Gaussian white noise, describes rather specific properties of phase dynamics in a particular
chaotic system. Nevertheless, one can expect that qualitatively this term acts as an effective
noise, thus allowing to consider the transition in the ensemble of chaotic autonomous oscillators
as a phenomenon analogous to the synchronization transition in a network of coupled noisy
limit-cycle oscillators.

In fact, for the Rossler attractor (fig. 2a)) this term is rather small, so the phase can be
easily locked by an external periodic force [17], [16] or due to the interaction of different
oscillators [13]. Thus, the self-induced synchronization in the population of the Rdssler
systems can be explained as a Kuramoto-type transition in a network of oscillators without
noise: the phases of some part of the ensemble become locked and the coherent summation
of corresponding contributions leads to a non-zero mean field, while the amplitudes remain
chaotic and uncorrelated. (A similar synchronization has been reported in [19] for a lattice of
locally coupled identical Rossler systems.)

This is illustrated in fig. 4 where we plot the observed frequency (2; of the i-th oscillator,
defined as the average derivative of the phase (2):

Qi = (i) = ((xshi — oy (@7 +y2) 71, (5)

vs. the natural frequency w;.

In the absence of coupling (¢ = 0) the observed frequency (2; is, as one could expect,
proportional to w;. With the increase of coupling we observe the appearance of a plateau
in the plot, i.e. these averaged frequencies of a large number of oscillators become equal.
Respectively, these systems oscillate in-phase, and their contributions to the mean field produce
a non-zero component. In the upper panel of fig. 4, we plot the values of the maxima
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Fig. 5. — The observed frequency {2 in the ensemble of coupled funnel attractors with parameters of

fig. 2d). The upper panel shows the deviation §2 from the linear fit: the tendency to synchronization
is clearly seen in this panel, although it is rather small.

of the field z; for each oscillator. The distribution of these maxima gives an impression
about the chaoticity of the amplitudes; we see that even in the case when almost all systems
are synchronized, the amplitudes remain chaotic (with the exception of a small number of
systems with periodic behaviour; it is worth noting that both chaotic and periodic systems are
nevertheless synchronized). This agrees with recent findings [13], where the synchronization
of two Rossler attractors has been considered and the chaoticity of the amplitudes has been
verified by calculations of the Lyapunov exponents. Because the phases of different oscillators
are locked, the mean field is fairly periodic, as demonstrated in a phase portrait (fig. 2b)),
where Y = N1 Zfl y; is plotted vs. X and in the power spectrum of the variable X (fig. 3b)).
Some modulation of the mean field visible there seems to be a finite-size effect.

We now discuss the situation when the Rossler oscillator has a rather weak phase coherence,
e.g. for a = 0.25. The corresponding so-called funnel attractor [15], [16] is presented in fig. 2 ¢)
and the power spectrum of z(¢) in fig. 3 ¢). The spectrum has no sharp peak because sometimes
a trajectory makes a roundtrip around the origin in the (z,y)-plane, and sometimes it makes
only a half of this roundtrip (fig. 2 ¢)). These irregular phase shifts can be interpreted as a large
effective noise term F(A) in egs. (3), (4) which breaks the phase coherence. Nevertheless, for
sufficiently large couplings a macroscopic highly coherent mean field appears (fig. 1, curve d);
fig. 3d)), although this field is much smaller than in the case of the phase-coherent attractor
(fig. 2a)). We interpret this transition as a synchronization transition, described for noisy
coupled phase oscillators in [1], [18]. There it has been demonstrated that in an ensemble of
globally coupled noisy phase oscillators a transition to a non-uniform distribution of the phases
and to a macroscopic mean field occurs at a critical value of coupling. Similar transitions in
coupled two-well noisy oscillators have been described in [20].

A qualitative difference between these two types of synchronization becomes clear if we
consider the dependence of the observed frequency on the natural one. In the case of the
phase-coherent attractor, the phases of the entrained oscillators are completely locked, and
their observed frequencies coincide almost perfectly (fig. 4b)). For funnel attractors there is
no plateau in the distributions of frequencies; only a small “attraction” to the frequency of
the mean field is seen (fig. 5). Exactly such an attraction occurs at the synchronization of
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a noisy oscillator by a periodic force [21]. Nevertheless, this attraction produces the visible
macroscopic effect.

Another difference is that the synchronization of the phase-coherent oscillators occurs
already for very small couplings, if the distribution of natural frequencies is narrow; for noisy
oscillators even for identical natural frequencies a finite threshold of synchronization exists,
depending on the noise strength. This is illustrated in fig. 1, where the mean field is shown
for the ensemble of identical systems (Aw = 0) with phase-coherent (curve a)) and funnel
(curve ¢)) attractors.

In conclusion, we have demonstrated that in a population of globally coupled chaotic
oscillators a transition to phase synchronization can be observed. The order parameter for this
transition is the intensity of the mean field. The features of the transition depend crucially
on the phase coherence properties of the individual systems. If the chaotic oscillators are
phase-coherent, i.e. have a sharp peak in the spectrum, the dynamics of the phase is very
similar to that in the population of periodic oscillators, the amplitudes of the oscillators
remain, however, chaotic. Such a transition is also observed for the systems with coupled
non—phase-coherent funnel attractors. In the latter case it is similar to the transition in a
population of noisy phase oscillators. Statistical properties of the mean field and the finite-size
effects remain a problem for future studies.
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From Phase to Lag Synchronization in Coupled Chaotic Oscillators
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We study synchronization transitions in a system of two coupled self-sustained chaotic oscillators.
We demonstrate that with the increase of coupling strength the system first undergoes the transition to
phase synchronization. With a further increase of coupling, a new synchronous regime is observed,
where the states of two oscillators are nearly identical, but one system lags in time to the other. We
describe this regime as a state with correlated amplitudes and a constant phase shift. These transitions
are traced in the Lyapunov spectrum. [S0031-9007(97)03271-7]

PACS numbers: 05.45.+b

Synchronization phenomena in coupled chaotic systemsherea = 0.165, f = 0.2, andc = 10. The parameters
have been extensively studied in the context of laser dyw,, = wo = A ande determine the mismatch of natural
namics [1], electronic circuits [2,3], chemical and biologi- frequencies and the coupling, respectively. These equa-
cal systems [4], and secure communication [5]. Completejons serve as a good model for real systems having a
generalized, and phase synchronizations of chaotic oscillatrange attractor that appears via period-doubling cascade,
tors have been described theoretically and observed expeg-g., for electronic circuits [2,3] or chemical systems [17].
mentally. Complete (full) synchronization (CS) implies To describe the phase and the lag synchronization,
coincidence of states of interacting systemg7) = x,(r)  we need to introduce corresponding quantities. For the
[6—8]; it appears only if interacting systems are identi-Rdssler attractor the phase and the amplitude can be
cal. Otherwise, if the parameters of coupled oscillatorconveniently introduced as [13,15,17]
slightly mismatch, the states are cldse(r) — x,(7)] = 0
but remain different [7,9]. A generalized synchronization ¢ = arctanX, A= (2 + )2, (2)
(GS) [10], introduced for drive-response systems, is de- X

fined as the presence of some functional relation betweefhe phase can be easily calculated for each subsystem,

the states of response and drive, i®i(r) = F[xi1(1)]  thus allowing one to determine mean frequendias =
[11]. The phase synchronization (PS) described in [12,13] ; |

) X . and relations of locking between them. To charac-
and experimentally observed in [14] means entrainme $12) g

. i . . rize LS, we introduce a similarity functiof as a time
of phases of chaotic oscillators, whereas their amplltudeaveraged difference between the variableand.x, (with
remain chaotic and noncorrelated; the notion of phase i

th I bei btracted) tak ith the time shift
discussed in details in [15]. The relation between thes ean values being subtracted) taken wi e time sh

fig),

different types of synchronization and the scenarios of tran-

sitions to or between them have not been addressed yet. [x2(t + 7) — x1() )
In this Letter we stgdy synchronlzatlon of symmetri- [P ()Y (3 ()2

cally couplednonidentical oscillators. We demonstrate

that, with the increase of coupling, first the transition fromand search for its minimurmr = min, S(7). If the signals

nonsynchronous state to PS occurs. For larger couplings andx, are independent, the difference between them is

a new regime which we call lag synchronization (LS) isof the same order as the signals themselves; respectively,

observed. LS appears as a coincidencshifted in time  S(7) ~ 1 for all 7. If x1(¢#) = x,(¢), as in the case of CS,

states of two systems, (r + 79) = x,(¢). Finally, with  S(7) reaches its minimuna- = 0 for + = 0. Below, we

a further increase of coupling, the time shift decreases andemonstrate a nontrivial case, when the similarity function

this regime tends to CS. We show that these transition§(7) has a minimum for nonzero time shift meaning a

are related to the changes in the spectrum of Lyapunotime lag exists between the two processes.

exponents (LE). First, we describe the transition to PS in the system
Synchronization is a universal nonlinear phenomenon(l) (see also [12]). The parametasg = 0.97 andA =

and its main features are typically independent of particu6.02 are chosen by trial in such a way that appearance

lar properties of a model. As a first example, we studyof large windows of periodic behavior is avoided. The

S*(r) = ®3)

two coupled Rossler systems [16], calculation of the average frequenci@s, allows us to
follow the transition at = &, =~ 0.036 to the frequency
X1 = —wioyi2 — 212 + elxa — x12), entrainment); = Q, =  (see Fig. 1). Because of high
. coherence of the Rossler attractor, the phase difference in
Yi2 = @12%12 F a1z, @ the synchronous regime is bounded and oscillates around
Zi2=f + 212012 — ©), some mean valué¢ = (¢ (1) — ¢1(1)) # 0.

0031-900797/78(22)/4193(4)$10.00 © 1997 The American Physical Society 4193
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' e <¢g, (curves 1 and 2),S ~ 1 and practically does
not depend onr, as can be expected for independent
] signals. For intermediate coupling strength< ¢ < g,
‘ ’ s a minimum of S(7) appears (curves 3 and 4) indicating
the existence of some characteristic time shifbetween
x; and x;. This shift is related to the phase difference
as7y = 6¢/Q. Note that in this regime the amplitudes
are uncorrelated, so the value 6f(r) is relatively
large. Further increase of coupling makes,eat= ¢,
this minimum very sharp (curves 5 and 6) and practically
equal to zero. It means that the states of the systems
become identical, but shifted in time with respect to
each other. The regime of LS is clearly demonstrated
in Fig. 3 by plottingx;(t + 7¢) VS x2(¢). It is important
~0.2 : s . that calculations of(0), i.e., the comparison of; andx;
0.00 0.05 ogo 0.15 0.20 without time shift, reveal no transition at = ¢;. For
larger couplingse > ¢;, the time lagr, continuously
FIG. 1. The frequency differencé}, — (,, the minimum  decreases, but no qualitative transitions are observed.
of the similarity functione, and the four largest Lyapunov e yransitions between different types of synchroniza-
exponentss of two coupled Réssler oscillators vs the coupling . .
e. Three different regions are clearly seen on thevs ¢ tion can be _related to the changes_ln the Lyapunov spec-
plot correspondent to a nonsynchronous state, phase, and 1&m (see Fig. 1). For small coupling < &,, there are
synchronization, respectively. The transitions between thesavo positive LE (corresponding to chaotic amplitudes)
regimes are reflected in the spectrum of Lyapunov exponentgind two nearly zero LE (corresponding to independently

At _the first transition, one of the zero LE becomes nega_ltlverptating phases). At the phase locking transitior: at
while the second transition corresponds to the zero crossing o0

one of the positive LE. The dashed line shows the dependencgr+ ONne€ of the zero LEs becomes negative, correspond-
of S(0) on the coupling; from this plot one can see thating to a definite stable relation between phases (one zero

comparison of states of interacting systems without time shifLE, corresponding to a simultaneous phase shift of both
does not reveal the transition to LS. Two “outbursts” on thergssler oscillators, remains for all couplings, as it should

o |r\1/§ ;ng(’t ate ~ 0.06 ande ~ 0.145 correspond to period iy 41 autonomous system) [12]. The second transition to

0.04

0.02

Qz_gl

For stronger couplinge = ¢; = 0.14 we observe a

new transition to lag synchronization (see thevs ¢ 15 [ i I(CI) ‘ -
curve in Fig. 1). In Fig. 2 we show numerically obtained i I
similarity functions in system (1) for relatively weak, =
. . . . - o [ L -
intermediate, and strong coupling. For weak coupling Ny
-15 L 4
15 T I I !
15 - (d) 1
— I I
=]
1.0 b i 0t L 4
N 4
/[-? \V(:\l | . B
% R _15 i | | 1 i 1 1 | ]
05 ] -15 0 15 -15 0 15
x,(1) x,(1)
FIG. 3. Projections of the attractor of the coupled system on
0.0 the plane(x; (), x,(¢)) and delayed-coordinate plats(s + 7)

00 03 1,‘3 8 20 vs x(¢) for different values of coupling. (a),(bd = 0.05, a

regime with phase synchronization, (c),(e)= 0.2, a regime
FIG. 2. Similarity functionS(7) for different values of cou- with lag synchronization. The qualitative difference between
pling strengthe (1: ¢ = 0.01, 2: ¢ = 0.015, 3: ¢ = 0.05, 4: PS and LS is clearly seen from (b),(d), where time shifgs=
e = 0.075, 5: £ = 0.15, 6: ¢ = 0.2). With the increase of 0.87 andr, = 0.21, respectively, correspond to the minima of
coupling, a minimum appears, indicating the existence of a certhe similarity functionS(r). The panel (d) demonstrates that
tain phase shift between interacting systems (curves 3 and 4ihe state of one of the oscillators is delayed in time with respect
In the regime of lag synchronization (curves 5 and 6), the mini<to the other; the same can be shown for the variablgsand
mum is extremely small. 212 as well.
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LS corresponds to the change of the sign by the secon@). If we neglect for a moment this phase shift, the
positive LE, but does not exactly coincide with it due to system (7) becomes a system of cougtiehtical chaotic
the intermittency discussed below. This means that thescillators, with a transition teompletesynchronization
relation appears not only between the phases but also b be observed [6,7]. In the system (7) this happens
tween the amplitudes. The phase shift remains, and theréer ¢ = 0.095, to be compared withe; = 0.14 in the
fore a time lag between the signalsandx, is observed. full system. With the phase shift, the transition to lag
To develop an approximate theory of the phase and lagynchronization occurs. Indeed, if we introduce the lag
synchronization in the model (1), let us rewrite it in the variables for the second systefa = A,(t + (), 7, =

variables (2): 2(t + 79), where 7y = (6; — 02)w51, we can reduce

. ' (7) to the system of two identical oscillators, driven with

A2 =aA SN ¢15 — 212 COSP 1 the same force but where the coupling term contains one
+ &(A2,1 COSeha COSh12 — A12COS b12), amplitude that is time shifted. Because the amplitudes

. _ _ in this model are slow, this time shift does not influence
p12=wip+asing;2C08¢ 15+ z12/A12SiNd12  (4)  the full synchronization significantly, so we gdt ~
; ; As,z1 = Z. In the initial variables this means the onset
—e(Ay /A, COSP, | SIN — COS¢ |, Sin , 25 <1 2 e
2(A21/41 $218NP12 $125iN12) of lag synchronization:
2ip=f—cz12 + A12212C08¢ .

x(t + 79) = x1(t), y2t + 70) = y1(1),
The main idea in analyzing this system is to use averaging ~
. . 2t + 70) = z1(1).
over rotations of the phases, », assuming that the am- _ _ _ _ _
plitudes vary slowly. Although there is no small parame- This consideration also explains the discrepancy be-
ter allowing one to perform this procedure mathematicallytween the transition point to lag synchronizationzat=
correct, we will see that the results correspond rather wel: = 0-14 and the point where the second Lyapunov ex-

to the properties of the full system. Introducing the “slow” POnent becomes negatite ~ 0.11). Indeed, it is known
phases; » according tog» = wot + 0, and averag- thatthe transition to complete synchronization is extremely

ing the equations for them, we get sensitive to small perturbations. Even when the second
LE is negative, the local instability can lead to bursts of

i(gl — 0,)) =2A — E(ﬂ + ﬂ)sin(el - 0,). nonsynchronous behavior [19], see Fig. 4. Because of
dt 2 A A this intermittency,o gradually decreases in the region

(®)  0.11 < & < 0.14 until these local instabilities disappear.

When we neglect the fluctuations of the amplitudes on the.We now discuss the relation between the lag synchro-

right-hand side, this equation has a stable fixed point hization and the generr_slllzed one. The relatiir) ~
AAA x,(t + 79) can be rewritten ax;(r) = T7x,(t), where
1412

(6) T' is the generating operator of the flow of the dynamical
e(A3 + AD) system. If the coupling: and the time lagr are small,

which corresponds to the phase locking of the Rdssleévje can approximaté with the generating operator of a

" . .~~~ ~partial (uncoupled) Rossler flow; it can be considered as a
systems. The transition point to phasezsyncgronlzatlo nction in the three-dimensional phase space. Thus, the
can thus be estimated ag ~ 4A{4;42/(4; + AD). If lag synchronization is similar to GS with the function be-
we neglect the variations of the amplitudes we obtalr]ng defined by the dynamics of the partial system.
gp ~ 24 = 0.‘04 (for the parameters used), in rough To check the universal character of the LS, we inves-
agreement with the numerical resajf =~ 0.036.

" ... tigate numerically two dynamical models of real physical
Now we turn to the description of the next transition, stems. One is the electronic circuit experimentally stud-
and for this purpose we assume constant slow phas?

in the equations ford and z. Here we also perform d in [3] in the context of CS; the other is the hybrid laser

the averaging, except for the terms containing both thgystem experimentally studied in [20]. Both systems are

fast phasesp;, and the variableg; », because the latter,

6, — 6, = arcsin

contrary to the amplitudes, cannot be considered as slow. ' ‘ ' |
As a result we obtain ) 5T
>§
y a I b diidid Ll bl ) Lekideicadd ealdddbianld,
Ap = EAI,Z — z12C09wot + 612) ‘f 0 [piigpaisi u M 4{ *
A )
€ =< _g | |
+ §[A2,1 cogf; — 62) — Aj2], (7) = =5 ’ ’ .
f1a=f — cz12 + A2z codwot + 61,). 0 1000 2000 3000 4000 5000

t

This is a system of two coupled periodically driven FIG. 4. The time series,(t + 7) — x,(¢) in the intermittent

oscillators. It is important that the driving in both regione = 0.13, 7 = 0.32. The bursts can be viewed as the
systems is not identical, but comes with the phase shiféxcursions from the low-dimensional “synchronous” attractor.
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Figure 1 Knot conforma-
tions. a, Packed Hopf tori. b,
Linear’ conformations. Left,
a product of trefoils; right, a
thick chain with a linear
relationship between cross-
ing number and rope
length. The chain also
seems to be a continuous
family of minima for rope
length, in which case mini-
ma are not isolated in the
link class. ¢, Linear’ confor-
mation of a twist knot -
apparent minimum. d, An
N-crossing knot fits in a
square of side order N. ef,
Minima for figure-eight and
square knot respectively. No
particular ~ accuracy is
claimed - these knots were
tied before the calculation
of the computer data’, and
both the conformation and
the values for rope length
match almost exactly, as
did several other knots. g,
Minimum for the ‘granny’
knot, differing in shape from
the minimum found by

scientific correspondence

computer”, and having a different symmetry. h, Another view. \We estimate this to be the true global mini-
mum. i, Some support for the accuracy of the rope calculations is given by this conformation of the five-
crossing torus knot, which by rope seemed to be a lower minimum than the conformation reported in ref. 7.

Further computation confirmed this.

shape, scaled so that R(K)=1, with total
length L. The inverse-square ‘energy’ (S(K),
A, writhe, and so on) can be estimated by
assuming the ‘mass’ of the knot is concen-
trated at points p on the integer lattice. Con-
centric shells of unit thickness about each p
each contribute the same amount, so the
contribution for p is that constant multiplied
by the number of shells, which is of the order
of L', Multiplying by the number of points,
L, gives [*. The proof that S(K) linearly
bounds A is simple vector geometry.

The 4/3 exponent is sharp. Consider the
Hopf link of two tori in its natural geo-
metrical position. Fill each torus with N
loops parallel to the centre curve, each loop
a strand of radius 1 (Fig. la). Then with any
tight packing of the loops, the minor radii of
the tori is of the order of VN. The conforma-
tion fits inside a sphere of radius 4VN, so the
total rope length is about N*”. Each loop is
linked with N loops in the perpendicular
torus, so the crossing number is about N°.
Therefore the rope length is of the order of
C(K)*. Because 11L(K)*’=4mA(K)=C(K),
this example has A in the order of L(K)"".

The minimum rope length for a knot is
bounded by 3C(K)®. This can be seen by
arranging the knot so that the crossings are
evenly spaced along a line (Fig. 1d). For the
simpler knot types, L(K), S(K) and A in
minimized conformations all ‘appear’ to be
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linearly related’. An explanation is that the
simpler conformations are ‘planar’: from
most perspectives a unit arc of the knot
crosses only a few other unit arcs.

As complexity increases, there are many
families of knots and links with three-
dimensional growth, exhibiting the 4/3
power law. Families with single-dimension-
al growth (Fig. 1b,c) have a linear relation-
ship among the measures. With planar
growth, we expect A to be linear with C(K)
and S(K) to be of the order of L(K)logL(K).

We propose that the rope length
required (Fig. le—i) to tie an N-crossing
knot or link varies only between k,N*** and
k,N. Other investigators have also recently
observed the 4/3 law in knots on the cubic
lattice’ and in vector fields'.

A good knot energy has only a finite
number of knot types realized below any
given energy level. Our theorem gives us
this property for L(K) and S(K), proving
that there is a finite number of knots that
can be tied with a finite length of mathe-
matical rope.
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Heartbeat synchronized
with ventilation

It is widely accepted that cardiac and respi-
ratory rhythms in humans are unsynchro-
nised'. However, a newly developed data
analysis technique allows any interaction
that does occur in even weakly coupled
complex systems to be observed. Using this
technique, we found long periods of hidden
cardiorespiratory synchronization, lasting
up to 20 minutes, during spontaneous
breathing at rest.

Synchronization is a universal phenom-
enon that occurs when two or more non-
linear oscillators are coupled. It is observed
in many fields of science and is widely
applied in engineering. The case of syn-
chronisation in periodic, or even noisy,
oscillators is well understood”™. The
notion of synchronization has often been
used to analyse the interaction between
physiological (sub)systems', but these
studies have been restricted to almost peri-
odic rhythms. No approach has been sug-
gested to probe the weak interactions
between such irregular and non-stationary
oscillators as the human heart and respira-
tory system.

These two physiological systems are
known to be coupled by several mecha-
nisms, but apart from respiratory modula-
tion of heart rate, first observed in 1847 and
known as ‘respiratory sinus arrhythmia’
(RSA)*7, no other effects have been report-
ed. Moreover, in spite of some early com-
munications®, it has been concluded that
“there is comparatively weak coupling
between respiration and the cardiac
rhythm, and the resulting rhythms are gen-
erally not phase locked”".

We used the concept of phase syn-
chronization of chaotic oscillators™” to
develop a technique to analyse irregular
non-stationary bivariate data. We analysed
data obtained in non-invasive examina-
tions of eight healthy volunteers (14-17-
year-old, high-performance swimmers;
four of them male and four female). While
subjects lay at rest, electrocardiograms
(ECGs) were recorded while respiratory
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Table 1 Subjects, ordered by the amplitude of respiratory sinus arrhythmia (RSA) determined as the averaged difference between the longest and
shortest R—R interval within every respiratory cycle*

Code  Sex Age R-R (ms) Resp. cycle (ms) RSA (ms) Synchronization
Median AQuart. Median AQuart. Median AQuart
A m 161 1104 28 3,110 390 15 40 3:1 (1,000 s), 5:2 (300 s), 8:3 (20 )
B m 14.6 1,018 95 3,210 610 31 38 3:1 (several spells of 40 s)
C m 13.9 975 110 3,230 850 46 57 3:1 (20 s), 72 (20 s), 4:1 (20 s)
D f 15.2 1157 157 2,930 780 56 57 5:2 and 3:1 (several spells of 30 s)
E m 169 1026 89 3,650 620 67 47 7:2 (60 s), 3:1 and 4:1 (20s)
F f 150 1024 143 2,960 700 74 75 11:4 (20 s)
G f 15.9 733 70 5,615 1,550 83 70 No synchronization detectable
H f 16.3 1,256 197 4,260 2,100 264 296 No synchronization detectable

*If an R-R interval spans two adjacent cycles, it is considered to belong to that one which contains more than 50% of the interval. For R-R intervals, respiratory cycles and the
RSA, the medians of respective distributions and differences between the first and third quartile (AQuart.) are given. \We observe that cardiorespiratory synchronization tends to

become weak with increasing RSA.

flow was simultaneously measured with a
thermistor at the nose. Both signals were
digitized with a 1,000-hertz sampling rate
and 12-bit resolution. Each record lasted 30
minutes.

The resulting time series were irregular,
strongly non-stationary and noisy. These
characteristics made it inappropriate, in
analysing the mutual dependencies
involved, to use even sliding versions of
traditional spectral and correlations tech-
niques, or direct computation of instanta-
neous phase differences™’. So instead of
these techniques, we used a new kind of
data presentation which we call a cardiores-
piratory synchrogram (CRS), to detect dif-
ferent synchronous states and transitions
between them.

We first used the Hilbert transform’ to
calculate the instantaneous phase ¢,(f) of
the respiratory signal. ¢,(f) is defined on
the real line (not restricted to the [0,277]
interval). Next, we regarded the respiratory

phase stroboscopically at times £, where the
R-peak in the kth heartbeat occurs and
hence the phase of the heart rhythm
increases by 2. In the simplest case of n:1
synchronization, there are n heartbeats in
each respiratory cycle; these beats appear at
n certain values of respiratory phases, which
are constant over all cycles.

Plotting these relative phases i as a
function of time shows n horizontal
stripes. In the general case of m:m syn-
chronization, such a structure appears if
we relate the phases of the heart beats to
the beginning of m adjacent respiratory
cycles, Y(t)=(¢.(,) mod 2mwm)/27w; we
have n horizontal stripes within m respira-
tory cycles.

This technique allows us to distinguish
between different periods of synchroniza-
tion, even for noisy and non-stationary
data. For example, we observe 5:2 locking
between the respiratory frequency w, and
the heart rate w, (5w~2w,) during a

i [t
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Figure 1 Analysis of cardiorespiratory cycles. a, Cardiorespiratory synchrogram, showing the transition (red)
from 5:2 frequency locking (black) to 3:1 phase locking (blue). Each point shows the normalized relative

phase of a heartbeat within two adjacent respiratory cycles y{t)=

(p(t) mod 4r)/2a. b, Number of heartbeats

within two adjacent respiratory cycles. ¢, Histogram of phases. The six horizontal stripes in the blue region
of the CRS result in six well-pronounced peaks in the distribution of phases. d, Autocorrelation function of
phases R(7)=S,(f{t)- <¢>) (W t..)-<¥>)/Z (Y t)-<¢>). The coloured curves correspond to respective regions.

240

Nature © Macmillan Publishers Ltd 1998

period of about 300 seconds, then after a
transition period, a regime of 3:1 phase
locking is found for about 20 minutes (Fig.
1). These two kinds of locking can be rec-
ognized using histograms (Fig. 1c) and the
autocorrelation function of phases (Fig.
1d).

Our analysis showed cardiorespiratory
synchronization of several locking ratios
occurring in six out of eight subjects (Table
1). Subjects with the strongest synchroniza-
tion had no remarkable RSA, whereas both
subjects with the highest RSA exhibited no
synchronization.

We conclude that phase locking of
respiratory and the cardiac rhythms, and
respiratory modulation of heart rate, are
two competing aspects of cardiorespiratory
interaction. From a physical viewpoint, syn-
chronization and modulation are different
phenomena and are related to different
coupling. RSA generation is associated
mainly with the baroreflex feedback loop
and its respiratory phase-dependent infor-
mation processing’.

Perhaps cardiorespiratory synchroniza-
tion is an expression of another kind of
cardiorespiratory interaction, such as a cen-
tral coupling between cardiovascular and
respiratory neuronal activities.

Carsten Schiifer, Michael G. Rosenblum,
Jirgen Kurths

Department of Physics, University of Potsdam,
Am Neuen Palais 10, PF 601553,

14415 Potsdam, Germany

e-mail: carsten@agnld.uni-potsdam.de
Hans-Henning Abel

Department of Cardioanaesthesiology,

Stidt Klinikum Braunschweig,

Salzdahlumer Strasse 90,

38126 Braunschweig, Germany

1. Mackey, M. C. & Glass, L. From Clocks to Chaos: The Rhythms of
Life Ch. 7 (Univ. Press, Princeton, 1988).

2. Stratonovich, R. L. Topics in the Theory of Random Noise
(Gordon and Breach, New York, 1963).

3. Blekhman, 1. 1. Synchronization in Science and Technology
(ASME, New York, 1988).

4. Strogatz, S. H. & Steward, 1. Sci. Am. 269, 102-109 (1993).

5. Ludwig, C. Arch. Anat. Physiol. 13, 242-302 (1847).

6. Anrep, G. V., Pascual, W., Réssler, R. Proc. R. Soc. Lond. B119,
191-230 (1936).

7. Eckberg, D. L., Kifle, Y. T., Roberts, V. L. J. Physiol., Lond, 304,
489-502 (1980).

8. Pessenhofer, H. & Kenner, T. Pfliigers Arch. 355, 77-83 (1975).

9. Rosenblum, M. G., Pikovsky, A. S., Kurths, J. Phys. Rev. Lett. 76,
1804-1807 (1996).

10. Pikovsky, A. S., Rosenblum, M. G., Osipov, G. V., Kurths, J.
Physica D 104, 219-238 (1997).

NATURE | VOL 392 | 19 MARCH 1998




VOLUME 81, NUMBER 15 PHYSICAL REVIEW LETTERS 12 ©TOBER 1998

Detection ofn:m Phase Locking from Noisy Data: Application to Magnetoencephalography

P. Tass, M. G. Rosenblunt,J. Weule! J. Kurths? A. Pikovsky? J. Volkmann! A. Schnitzler! and H.-J. Freund
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We use the concept of phase synchronization for the analysis of noisy nonstationary bivariate data.
Phase synchronization is understood in a statistical sense as an existence of preferred values of the
phase difference, and two techniques are proposed for a reliable detection of synchronous epochs. These
methods are applied to magnetoencephalograms and records of muscle activity of a Parkinsonian patient.
We reveal that the temporal evolution of the peripheral tremor rhythms directly reflects the time course
of the synchronization of abnormal activity between cortical motor areas. [S0031-9007(98)07333-5]

PACS numbers: 87.22.Jb, 05.45.+b, 87.22.As

Irregular, nonstationary, and noisy bivariate data abound In particular, we find that the phase locking between the
in many fields of research. Usually, two simultaneouslyactivity of primary and secondary motor areas is related to
registered time series are characterized by means of tréhe coordination of antagonistic muscles.
ditional cross-correlation (cross-spectrum) techniques or Our approach is based on the notion of phase synchro-
nonlinear statistical measures like mutual information omization. Classically synchronization of two periodic non-
maximal correlation [1]. Only very recently a tool of non- identical oscillators is understood as adjustment of their
linear dynamics, mutual nonlinear prediction, was used forhythms, or appearance phase lockingdue to interac-
characterization of dynamical interdependence among sysion. The locking condition reads
tems [2]. In this Letter we use a synchronization approach _ _
to the analysis of such bivariate time series and introduce lf””"(t)l < const  whereg,,(1) = nd:(1) md’z(ti,
new method to detect alternating epochs of phase locking (1)
from nonstationary data. By doing so we extract informa- and m are some integersp;, are phases of two os-
tion on the interdependence of weakly interacting systemesillators, ande, ,, is the generalized phase difference, or
that cannot be obtained by traditional methods. relative phase; all phases are divided Zay for normal-

Our technique, based on theoretical studies of phase syization, ande,, ,,, as well as¢ ,, are defined not on the
chronization of chaotic oscillators [3], can be fruitfully circle [0, 1] but on the whole real line. In this simplest
applied, e.g., in neuroscience, where synchronization pragsase condition (1) is equivalent to the notionfirefquency
cesses are of crucial importance, e.g., for visual patterfocking nQ); = m{),, whereQ,, = (¢1,) and brackets
recognition [4] and motor control [5]. Recent animal ex- mean time averaging. Note that for the determination of
periments have led to the conclusion that the control oBynchronous states it is irrelevant whether the amplitudes
coordinated movements is based on a synchronization aff both oscillators are different or not.
the firing activity of groups of neurons in the primary The definition of synchronization imoisy and/or
and in secondary motor areas [5]. Synchronization is alschaotic systemss not so trivial. Recently it has been
assumed to be involved in the generation of pathologishown [3] that the notion of phase can generally be
cal movements, e.g., resting tremor in Parkinson’s diseasatroduced for chaotic systems as well, and phase locking
(PD) [6]. Although experimental studies indicate whichin the sense of (1) can be observed. The amplitudes of
parts of the nervous system are engaged in generatimgynchronized systems remain chaotic and effect the phase
tremor activity, the dynamics of this process is not yet un-dynamics qualitatively in the same way as external noise
derstood [7]. [3]. Therefore in the following we consider noisy and

Here we study synchronization between the activity ofchaotic cases within a common framework, i.e., by the
remote brain areas in humans by means of noninvasivierm “noise” we denote both random and purely determin-
measurements. This is possible because a group of syistic perturbations to phases. If this noise is weak (and
chronously firing neurons within a single area generates bounded) then in the synchronous state the relative phase
magnetic field which can be registered outside the head bjuctuates around some constant value, and the condition
means of multichannel magnetoencephalography (MEG)f frequency locking is fulfilled. Strong noise can cause
[8]. Accordingly, synchronization of neuronal activity be- phase slipsi.e., rapid unit jumps of the relative phase. In
tween remote areas is reflected as phase locking betwednis case the question “synchronous or not synchronous”
MEG channels. Our analysis reveals phase synchroniz&annot be answered unambigously, but can be treated
tion (a) between the activity of certain brain areas andnly in a statistical sense. Following the basic work of
(b) between the activity of these areas and the muscle a&tratonovich [9] we understand synchronization of noisy
tivity detected by electromyography (EMG). systems as appearance of peaks indis¢ribution of the

0031-900798/81(15)/3291(4)$15.00 © 1998 The American Physical Society 3291
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cyclic relative phaseéb, ,, = ¢,.,,» modl, that enables us 28
to detect preferred values of the phase difference irrespec-
tive of the noise-induced phase jumps. The probability of ;5 |
these upward and downward jumps may either be equal or -
different, i.e., the relative phase performs either unbiased®-
or biased random walks. In the first case the averaged
frequencieqd);, = (¢1,) coincide, whereas in the second

case they are different. However, in a statistical sense 2 g ‘ 2000 Time 4000 ‘ 6000
synchronization is characterized by the existence of one g 4q
or a few preferred values oF, ,,, no matter whether the (b) (©) d)

oscillators’ averaged frequencies are equal or different.
For illustration we consider two coupled nonidentical %05

Roéssler systems subject to noisy perturbations: WWWWWW

Xip = —wipyip — 212 + 12 + el — x12), -05 00 05-05 00 05-05 00 05

V12 = wi2x12 + 0.15y1, (2)  FIG.1. The relative phases;, (a) and distribution of
=02 + ~10) P, = @11 modl[(b),(c)] for system (2). If the noise is weak,
212 = Y z12(x12 : D = 0.2, the phase difference of two synchronized oscillators

Here we introduce the parameters = 1 + 0.015 and (e = 0.04) fluctuates around some constant value (curve 1),

. . nd its distribution is obviously sharp (not shown). In the
e which govern the frequency mismatch and the Strengﬂ&esence of strong noisB, = 1, the phase difference performs

of coupling, respectively£,, are two Gaussian delta- 3 piased random walk (curve 2,= 0.04), as well as in the
correlated noise terms¢;(r)¢;(¢')) = 2D&(t — t')8; ;. nonsynchronous case (curve 8,= 0.01). The distributions

The system is simulated by Euler’s technique with the timeof W1, [(b),(c)] clearly distinguish these states. The phase
stepAt = 247/1000. If the noisy perturbations are rather difference [(a), curve 4] computed fromandw that are linear

_ . . combination (see text) of outputs from uncoupled oscillators
weak, D = 0.2, the phase difference oscillates aroundand its distribution (d) do not lead to a spurious detection of

some constant level, and its distribution obviously has &ynchronization, although cross-spectrum analysis by means of
sharp peak. Therefore we can speak of frequency and/eich technique with the Bartlett window reveals significant

phase locking here (Fig. 1a, curve 1). If the noise iscoherencey® = 0.43 betweenu and w; parameters ar® =
stronger,D = 1, the relative phase performs a biased?-2: # = 0.02.
random walk, so there is obviously no frequency locking
(Fig. 1a, curve 2). Nevertheless, the distribution of therelative phase from a uniform one. For this purpose, we
phase definitely indicates locking in the statistical sens@ropose two measures, atm synchronization indices
(Fig. 1b), in contrast to the nonsynchronous case (Fig. 1dj) Index based on the Shannon entrogydefined as
curve 3 and Fig. 1c). Pum = (Smax — 5)/Smax, Wheres§ = —Zszl piInpy is

It is very important to emphasize that synchronization isthe entropy of the distribution o¥, ,, andSp.x = In N,
not equivalent to correlation. Hence, our analysis revealhere N is the number of bins. Normalized in this
different characteristics of the systems’ interdependencavay, 0 < p,, = 1, where p,,, = 0 corresponds to a
To illustrate this, we consider signals= (1 — u)x; +  uniform distribution (no synchronization) ang,, = 1
uxy andw = ux; + (1 — w)x,. By doing so we imitate corresponds to a Dirac-like distribution (perfect synchro-
the real situation: each MEG sensor measures signalt§zation). (ii) Index based on conditional probability:
originating from more than one area of neuronal activity.Suppose we have two phases(s;) and ¢,(¢;) defined
Nevertheless, this mixture of signals does not lead to an the interval[0,n] and [0, m], respectively; index;
spurious detection of synchronization, althouglandw  corresponds to time. We divide each interval into
are correlated (Fig. 1). bins. Then, for each bird, 1 =[ = N, we calculate

Now we use our approach to extract information aboutr;(t;) = M 'S ei) for all j, such thatp,(z;) belongs
the underlying dynamics of the system from bivariate datdo this bin/, and M, is the number of points in this bin.
at its output. With this aim in view we compute the If there is a complete dependence between two phases,
instantaneous phase; of each observed signal by meansthen|r,(¢;)| = 1, whereas it is zero if there is no depen-
of the Hilbert transform (see [3], and references therein)dence at all. Finally, we calculate the average over all
A straightforward approach to search fern locking is  bins, X,,m(tj) =1/N vazl [ri(z;)|. Thus, A,m Measures
to pick n andm by trial and error, plot the relative phase the conditional probability fokb, to have a certain value
enm VS time, and look for horizontal plateaus in this providede isin a certain bin [11]. To fine andm we try
presentation [10]. Because of phase fluctuations and slidifferent values and pick up those that give larger indices.
this can be misleading for noisy data (cf. Fig. 1). Thus, Here we analyze MEG and EMG data from a PD
the above described statistical approach is needed. patient who had a tremor of the right hand and forearm

To characterize the strength of synchronization, we havevith a principal frequency component between 5 and
to quantify the deviation of the actual distribution of the 7 Hz (Fig. 2). We registered EMG from two antagonistic
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muscles, namely, the right flexor digitorum superficialis Our analysis reveals the brain areas with MEG activity
muscle and the right extensor indicis muscle; standarghase locked to tremor activity (Fig. 4), while the tradi-
preprocessing (cf. [7]) was used so that the resulting signdional cross-spectrum technique fails here. Contralateral
represents the time course of the muscular contractiorsensorimotor MEG signals are coherent with EMG, in ac-
Next, MEG and EMG were filtered with a bandpasscordance with the concept of Volkmae al. [13] which
corresponding to the principal EMG frequency components based on their MEG study, animal experiments, and
(5—-7 Hz). MEG signals were additionally filtered with recordings during neurosurgery in PD patients. Never-
a bandpass corresponding to the tremor’s first harmonidheless, we also found tremor coherent MEG activity ex-
(10-14 Hz). As the data are nonstationary, we perform &ended over the right hemisphere in contradiction to this
sliding window analysis and compute for every time point concept [7]. Inefficiency of the coherence technique can
the distribution of¥,, ,, within the window[s — 7/2,¢ + additionally be seen from the fact that MEG channels

T /2] and synchronization indices [12]. overlying sensorimotor and premotor areas are coherent
To avoid spurious detection of locking due to noise andwith practically all other MEG channels.
bandpass filtering, we derive significance Iev,e;%n and To conclude, we proposed a method to deteot

A3, for eachn:m synchronization indeg, ,, andA,.,, by ~ phase locking and quantify the strength of synchronization
applying our analysis to surrogate data (white noise filteredrom noisy bivariate data. A very important feature of our
exactly as the original signals). The 95th percentile of theapproach is that we can avoid the hardly solvable dilemma
distribution of then:m synchronization indicesp( , or  “noise vs chaos”. irrespective of the origin of the observed
A.m) Of the surrogates serves as significance Iepélm( signals the approach and techniques of the analysis are
or )lfgm). Only relevant values of the:m synchronization unique. In this way we addressed a fundamental problem
indices are taken into account by introducing the significantn neuroscience whether cortico-cortical synchronization
n:m synchronization indiceg,,, = maxp,, — p,f,n,o} is necessary for establishing coordinated muscle activity.
anda,,, = maxi,,, — A,,,0}. Forour data, computa-
tion of both indices gives consistent results.

Let us summarize our results. Pronounced tremor ac
tivity starts after~50 s (Fig. 3a). During this epoch,

D

_I

A

besides the expectgrbripheral coordinationij.e., 1:1 an- ® - Ogl'_ ™~ ——————
tiphase locking of EMG'’s of flexor and extensor muscles, = 1&=— E|
(Fig. 3b), we also findorticomuscular (CMS) as well as o 0'5[\ //\w/\/\f\/w\/\/\f\,\/]
cortico-cortical synchronizatiofCCS). Namely, the ac- (¢ 8

tivity of both sensorimotor cortex and premotor areas are % o5 |.- - —_— e 1
1:2 phase locked with the EMG activity of both flexor and | 0;

extensor muscles (Figs. 3c and 4), whereas the activitie < Oig)E AT NN
of these two brain areas atel locked (Fig. 3d). Itisim- § 0.5L /\W\/«J’\/\N\ﬂ
portant that when the strength of peripheral coordination = 0(2) A

decreases during the last50 s, the strength of CMS and = o.aF /\MAM A 1

CCS is also reduced. We find that MEG activity in the (g ' ' . ' . '
range of 10—14 Hz is responsible for both CMS and CCS. Q_—o.gl;a\ AM%IA AJ

50 100 150 200 250 300
Time (s)

@)E 20f ' ' ' ]
g_zgwwwwwwmwmm FIG. 3. (a) EMG of the right flexor muscle (RFM, upper
S . . \

trace) and an MEG over the left sensorimotor cortex (LSC)

0 \/\/\/\/V\/V\/\/V\/\/\/\/\/\/\/\/\/\/\/\/\ (lower trace). (b) 1:1 synchronization between right flexor and

extensor muscles: the distribution of the cyclic phase difference
(b), 002 ' ' ' W, ; computed in the running windof — 5,7 + 5] is shown
;0'01Mﬁmw as a gray-scale plot, where white and black correspond to
0 T 7 T minimal and maximal values, respectively (upper plot); the
0.00 J\/\/\/\/\/\/\/\/\/\/\ lower plot shows the corresponding significant synchronization
— : ' index p;;. (c) 1:2 corticomuscular synchronization: time
100 1005 Time (s) 101 1015 102 coursepof the( ()1istribution of the cyclic r))/hase differenie,
(©) 1077 (d) .10 between MEG signal from the LSC and EMG of the RFM
n _mww 2 _7M (uppermost plot) and of the corresponding indiges, and
10 10 A1 for comparison, 1:1 synchronization index ; between

4f 6 8 10 12 4f 6 8 10 12 LSC and RFM is shown below. (d) 1:1 cortico-cortical
requency (Hz) requency (Hz) synchronization between LSC and a premotor MEG channel.
FIG. 2. An original and filtered MEG signal (from a channel The dashed line indicates the value pf, corresponding
over the left sensorimotor cortex) (a) and its power spectrunio 99.9th percentile of the surrogates. Significance levels
(c). The EMG signal of the right flexor digitorum muscle (b) are pi, = 0.03, A1, = 0.26, p1; = 0.07 [(b) and (c)], and
and its power spectrum (d). plS,l = 0.03 (d).

= J

3293



PHYSICAL REVIEW LETTERS

= |
==

VOLUME 81, NUMBER 15 12 ©TOBER 1998

-]
i
Ry

7

" ok ‘

Aabdds ‘

YT VW)

Ak

ram

E:m
L]
—
——
= =

FIG. 4. Time dependence of the significant synchronization inglexcharacterizing 1:2 locking between the EMG of the right

flexor muscle (reference channel, plotted in the lower right corner) and all MEG channels. Each rectangle corresponds to an MEG
sensor, time axis spans 310 s andxis scales from 0 to 0.25. The head is viewed from above, “L” and “R” mean left and right

(see the “head” in the upper right corner). The upper and lower gray regions correspond to premotor and contralateral sensorimotor
areas, respectively. The results are similar for the extensor muscle. Significancgjlevel0.03 and window lengtil = 10 s.
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for the following parameters: bandpass of EMG signals:
5-7 Hz, bandpass of MEG signals: 5—-7 and 10-14 Hz
(for quantification of1:1 and 1:2 locking, respectively).
Our findings were additionally confirmed by analyzing
the data filtered with two-band filters (e.g., 5—7 Hz plus
10—14 Hz).

Volkmannet al. [7] suggested that rhythmic thalamic ac-
tivity drives premotor areas (premotor cortex and sup-
plementary motor area) which drive the primary motor
cortex. The latter drives the spinal motoneuron pool
which gives rise to rhythmic bursts of the muscles’ ac-
tion potentials detected by means of EMG. The periph-
eral feedback reaches the motor cortex via the thalamus.
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We investigate the phase synchronization of heartbeat and respiration in a group of healthy

infants.

Having presented and compared two quantitative measures of synchronization, we

conclude that one of these measures — the conditional probability index — allows reliable de-
tection of synchronous epochs of different order n:m and, thus, makes possible an automatic
processing of large data sets. In our analysis of experimental time series, we have found numer-
ous epochs of phase synchronization. It turned out that the average degree of synchronization

varies with the age of the newborns.

1. Introduction

Generation of rhythms is an inherent property of
many physiological systems, of which breathing
and heartbeat are the obvious examples. Patterns
of autonomic neural regulation of human respira-
tory and cardiovascular systems are imprinted on
these rhythms, therefore their analysis may give in-
sight into the functioning and interaction of these
systems.

Both respiratory and cardiac rhythms have
been extensively examined with regard to their abil-
ity to detect pathological conditions. Different tools
of linear and nonlinear univariate time series anal-
ysis have been used in numerous attempts to quan-
tify the state of either cardiovascular or respira-
tory systems and to reveal malfunction [Akselrod
et al., 1981; Kluge et al., 1988; Schechtman et al.,
1989, 1990; Goldberger & Rigney, 1991; Kurths
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et al., 1995; Patzak et al., 1996, 1997; Persson,
1997].

Nevertheless, the separate analysis of both
rhythms does not seem to be sufficient. Indeed,
it is well known that cardiovascular and respiratory
systems are not independent. Normally, their inter-
action is rather weak, its most pronounced mani-
festation being called respiratory sinus arrhythmia
(RSA) [Ludwig, 1847; Saul et al., 1989]. In physi-
cal terms, RSA can be regarded as the modulation
of heart rate by a respiratory related signal; it has
been characterized and analyzed in many studies
[Kim & Khoo, 1997; Loula et al., 1997; Koh et al.,
1998]. On the other hand, in certain conditions
there is apparently a very tight coupling between
the circulatory and the respiratory systems. An ex-
ample is Cheyne-Stokes respiration [Guyton et al.,
1956] that is a definite sign of a severe pathology.
Appearance of this phenomenon is supposed to be

!This effect can be viewed as a complex modulation of the respiratory activity, so that there are epochs where there is no
breathing at all. The Cheyne-Stokes respiration occurs in such situations as intoxication, chronic hypoxemia (low blood

oxygen level), and diffuse brain damage.
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related to the change of certain parameters of the
circulatory system [Guyton et al., 1956; Glass &
Mackey, 1988]. Thus, the interdependence of os-
cillatory activity of respiratory and cardiovascular
systems may be physiologically relevant. There-
fore, the joint analysis of the two rhythms may pro-
vide additional physiological information and may
be useful for early detection of malfunctioning.

Coordinated activity of respiratory and cardio-
vascular systems has been addressed in early work
by Hildebrandt, Kenner, Pessenhofer, Raschke,
and others [Hinderling, 1967; Engel et al., 1968,
Pessenhofer & Kenner, 1975; Kenner et al., 1976;
Raschke, 1981, 1987, 1991; Raschke & Hildebrandt,
1987]. In these papers, different ad hoc methods
have been used and an indication of the n:1 syn-
chronization between heartbeat and respiration has
been found. For example, Raschke and Hildebrandt
[1987] have computed the histograms of ratios of the
periods of respiratory and cardiac cycles and found
peaks around integers three and four. Synchroniza-
tion between these systems has been also accessed
by analysis of other signals, such as blood pressure
and respiration. Koepchen and Thurau [1958] dis-
cussed a central neural mechanism for fixed ratio
synchronization between blood pressure and respi-
ration. Synchronization between the 0.1 Hz com-
ponent of blood pressure oscillation and respira-
tion was described by Golenhofen and Hildebrandt
[1958].

Recently, several groups addressed different as-
pects of cardiorespiratory interaction [Hoyer et al.,
1997; Schiek et al., 1998; Seidel & Herzel, 1998].
In particular, the concept of phase synchronization
was used for this goal [Schéfer et al., 1998, 1999;
Toledo et al., 1998]. As a result, different n : m
synchronous regimes have been revealed by means
of a graphic tool called “cardiorespiratory synchro-
gram” (CRS), and an attempt was made to as-
sess the cardiorespiratory synchronization quantita-
tively [Toledo et al., 1998; Rosenblum et al., 2000a,
2000b]. Nevertheless, until now, only a small group
of adults (young athletes, normal healthy and heart
transplant subjects) have been examined, and it is
not clear yet whether synchronization is a typical
feature of cardiorespiratory interaction. For exam-
ple, there are no studies of synchronization phenom-
ena in infants.

Here we discuss the methods that allow to
quantify the strength of synchronization from bi-
variate data. We present the results of a quan-
titative analysis of cardiorespiratory interaction

in a group of 25 healthy newborn babies and
address the age dependence of cardiorespiratory
synchronization.

2. Quantification of Phase
Synchronization

The notion of phase synchronization implies the ap-
pearance of some interrelation between suitably in-
troduced phases of two (or many) self-sustained os-
cillators whereas the amplitudes can be generally
uncorrelated; for the introduction to the concept
and the references see the tutorial paper in this issue
[Pikovsky et al., 2000]. Here we briefly summarize
the facts needed in the following for quantification
of the synchronization from noisy data.

For two weakly interacting periodic oscillators
one can obtain in the first approximation the equa-
tions for the phase dynamics:

p d
% . +Egl(¢1, ¢2)’ % = W2 +Eg?(¢2a ¢:(li)’

where the phases ¢; 2 are defined not on the [0, 27]
circle but on the whole real line, the coupling terms
91,2 are 2m-periodic in both arguments, and ¢ is the
coupling coefficient. For a general case of n : m
locking one can introduce the generalized phase
difference, or relative phase

Pnm(t) = ne1(t) — mea(t) (2)
and obtain for it the equation

dSDn,m

7 = nwi — Mwsy + 5G(¢17 ¢)2) ’ (3)

where G(-,-) is 2m-periodic in both arguments.
As it is well known, Eq. (3) admits solutions of
two kinds: the relative phase is either unbounded
or bounded. The first case corresponds to the
quasiperiodic motion with two incommensurate fre-
quencies, whereas a solution of the second type
corresponds to phase locking

|ng1(t) — mea(t) — | < const, (4)

where ¢ is some (average) phase shift. We empha-
size, that in the synchronous state the relative phase
generally oscillates around a constant value; these
oscillations vanish only if the coupling depends on
the relative phase: G(¢1, ¢2) = G(nd1 — mae2)
[Pikovsky et al., 2000].
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Noise is inevitable in live systems, and we must
take its influence on the phase locking into account.
As known [Stratonovich, 1963], noise causes the
fluctuations of the relative phase and (sometimes)
rapid 27 jumps of ¢, ., (phase slips). Chaotic sys-
tems exhibit qualitatively similar phase dynamics
[Rosenblum et al., 1996], so that in the following
we do not discuss whether the system we analyze is
noisy or chaotic and noisy.

To introduce the quantitative measures of syn-
chronization we consider first the simple case: let
the oscillation of the relative phase in the locked
state vanish and no noise be present. Then the
relative phase is constant, ¢, n(t) = J, if synchro-
nization occurs, and ¢y, m(t) ~ (nwi —mws)t, if the
motion is quasiperiodic. Respectively, the distri-
bution of the cyclic relative phase ¢y, »,(t) mod 27
is either a J-function, or broad. Now we can con-
sider the influence of a weak noise: the distribution
becomes smeared, but remains, nevertheless, uni-
modal [Stratonovich, 1963]. To characterize this
distribution, we compute the intensity of its first
Fourier mode

’772L,m = (cos ¢n,m(t)>2 + (sin @n,m(t»Q , (5)

where the brackets denote the average over time
[Rosenblum et al., 2000a, 2000b]. The synchroniza-
tion index 7 varies from 0 (no synchronization) to
1 (synchronization in the noise-free case). Due to
the noise, v does not attain unity any more, nev-
ertheless it remains almost 1 in the middle of the
synchronization region and continuously decreases
with the loss of synchronization.

The situations gets more complicated if in the
synchronous regime the relative phase oscillates, so
that the general condition (4) must be taken into
account. If this oscillation is not negligible then
the distribution of ¢y, () mod 27 is not unimodal
and narrow any more, even in the absence of noise,
and the noise makes it practically uniform. This
is especially essential if the interaction is not very
weak, or if synchronization occurs via modulating
(parametric) action of one oscillator on the second
one [Schéfer et al., 1999; Rosenblum et al., 2000a,
2000b]. Therefore, the synchronization index ~ can
be rather small even if the synchronization does oc-
cur, and we need another measure of locking. Such
a measure can be obtained by means of the strobo-
scopic approach.

Consider again Eq. (3). For convenience we
treat now the cyclic phases ¢12 = ¢12 mod 27. Let

us fix the value of the phase of, say, first oscillator
at some constant value ¢, and observe the phase of
the second oscillator for each time t; when ¢; = 6:

= ¢~52(t)‘¢31(t):9 . (6)

This is nothing else than the construction of the
Poincaré secant surface that reduces Eq. (3) to the
well-known circle map. In case of 1:1 phase locking
it has a fixed point, so that 7; = const; due to the
presence of a weak noise the values of 7; are scat-
tered around this constant value. The distribution
of m; can be characterized in a similar way as above
by computing the intensity of its first Fourier mode.
To improve the statistics, we average over different
values of 6. Numerically, it can be done if we intro-
duce a binning for the phase of the first oscillator,
compute the estimate of the index for the [th bin as

M, 2 M 2
Al2 = Ml_2 Z cosm; | + Ml_2 Z sinn; |
i—1 i=1

(7)
where [ =1,..., N, and M; is the number of points
in the corresponding Poincaré section, and average
A; over all N bins in order to get a synchronization
index

N
A=N"1Y AL (8)
=1

The last step is to generalize the index X for the case
of n:m locking. When the integers n and m are a
priori known, we expect to observe nm points in the
Poincaré section. To focus on any of them alone, we
rescale the phases, ¢1 — ¢1/m, ¢ — ¢1/n, and use
the above described approach in order to obtain the
n :m locking index; this rescaling is equivalent to
“making” the frequencies of two oscillators equal
and thus reducing the problem to the 1:1 case.

According to its definition, A, ,, measures the
conditional probability for qBQ to have a certain value
provided ¢, is in a certain bin [Tass et al., 1998],
see Fig. 1. One can see, that if the oscillation of the
relative phase vanishes, then the indices A, ., and
Yn,m coincide. In practice, the integers n and m are
chosen by trial and error.

We emphasize that appearance of a certain in-
terdependence between phases indicates, strictly
speaking, only the presence of coupling between
systems, but does not necessarily imply that they
are synchronized. Indeed, if the coupling is not
sufficient in order to induce synchronization, but
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Fig. 1. Synchronization index based on the conditional

probability. Phase of the second oscillator ¢2 rescaled by
n and wrapped onto the circle [0, 27] is observed stroboscop-
ically, i.e. when phase of the first oscillator ¢1/m mod 27 is
found in the certain bin 6; of the interval [0, 27]. If there is
no n:m synchronization then the stroboscopically observed
¢2 is scattered over the circle, otherwise it groups around
some value. The sum of the vectors pointing to the position
of the phase on the circle provides a quantitative measure of
synchronization.

close to this threshold value, the distribution of the
relative phase is also unimodal.

3. Experimental Data and
Preprocessing

We measured the electrocardiograms (ECG) using a
bipolar limb lead (Biomonitor 501, Mefigeratewerk
Zwonitz, Germany) and obtained thoracic respira-
tion with the inductive plethysmographic method
(Respitrace, Studley Data Systems, Oxford, UK) in
25 newborn infants. Measurements were performed
on each of the first five days of life, then every week
and later monthly up to the sixth month of life.

Data acquisition began 30-60 min after feed-
ing, in the evening hours between 8 p.m. to 11 p.m.,
and took approximately 1 h. Data were stored on a
DAT multichannel recorder (DAT, DTR-1800, bio-
logic, France) for further analysis. The data were
offline digitized with a computer based monitoring
system (XmAD, ftp://sunsite.unc.edu/pub/Linux/
science/lab/) with a sampling rate of 1000 Hz.

An artifact free, 10 min long segment of each
measurement was chosen for further analysis. R-
waves were detected with the precision of 1 ms by
means of a convolution technique applied to a high
pass filtered ECG (20 ms moving average) and a
typical QRS-template. Instantaneous phase of the
ECG was estimated as

t—t

on(t) =27k + 27 ,
le+1 — Uk

(9)

where t;, are the times of appearance of a kth R-
peak.

The respiratory signal was filtered with a high-
pass (3 sec length moving average) and a low-pass
(50 ms length moving average) filter prior to a
resampling at 100 Hz. Instantaneous phases of
the respiratory signal were computed by means of
the analytic signal approach [Gabor, 1946; Panter,
1965] based on the Hilbert transform; technical im-
plementation of that technique is discussed, e.g. in
[Rosenblum & Kurths, 1998; Schéfer et al., 1999].
The instantaneous phases of the respiratory sig-
nal were smoothed with the help of a second order
Savitzky—Golay filter [Press et al., 1992] of length
1000. Synchronization indices v and A\ were calcu-
lated in a sliding window of length 2000 points; the
window was moved step by step.

4. Results

We have analyzed 221 records. A typical data set
along with the computed synchronization indices
is shown in Fig. 2. For visualization of entrain-
ment between heartbeat and respiration we used
the phase stroboscope, or synchrogram technique
[Schéfer et al., 1999]. Briefly, it can be explained
in the following way. The phase of the respiration
¢ is observed stroboscopically at the instants t; of
occurrence of the kth R-peak in the ECG. After-
wards, ¢, (t) is plotted versus tx. In the noise-free
case of m:1 synchronization (n heartbeats within
each respiratory cycle), we would observe n distinct
values within one respiratory cycle so that such a
plot would exhibit n horizontal lines. In our plots
n colors are used in a cyclical order, so that the
lines are clearly seen. Noise smears these lines, and
some bands are expected to be observed instead.
To look for n:m locking one has to use the wrap-
ping of the respiratory phase into [0, 2rm]| interval,
i.e. consider m adjacent oscillations as one cycle,
and plot

U (tg) = %(@(tk) mod 27m) (10)

versus ti.

We have found a considerable number of
epochs, where synchronization of different order
n : m occurs; these results are summarized in Ta-
ble 1. To analyze the efficiency of two indices vy m
and A, ,, we compared their values for the epochs
where synchronization can be detected by visual in-
spection of cardiorespiratory synchrograms and by
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Fig. 2. An example of occurrence of 2:1 and 5:2 synchronization. A: R-R (interbeat) intervals. B: Number of heartbeats
per respiratory cycle. C and E: Quantitative measures of n:m synchronization: conditional probability index An m (blue) and
index yn,m based on computation of the Fourier mode of the distribution of relative phase (red). D and F: Cardiorespiratory
synchrograms demonstrating alternating epochs of 2:1 and 5:2 synchronization.

Table 1. The number of epochs of counting the number of heartbeats N7 within each
n : m synchronization found in 221 respiratory cycle. We find that the index vy, is
data sets. The rows correspond to the less sensitive than the conditional probability in-

number n of cardiac cycles, whereas . . . .
the columns correspond £o the number dex Ay m; this becomes especially essential with the

m of cycles of respiration. Only the increase of the order of synchronization. So, com-
epochs that lasted longer than 20 sec- paring Figs. 2C and 2D we see that the index 7,
onds are counted; synchronization is indicates synchronization of order 2:1 but fails to

identified if the conditional probabil-

e detect the epochs of 5:2 synchronization. Inspection
ity index An,m > 0.95.

of another data set (Fig. 3), where 4:1 synchroniza-
tion appears for almost all 10 minutes, shows that

resp. cycle (m) . . .
R-R cycle (n) 1 9 3 the index <, ., drops strongly if a phase slip oc-
curs (the slips can be easily seen in Fig. 3B). Sum-

2 3 marizing the comparison of two quantitative mea-
3 25 7 sures of synchronization in Table 2, we conclude
4 39 6 that reliable detection of synchronous epochs can
5 15 52 19 be achieved by means of the conditional probability
7 85 85 index Ay, -

8 94 Next, we investigate how the occurrence of
9 82 synchronization depends on the postnatal age. We
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Fig. 3. An example of 4:1 synchronization. A: R-R intervals. B: Number of heartbeats per respiratory cycle. C: Conditional
probability index An,m (blue) and index yn,m (red). D: Cardiorespiratory synchrogram demonstrating long synchronous epochs
interrupted by phase slips.

Table 2. Probability of the synchroniza- c 0.06
tion index n,m to be larger than 0.707 S D age 0-20 days
provided that A, ,, > 0.95. The rows S 005 | 1
correspond to the number n of cardiac s |:| age 20-180 days p<0.005
cycles, whereas the columns correspond é 0.04 | } |
to the number m of cycles of respiration. > p<0.05
The results suggest that the index vyn,m kS n.s.
may not be used for reliable automatic .§ 0.03 ¢ [ [ 9<0.0005 ]
detection of synchronization. 3 I
“aE') 0.02 | ]
resp. cycle (m) =
R-R cycle (n) 1 2 3 g 0.01 I ns. n.s. i
o T
3 0.744 0 Z ﬁ o ! ﬁ - ﬁ
4 0.391 0 0.00 = . . . . .
5 0.0317 0 0 5:2 8:3 3:1 7:2 4:1 9:2
7 0.0008 0 Fig. 4. Average time fraction of n:m synchronization iden-
8 0 tified by An,m > 0.95 within first 20 days of life and for the
0 0.0081 a§;e 20-180 days. The error bars indicate the standard error
: of mean.
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have found that the average time fraction of the 7:2,
4:1, and 9:2 synchronization is significantly smaller
in the first three weeks of life compared to the frac-
tions at the age from three weeks up to six months.
In contrast, the average time fraction of a 5:2, 8:3,
and 3:1 synchronization did not show any statisti-
cally significant age dependency. These results are
summarized in Fig. 4. The detailed age develop-
ment of the average time fraction for 3:1 and 4:1
synchronization is shown in Fig. 5.

Furthermore, from Fig. 4 it becomes clear that
the time fraction where synchronization occurs is
small compared to the fraction of nonsynchronized
periods. However, in some cases long epochs of
synchronization were observed (cf. Fig 3).

5. Discussion and Outlook

The exact physiological mechanisms responsible for
cardiorespiratory synchronization are so far poorly
understood. There are several levels where the
interaction occurs.

First, the frequency of the primary pacemaker
of the heart (sino-atrial node) is modulated by
the autonomic neural and hormonal control. It
is known that the efferent neural activity incorpo-
rates the respiratory related rhythms [Jewett, 1964].
Furthermore, there is a mechanical coupling be-
tween the systems. In the examinations of the heart
transplant patients, in which the neural autonomic
control is abolished, it was found that respiratory
modulation effects [Slovut et al., 1998] are still
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a function of the postnatal age. The error bars indicate the

present and synchronization is possible [Toledo
et al., 1998]. This interaction is thought to origi-
nate from the mechanical stretch of the sinus node
caused by variation of the intra-thoracic pressure,
which in its turn causes the variation of the atrial
filling pressure. This breathing dependent stretch
alters the electrical properties of the sino-atrial
node membrane, and therefore influences the fre-
quency of the heart excitation.

Secondly, the respiratory rhythm is generated
in the cardiorespiratory center of the brain stem
[Koshiya & Smith, 1999]. The nerves coming from
the arterial baroreceptors provide the brain stem
with information regarding blood pressure, and,
hence, on heart rhythm. Furthermore, it has been
found that the baroreceptor reflex depends on the
phase of respiration [Seidel et al., 1997]. These are
examples of physiological cross-connection between
the “generators” of cardiac and respiratory rhythms
which may yield synchronization.

Synchronization of heartbeat and respiration in
infants occurs in different ratios n:m. The typical
change in mean heart rate and respiration frequency
[Mrowka et al., 1996] after birth may predispose for
certain synchronization ratios. The frequency ratio
of heartbeat and respiration, recomputed using the
data of Mrowka et al. [1996], is shown in Fig. 6.
This dependence explains the age development of
the average time fraction of 3:1 and 4:1 synchro-
nization illustrated in Fig. 5. Indeed, the average
frequency ratio is &~ 2.5 for the age up to 20 days,
~ 3 for the age from 40 to 80 days, and ~ 4 for the



2486 R. Mrowka et al.

4.0 - ©o—° quiet sleep i
e——e active sleep
2 357 1
<
>
Q
3
>S5 30 [ 7
o
o
T
25 r 1
20 1 1 1
1 10 100
Age (days)
Fig. 6. Average ratio of respiratory frequency and heartrate

in dependence on postnatal age shown for different sleep
stages. (Recalculated after [Mrowka et al., 1996].)

age after 100 days. Thus, synchronization of or-
der 5:2 is more likely to occur within the first three
weeks of life, whereas synchronization of order 4:1
(and with close ratios 7:2 and 9:2) is more probable
at the age 20-180 days. On the other hand, analyz-
ing the average occurrence of synchronous epochs
shown in Fig. 4, we see that the probability to ob-
serve 4:1, 7:2 and 9:2 synchronization is large than
the probability to encounter the 5:2 synchroniza-
tion. Moreover, for any ratio, the probability of
synchronization increases with age. Therefore, we
conclude that the strength of coupling between res-
piratory and cardiovascular systems increases with
the age of infants.

The duration of epochs of synchronization
compared to the nonsynchronous ones is usually
rather small,? nevertheless in some cases synchro-
nization is a long-lasting effect (see Fig. 3). It is
not clear yet whether synchronization is essential
for efficient cardiovascular and respiratory control.
However, one might speculate that the lack of syn-
chronization might indicate blunted feedback mech-
anisms or interconnections in pathological condi-
tions, or in individuals at risk. The examination of
data originating from different diseased stages may
provide understanding of synchronization and its
relevance.
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We consider the problem of experimental detection of directionality of weak coupling between two self-
sustained oscillators from bivariate data. We further develop the method introduced by Rosenblum and Pik-
ovsky [Phys. Rev. E64, 045202 (2001)], suggesting an alternative approach. Next, we consider another
framework for identification of directionality, based on the idea of mutual predictability. Our algorithms
provide directionality index that shows whether the coupling between the oscillators is unidirectional or
bidirectional, and quantifies the asymmetry of bidirectional coupling. We demonstrate the efficiency of three
different algorithms in determination of directionality index from short and noisy data. These techniques are
then applied to analysis of cardiorespiratory interaction in healthy infants. The results reveal that the direction
of coupling between cardiovascular and respiratory systems varies with the age within the first 6 months of life.
We find a tendency to change from nearly symmetric bidirectional interaction to nearly unidirectional one
(from respiration to the cardiovascular sysjem
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I. INTRODUCTION In the present paper we further develop the technique for
detection of the directionality in coupling. We propose two
Theoretical insights in nonlinear dynamics have beeralgorithms and compare them with that of REf3]. Next,
widely used in time series analysid]. In particular, the e exploit the presented method to address an important
concepts of generaliz§@] and phas¢3—-5] synchronization  ppysiological problem—analysis of the direction of the car-
have been exploited for the identification of '”terdepe”'diorespiratory interaction.

gﬁgcﬁ:\v%emﬁg goﬁﬁﬁge%tggﬁifé(;?orrgumvﬁr:?tsetgg?s of Different aspects of interaction between cardiovascular
biological time serieg5—11. One can formulate two main and respiratory systems in humans have been the subject of

ilnterest of many researchers. In physiological terms, there

problems in such an analysis. The first problem is to revea i . .
whether the systems under investigation are coupled and e (_jlfferent levels where interaction between heart rate and
respiratory rhythm might occur. Foremost, the central ner-

quantify the intensity of interaction, while the second one is , SR . . g .
to characterize the driver-respon@ausal relationships, or  VoUS Interaction in the cardiorespiratory region in the bralr_1
directionality of coupling. stem plays an eminent role. A Well-stud_|ed_ phenomeno_n is
Many natural phenomena can be modeled by coupled itthe modulation of the heart rate by respiration, known since
regular self-sustained oscillators. The description of a wealk9th century as respiratory sinus arrhythrfid]. Another
interaction between such systems can be reduced to thHssible effect of interaction is synchronization. Soml:
phase dynamic§5,12]. Hence, if one considers an inverse locking between the cardiac and respiratory rhythms was in-
problem—characterization of weak coupling from data—it isvestigated in Ref[15]. Graphical tools and quantification
sufficient to analyze interrelation between the phagesf =~ measures allowing one to assess the general case of interac-
oscillators; the phases can be beforehand estimated from thien with n:m frequency relation were introduced in
scalar signals. In this way, the intensity of interaction can bg8,10,11 and used in Refl16]. In our previous worK17],
assessed quantitativelly,9,11. Moreover, a recent approach we analyzed cardiorespiratory interaction in a large group of
[13] demonstrated that the asymmetry in interaction of twohealthy infants and we found that intensity of interaction
oscillators could be also detected. The idea of this approacimcreased with the age.
is as follows: if, say, system 1 is driven by system 2, then the It is widely believed that coupling between the cardiovas-
evolution of ¢; depends also or,; in other words, predic- cular and respiratory system is unidirectional, i.e., the respi-
tion of ¢4 from its previous values can be improved by tak- ratory rhythm influences the heart rate via vagal stimulation
ing into account the prehistory @, only if system 2 drives and direct mechanical action on the primary cardiac pace-
system 1. maker, the sinus node; this is called irradiation theory. Nev-
ertheless, some evidenfE3] conflicts with this theory sug-
gesting that the respiratory oscillator in the central nervous
*Electronic address: www.agnld.uni-potsdam.de system is not always dominant, i.e., the cardiorespiratory
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coupling is bidirectional. To obtain further insight into this 1
controversy, we investigated the direction in cardiorespira- A1(¢1,¢2)
tory interaction in healthy babies and its age dependence. We o 7
show that within the first 6 months of life there is a tendency (-l:‘; :
to change from roughly symmetric interaction to a nearly -
unidirectional one(from respiration to heart rateFurther- g
o

<

more, our directionality indices clearly demonstrate a depen-

dence on breathing frequency. We explain this dependence

by two classes of frequency response properties of the path-

way transmitting information from the central nervous sys-

tem to the heart. 0
The paper is organized as follows. In Sec. Il, we present 0 ¢ mod 271 2n

our techniques of data analysis and discuss their relation to 1

other methods; in Sec. _”.I’ we illustrate the .teChnique.S by FIG. 1. Evolution of trajectories of systerfl) on the torus

several model examples; in Sec. IV, we describe and dISCU%S L.b,) (schematically Open symbols show some arbitrarily

the analysis of experimental data; and in Sec. V, we SUMM&zyen points, closed symbols show the positions of these points

rize our results. after time intervalr, wherer is a parameter; evolution of one point
(boxes is shown by arrows. Phase incremeft= ¢4(t+ 7)
Il. TECHNIQUES OF DATA ANALYSIS — ¢4(t) depends on botkp,, ¢, if there is a driving from system 2

. . fi d d b . . .to system 1, and only ow, if 2 does not act on Isimilarly for
Estimation of interdependence between two time series |§2)_ Thus, analysis of dependencas,=F b1 5,55 helps to

a traditional problem of signal prpcessing_. Widely used_toolsfevem and quantify asymmetry in the coupling between two oscil-
such as cross spectfa9], mutual informatior{20] or maxi-  |5tors: smooth function&, , are obtained by an approximation.

mal Correlation[2_1] provide symme_:tricmeasu_res_ a_nd are, Note thatA,, are computed with account of possible trajectory
therefore, not suitable for evaluation o@usalityin inter-  yevolution around the torus, so that generally,> 2.

relation. The latter issue was addressed in recent studies,
where one can outline two main approaches. One approach,
based on the information theory, used entropy meas@&ls  them. If the coupling is bidirectionaf; and f, depend on
A second approach, arising from studies of generalized syrpoth ¢, and ¢,. In case of unidirectional driving, say from
chronization, exploited the idea of mutual predictability: it system number 1 to system numberfg=f,(¢;), whereas
quantified the ability to predict the state of the first systemf,=f,(¢,,,) is the function of two arguments.
from the knowledge of the second of@]. While both ap- In the following discussion of the algorithms, we assume
proaches are rather complicated to implement and interprefhat the time series of phases are known. Practically, the
neither requires any assumptions on the systems under invfhase&bl,z(tk), t,=kAt, k=1,2, ... ,whereAt is the sam-

I

tigation. On the contrary, the approach to analysis of causapling interval, can be estimated from the experimental data
ity or directionality of interaction, introduced in Reff13] 35 discussed in Sec. IV.

and further developed here, is explicitely based on the as-

sumption that experimentalists deal with weakly interacting

self-sustained oscillators. In this particular, but pretty often

encountered case the direction of coupling can be efficiently Here we briefly describe the technique introduced in Ref.

quantified. [13], we call it the EMA. Let us consider increments of
The main idea of Ref[13] is to use the fact that weak phases during some fixed time interva(Fig. 1):

coupling affects the phases of interacting oscillators, whereas

the amplitudes remain practically unchandél2]. Hence, ApAK)= 1 At +7)— 1 Aty), 2

the dynamics can be reduced to those of two phases

A. Evolution map approach (EMA)

the choice of the parameteris discussed below. Note that
S the phases are unwrapped, i.e., not reduced to the interval
hro= w1t €181 A bo1, 1)+ AL). @ [0,27); henceA; , can be larger than2. These increments
can be considered as generated by some unknown two-

Here, random term§; , describe noisy perturbations that are ~° : ;
: dimensional noisy map

always present in real-world systems; small parametess
< w; , Characterize the strength of the coupling. Equatibn
describes also the phase dynamics of coupled continuous- A 5(K)=wq o7+ F1 2 1(tk), 1 Atk))+ 71 Ate).  (3)
time chaotic systems; in this cage, are irregular terms that

reflect the chaotic nature of amplituded. The fact that the The deterministic partsF; , of the map can be estimated
regular component of the phase dynamics is two dimenfrom the time series\; ,(k) and ¢, Ak). For this purpose,
sional, essentially simplifies detection of the asymmetry inwe fit (in the least mean square sente dependences df;
interaction. Function$, , are 2 periodic in both arguments and A, on ¢;,¢,. As the phases are cyclic variables, the
and combine the description of the phase dynamics of ausatural choice of the probe function is a finite Fourier series,
tonomous(uncoupled systems and the coupling between F1,2=Em,|Aml|eim‘/’l+“¢2. Note that fitting also filters out the

041909-2
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noise. A similar procedure was used for noise reduction ifcf. Eq. (5)]. An important advantage of the proposed algo-

discrete dynamical systeri23] and(with 7—0) for extract-  rithm is the absence of parameters.

ing model equations from experimental noisy de4]. Now we show that this algorithm provides different char-
From the smooth functiong, , obtained via approxima- acterization of asymmetry than EMA. Indeed, for weak cou-

tion one can compute the measumgs of the cross depen- pling, &, ;<1 ,, the deterministic component of the instan-

dences of phase dynamics of two systems taneous period’; can be estimated from E¢l) as
27 ( gF )2 ¢1t2m do’
2 12 —
C = d d . 4 T I )_ f
1,2 f fO (ad’Z,l d’l ¢2 ( ) 1(4)1 ¢2 " w1+81f1(¢2,¢5’)
Finally, thedirectionality indexis introduced as _ 1 (darem do’
w1J¢ €1 ,
o1+ —f(¢2.¢")
Cr—Cq w1
dd=—=—=, (5)
C1tC2 2w &g [b1t2m , ,
R _ _ _ =—-= f(¢2,¢")de
Normalized in this way, the index varies from 1 in the case ®1 wi)é
of unidirectional coupling (2-2) to — 1 in the opposite case 0
(2—1) with intermediate values 1<d*?<1 correspond- =T1+04(d2,¢1), ™

ing to bidirectional coupling. Note that the index is an inte-

grated measure of how strong each system is driven and of

how sensitive it is to the drive. and similarly forT,. Clearly, for coupling functions satisfy-
To understand exactly how the asymmetry in coupling isiNg f1(¢2,¢1) = —f2(¢b1,¢2), this algorithm provides; ,

characterized by the inded, i.e., howd is related to the =aej,/w?,. Hence, directionality index reflects not only

parameters of the model equati(l), we estimate the deter- asymmetry in coupling coefficients; , and asymmetry in

ministic components\, , of the phase increase within the coupling functionsf, ,, but also in natural frequencies ».

interval 7. As follows from Eq.(1), in the absence of noise,

we obtain for smalk ,,
' C. Mutual prediction approach (MPA)

7 As already mentioned, mutual prediction is used for esti-
Ady~wq 7+ 81,4 f1Aho1, 1 )dt mation of causal relations in the methods based on the con-
0 cept of generalized synchronization. These methods imply
=017+ Fid bo1, b1 (6)  existence of a functional relationship between tpaase

states of two systems; such a relation arises due to a com-

So, for a particulatbut rather commoncase of antisymmet- paratively strong coupling. We exploit here a different under-
ric coupling functionf; (¢, é,) = —fo(b1,d,), we obtain standing of mutual prediction, and this allows us to assess a
from Eq.(4) ¢, ,=ae, ,, where the constartis determined weaker interaction. Namely, we look whether the predictabil-
by the integral in Eq(6). In general case the coefficients Ity Of, say, first time series can be improved by the knowl-
Ci,=a1.61, Wherea,;#a, reflect also the difference in ©dge of the second signal. A similar concept, initially intro-
coupling functionsf; ,. Thus, the directionality indest char- ~ duced in Ref[26] was very recently used by several groups
acterizes the asymmetry in coupling but does not incorporatt?/-28. The main distinction of our approach is that we

the difference in the frequencies of autonomous systems. WOTK with phases, not with raw signals.
Thus, we take one series, say,(t,) and use some

scheme to predict a future of its points. For #th point we
compute theunivariate prediction error E(t,)=|1(ty)

Let us now compute the time needed for the phase-¢,(t,+ 7)|, whereg;(t,) is the r-step ahead prediction of
¢1Aty) to increase by 2; in other words, we compute the the pointe, (t,); remember that phases are unwrapped. Next,
instantaneous periods or Poincageurn times, for alk[25].  we repeat the prediction fap,(t,), but this time we use both
Obviously, for uncoupled noisy and/or chaotic systems thesignalse, , ¢, for construction of the predictor. In this way
return times fluctuate around a constamean periofl e obtain thebivariate prediction error E(t,). If system 2
T1AK)=T3 o+ 71.Aty), while for coupled system3; (k) influences the dynamics of system 1 then we expect
=T9,1 014 b21(t), b1 At) 1+ 71.(ty). The deterministic  E,(t,) <E;(ty), otherwise(for sufficient statistics E,(t,)
component®, , of this dependence can be again found by=E,(ty). The root mean squards} (t,) — E;5(tx), computed
fitting a Fourier series, and the cross dependencés @n  over all possiblé& and denoted by, ,, quantifies thepredict-
¢, and of T, on ¢, can be characterized in the same way asability improvemenfor the first signal. This measure charac-
above, by computing coefficients , from partial derivatives  terizes the degree of influence of the second system on the
of ®, , with respect tap, ;, similar to Eq.(4). Then, the new first one. Computing in the same way;, we end with the
directionality indexr?=(c,—c;)/(c,+c,) is computed directionality index

B. Instantaneous period approach(IPA)

041909-3
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¢1(t1<) q)" q)’ sumption of weak coupling is correct, then the choice of
. phases is crucial as these variables are mostly sensitive to the
: coupling.

To summarize this section, we emphasize two points.
First, it is clear that all methods fail if oscillators synchro-
nize. Indeed, in this casg; , are functionally related, and no
information on the coupling direction can be obtairj&d).
Practically it means that the points on the(¢,) torus
collapse to a line, and the approximation procedure fails.
Thus, the direction of interaction can be revealed if the cou-
pling is too weak in order to induce mode lockifig., in the
quasiperiodic stajeor the noise in the system is strong
enough to cause large deviations from the synchronous state.

¢1m0d 27 If the noisy systems are close to a synchronous state, the
points on the torus form a band with sorfrare excursions

FIG. 2. lllustration of the mutual prediction approach. A chosenfrom it. In this case the described global approximation pro-
point, ¢4(tx), evolves during the time interval from position 1 to  cedures, i.e., EMA and IPA are not efficient and a scheme
position 2; the points that have closg coordinate(delineated  based on local approximation is required. Next, we empha-
vertical stripg evolve to the dotted stripe. The average of thesesjze that there is no unique way to quantify the directionality
evolved states gives a univariate predictiph A better prediction  in case of bidirectional coupling; different methods can,
¢" can be obtained using only the points that have close Coorditherefore, give noncoinciding characteristi@sg., d and r

nates in bothg, and ¢,, i.e., points in a square neighborhood of ngices do not coincide The choice of a quantification mea-
point 1. Note that the stronger is the dotted stripe bent, the Iargeéure is to large extent a matter of taste.

is the predictability improvement. As follows from E¢6), this

bending is proportional te,; hence, the indexp®? quantifies

bidirectional coupling in the same way as the ind#k?. Ill. TESTS OF ALGORITHMS WITH SIMULATED DATA

¢,mod 2n

In this section we illustrate the introduced algorithms by
application to simulated data and discuss the choice of pa-
(1,2):|21_|12 (8) rameters. Note that the IPA is parameter free, EMA has only
o+ 1o one parameter, and MPA has two parametersand radius
of the neighborhoods. Next, we briefly discuss the case
Particularly, we use simple prediction scheme due to th&vhen the frequencies of two oscillators are essentially differ-
low dimension of the phase dynamics. In constructing preent and the case of more than two interacting systems. We
dictor, we exploit a common idea that similar states haveespecially pay attention to the case of short and noise con-
similar future. So, we pick up one point of the sigral(t,), taminated data. The ability of the techniques to work with
say at the timeéy and search for all points in the signal that such records is particularly important for biomedical appli-
have value close to the chosen point; important that here theations.
phases are taken [i0,27) and the distances between points
are defined on the unit circle. Namely, for a chosen point
é1(ty) we find all points ¢,(t;) such that |e ¢ _ ,
—el*1(| < 5, where § is a constant; these points form a We start, foIIo.wmg Ref[13] with the model of coupled
stripe on the &, ,$5) torus (see Fig. 2 Then we compute NOiSy phase oscillators:
the predicted phase incremeXf(K)=(A (1)), whereA (I)
are phase incremenfisee Eq(2)], and() denotes averaging. ¢, ;= w; o+ b cOS ¢y ) + 1 2SN o 1— by o) + &1 A1),
Univariate prediction erroE;(K) is then|A1(K)—A;(K)|. 9
To make the bivariate prediction, we choose amonthe
subset of points,, (mutual neighborssatisfying |e'¢2'W  where ¢,, are phase variables evolving on a two-
—e'%2(t| < §, and proceeding as described above, computeimensional torus, parametets, , govern the natural fre-
the errorE,, [29]. The errorsE,,E,; corresponding to the quencies of oscillatorg&although do not coincide with them
signal ¢,(t,) are obtained in a similar way. for b#0), €1, are the coupling coefficients, angl , are
Several remarks are in order. First, the described schemmise terms. In the following simulationt , are Gaussian
can be understood as a kind of lo¢abnstant approxima-  5-correlated noise terms(¢;(t)¢;(t'))=2Do(t—1")4; ;.
tion technique. Generally, different prediction schemes caThe model(9) describes the phase dynamics in the general
be used to estimate directionality. Second, as we are intecase of weakly coupled noisy limit cycle oscillatdf<?]; it
ested in the predictability improvement, not in the predict-also appears in the description of interacting continuous-time
ability itself, it is not required to search for the optimal pre- chaotic systems, Josephson junction arf@4d, and phase-
diction scheme. Finally, we emphasize that the MPA does ndbcked loopq 32].
directly use the assumption of weakly coupled oscillators; First, we consider the effect of noise on the estimates of
generally, it can be applied to arbitrary signals. If the as-directionality (Fig. 3). The parameters of the systg®) are

A. Two coupled phase oscillators

041909-4



IDENTIFICATION OF COUPLING DIRECTION. .. PHYSICAL REVIEW E 65 041909

(a) 3
8 ol A e J
3,0
(5) ] .
3 > g N
~ N SN A TR 4
e 0 o
i a 7 ——e N = 100
&~ N°= 200
1 1 1 1 . ;n N§= 500
) 0.05 01 _ 0I5 0.2 0.25

FIG. 4. Effect of data length on the estimation of directionality
FIG. 3. Effect of noise on the estimation of directionality indi- index d for noise intensityD=0.1 (a) and D=0.2 (b). The esti-
ces. One coupling coefficient is kept constant=0.05, whereas mates are shown for different numbers of cyd\esin the data; the
the second coefficient is gradually varied. The indices are shown isolid line shows the dependenge (e,—¢&1)/(g5+€1).
(b)—(d) for different values of noise intensity. The solid curves
show the dependencg=(e,—¢;)/(e,+&41) in (b),(d) and y

= (o201~ 8103)/ (8,01 +210) in (). The degree of synchroniza- o v for the synchronized regimes in the noise-free system

tion can be t_rac.ed by the synchronization ingete). 'n.th'.a absen.ce Note that the records used for estimation of indices contain
of noise, all indices correctly reflect the asymmetry in interaction as

long as the system remains in the quasiperiodic sthte &,< only ~100 periods of oscillatior_ls; with s_uch short records,
~0.17); noise helps to estimate the indices 495>0.17, causing .N€ MPA approach works better in the noisy case. Increase of
deviations from the synchronous regime. the data length allows for better estimation of directionality
from noisy data, the corresponding results are shown in
Fig. 4.
w1,=1%0.1, b=0.5. Coupling coefficients, is fixed at Now we discuss the selection of parameters for EMA and
0.05 while &, is varied in the interva[0,0.25 and three MPA, starting with the parameter. Clearly, the value ofr
directionality indicesd™?, r(2, andp‘*2) are computed for should be _related to the periods of OSCI!|atI®FF Tio. In_—
different values of the noise intensify. For the noise-free d€€d, the influence on the own dynamics of an oscillator
case, all indices correctly recover the information on thelnote thebcos(d, ;) term in Eq.(9)] averages out during
asymmetry of coupling as long as the system remains in gach cycle. As the frequencies of two oscillators are differ-
quasiperiodic statéfor £,<<~0.17). The estimated indices

d®2 and p*? closely follow the theoretical curve 1 T
a)
2, (10) o T o
81+ Eo L
g (b) I
whereas the index*? follows - L ) o
\:: O-'_'_ /.~\_',’“‘T-ffi»"::w—-'\”""/-'\""/ T
82(,()2_81(1)2 : :
1 2 _ i . . .
— - (11) o 100 200 300 400
£1W5 T Erw7] 1 : T :
(© TSBZ8)
The performance of all algorithms degrade rapidly with the & | .. ... e D=02 |
synchronization transitioftraced by means of the synchro- ™= RN b dob b P SIS SO D n
nization indexp [33]). Indeed, direction of interaction cannot . . . .
be estimated in case of synchronization, when phases - 02 04 0.6 0.8 1

are functionally related. The influence of noise is twofold.
On one hand, it naturally makes the estimation less precise, F|G. 5. Dependence af and p indices on parameters for one
especially for very weak couplinglearly, correct estimation  coupling configuration €,=0.05s,=0.03) and different levels
is not possible if the noise term in E@) is in average larger of noise.(a) d vs 7, (b) p vs 7 for 6=0.3, and(c) p vs & for
than the coupling On the other hand, noise facilitates esti- r=(T,+T,)/2. The vertical dashed lines {@),(b) show the values
mation of the indices for larger coupling valugorrespon-  corresponding to mean oscillation periods of both systems.
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FIG. 6. Dependence gf index on parameterg and = for one f

coupling configuration&,;=0.05¢,=0.03) in the absence of noise. )
FIG. 7. Coherence functiof@ and power spectré),(c) for two

coupled oscillators. High coherence is seen around the natural fre-

) ) quencies of oscillators; /27
ent, we have to find a compromise. Our tests suggest the

following choice: 7=min(T,,T,) and 7=(T,+T,)/2 for

EMA and MPA, respectively. The computed dependences ofor which parameter values at@,;~0.4, w,~1.2, b=0,
d andp indices onr are shown in Figs.®), 5(b) for differ- ¢, =0.01, ande, varied in the range from 0 to 0.018.
ent levels of noise. Regarding the parameterve emphasize

two counteracting tendencies: should be small enough to C. A note on more complex cases

resolve the influence of coupling and large enough in order ,
to cope with the noise contamination dominating at small N our tests of the techniques we always assumed that we

scales; the computed dependences are shown in feigasd ~ deal with two coupled oscillators. In real-world applications
Fig. 6. Clearly, short records require largérNote that by W€ nevertheless can encounter more complex situations, e.g.,
definition 0< < 2. when two systems are a part of a complex oscillatory net-

We have also tested the algorithms in case when the nat{{ork. Here, we comment on several important cases.
ral frequencies of coupled oscillators are essentially differ- _Uncoupled system©ur algorithms cannot properly treat
ent, w;~0.4, w,~1.2, b=0. The computations show that this situation. Hence, one should check whether logthare
the,indices f;)”OW the ’theoretical curvér0) and(11) in this  close to zero and, if the presence of interaction is not obvious

case as well. Note, that these curves are now essentially dit Prior, it is recommended to conduct first standard cross
ferent due to the factan, /.. In conclusion, tests with the correlation(or othep analysis to check whether the two sig-

data generated by two coupled phase oscillators demonstrdi@'S are inter-related. ,
that all indices allow reliable estimate of the asymmetry in WO coupled oscillators versus two uncoupled oscillators
coupling from short noisy data, under common forcingTwo noninteracting systems can be

driven by a common force. Certainly, in this case estimation

of directionality indices is senseless. In order to exclude this
B. Asymmetric coupling case, we can expl_oit the cross-spectrum analysis, as illus-
trated by the following example. We simulate the outpu

We discuss now the case of asymmetric coupling. For th%f two coupled noisy van der Pol oscillators

sake of definiteness, we considér=sin(¢,—3¢;), f,

=sin(3¢1—q§2). Clearly, in computation of the goeﬁicien§ _ ;(1’2_ 0-2(1—Xi2)5<1,2+ wile,z"'sl,z().(z,l_ )'(1’2)+§1'2:0,

according to Eq(4) we obtain, due to derivation, an addi-

tional factor of 3. Hence, the indice™? andr*? follow o be compared with the output of two uncoupled systems

now the dependences £3—&,)/(s;+3¢,) and (%,05  under common driving

—g,05)/(g105+ 3s,02), respectively. Important, for this

case the results of the MPA differ from the results of EPA: X1 0~ 0.21— X3 )X o+ 05 Xq o+ €1 Xg+ €1 ,=0,

index p? follows the curve £,—&,)/(e,+¢5). Indeed, ' '

the predictability improvement is proportional to the ampli- where

tude of the coupling function and does not depend on its _

period (see caption to Fig.)2 Thus, MPA fails to reveal the X3— 0.2 1—X3)X3+ wiXg+ £3=0

asymmetry in coupling functiont, ,. We note that the dif-

ference in estimates obtained by EMA and MPA may be use@ndw;=0.9, w,=1.1, w3=1, &, ,=0.05, and intensities of

to extract information about the coupling function. noise o1,=0.1, 03=0.5. From the result of the cross-
The above considerations were tested with the m@el  spectrum analysis shown in Figs. 7 and 8 we definitely can
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FIG. 10. Cross-spectral analysis demonstrates the presence of
FIG. 8. Coherence functiof) and power spectréb),(c) for two ?nteraction be_tween heart rate and respiration._For each of 16_ sub-
uncoupled oscillators driven by a common force. High coherence igects_the maX|ma! value of the coherence function was determined;
observed at the frequency of that drive, but there is no coherence J€ ine and vertical bars show the mean and the standard error,
the frequencies of oscillatoréNote that the frequency peak corre- '€SPECtively.
sponding to the drive is barely seen in power spectra because the
drive is very noisy.
intensity 0.2, direction of coupling can be nevertheless de-
tected:d+?=0.12,d*¥=-0.19, andd*¥=0.27.
distinguish these two cases.
Three oscillators in a ring.Finally, we perform a fre-
quently used test and consider three noisy van der Pol oscil- V- DIRECTIONALITY OF CARDIORESPIRATORY
lators with unidirectional coupling, arranged in a ritfgjg. INTERACTION IN HEALTHY NEWBORNS

9): The goal of our experimental study is to clear the contro-

versy concerning the direction of cardiorespiratory interac-

;(i_o-z(l_xiz)xi—"wizxizax(i+2)mod & tion. For this purpose we ana_lyze bivariate data, namely,

heart rate and respiration obtained from healthy newborns.

Computing a directionality index for, say, oscillators 1 and 2’The presence of mtira(r:]thn IS |nd|c|:|ated r:)y the lpres;ance of
we expect this index to be between 0 and 1. Indeed, oscillar-eSp'tratlog. smrs arrdyt mlahas Wet. aslt7 € reslu t; o cross-
tor 2 acts on the oscillator 1 indirectly, via the system 3, an(fpec ré" ( Igt]h 0 and sync r](c)nlzg. 'O't{ g)ar;ﬁ ySItSh peL— q
this action should be weaker than direct forcing of 2 by 1. To'°fMed on the same group of subjects. LUn the other hand,

check this, we take the parametesg=0.95, w,=1.05, w synchronous epochs are rather rare, so that the coupling can
—1 £=0 65 a noise intensity 0.1 and es’tirrfate ;Ih'e,dei( be considered weak. Next, we study the dependence of di-

from ~500 oscillation periodss =0.05, 7 is of the order of rectionality indices on age as well as on heart rate and res-

the period. The resultésee also Fig. 9d*?=0.41, d*3 piratory frequency.

=—0.7, andd®>®=0.57 correctly reveal the direction of in-

teraction in the ring structure. Next, we take identical sys- A. Measurements and data analysis
tems, w;=w,=w3=1, so that in the absence of noise the

systems synchronize. With a sufficiently strong ndia&th We measured the electrocardiografBEG) using a bipo-

lar limb lead (Biomonitor 501, MeRgetawerk Zwanitz,
Germany and obtained thoracic respiration with the induc-
tive plethysmographic methodRespitrace, Studley Data
Systems, Oxford, UKin 25 newborn infants; data sets from
d(3,1)_0 7 L 0.41 five newborns are used in the present paper. Measurements
0 e were performed on each of the first 5 days of life, then every
week and later monthly up to the 6th month of life. Data
acquisition began 30—60 min after feeding, in the evening
hours between 8 p.m. to 11 p.m., and took approximately 1 h.
d(2’3)=0 57 Data were stored on a digital audio taf@®AT) multichannel
: recorder (DAT, DTR-1800, biologic, Frangefor further
FIG. 9. Three oscillators arranged in a ring. The unidirectionalanalysis. The data were off-line digitized with a computer
(clockwis@ coupling is revealed by pairwise estimation of the di- based monitoring systeifXmAD, ftp://sunsite.unc.edu/pub/
rectionality index. Linux/science/lab/with a sampling rate of 1000 Hz.
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i g age [days]
R B ’ ::”'!'“'I'“‘“i'm' \\i\ NEian FIG. 12. Robustness of the estimates of the directionality index
° i d™ with respect to parameter&) d™" vs r for the first(dash-
-1 - 00 dotted ling and 180th(solid line) day of life; each estimate was
1 10 age [days] 1 computed from a data segment containing 200 heartb@atflu-

S ) ence of the window length. Open circles show the average of esti-
FIG. 11. Three directionality indices as a function of age for onemates of d™" computed with different window size

subject. Each symbol shows the estimate of the respective index 00,200 . . . ,800heartbeats

computed in a running window, the dashed lines connect the mean

value for a particular day. Note the smaller variability of tte

index. ~100-s-long segment was extracted from each of these two
records, thend™ was computed forr<10 s [see Fig.
12(a)]; the average interbeat interval was, respectively,

An artifact free,~ 10-min-long segment of each measure-(T)=0.46 s andT,)=0.54 s. A good stability of direc-

ment was chosen for the further analysis; these segment®nality index estimates with respect to the window size is

correspond to the stage of quiet sleBwaves were detected reflected in Fig. 1). Further, data sets for five babies have

with the precision of 1 ms by means of a convolution tech-been analyzed, with the window length corresponding to 200

nique applied to a fifth-order high-pass filtered ECZZ® ms  heartbeats and taken as the average cardiac cycle within a

moving averageand a typical QRS template. The instanta- window.

neous phase of the cardiac signal has been estimated accord-

ing to B. Results and discussion
Below we present only the results of the EMA approach
t—t, (d index. This choice is motivated by our interest in the
¢h(t)=27rk+2'nﬁ, (12)
k+17 Lk - 1 ' T (@)

wheret, are the times of appearance ok R peak in the ] S E i _____
ECG. Phase of the respiratory signal has been obtained b -1 "‘,“9' "e‘*’j&h
means of Hilbert transform applied on the whole segment.. g o _g_ (b)
Prior to phase derivation, the respiratory signal has been desy g~ 777 = =«g=-"77 g TR T “i\ ~~~~~~~~~~~~~~~~~~
trended(linear or polynomial, up to fourth order, trend was _; . & 4
removed with manual check of all recojdend smoothed 1 ' ' (c)
using a second-order Savitzky-Golay filter of 501 data pointsg | . 8. ]
length. See Refd5,11] for discussion of phase estimation = E -l i _
techniques. -1 ; - 0--0-p0

In order to trace the variation in the direction of coupling —~ o (d)
due to nonstationarity in the System, the Corresponding |nd|'.‘:;§ l\i\\\i ........... !,/i_\ ........................................ 8.
ces were computed in a sliding windolwith 3/4 overlap _ \ﬁ “‘-i-ﬁ——__i/'l\.’.‘g
and the average for each day was obtained. We found that a } 8 T e ' (e)
three methods provide consistent res(fiig. 11), supporting 3 [ § e g l"'{g ........................ )
our assumption of weak coupling. Next, the stability of EMA S s B8 S’ \!\ *y

and MPA with respect to parameter variation was checked. -11
Comparing EMA and MPA we found that tlikindex is more
stable with respect to parame®rvariation than the index; FIG. 13. Directionality indexd™ versus agélog scal@ for five

we remind that IPA has no parameters. In order to illustratéewborns. Symbols show the values obtained from different win-
the robustness of EMA towards parameter variation, we fodows; dashed lines show the averdfpe a certain dayvalues. All

cus on two distinct data sets from the same subject, correubjects demonstrate tendency towards unidirectional coufstisg
sponding to the first and the lagt80th recording day. An  piration drives heartbeatvith maturation.

10 age [days] 100
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(a) (b)
- 0.5t A L
Pl B ® . FIG. 14. Scatter plots of the
2 o Ve o0 0 o e d™ index versus breathing fre-
e ;‘O ° go %0": “ quency ,) have a characteristic
.’ @.g{‘% " g:‘* 32 v shape.(a) Al five subjects to-
-0.5 % zﬂg{.{'g o ';' gether. Opened and filled squares
& nfa.f:‘;:" denote the estimates during the
£ ‘:, . first month and 2-6 months, re-
12 . 06 £ (H; 09 1.2 spectively. (b), (c), and (d)
g show the results for two subjects
1 1 , . (denoted by different symbols
e (c) o (d) One can see that the points from
—r? . 8 o some subjects fall only onto one
0.5 s ,' 0.5 & ° &° o .« o branch of thev curve (c), while
"?f' &%ﬁ L the estimates from other subjects
2 & o® = T B S e fall onto both brancheg). In one
<9 Y | ° 2 S o o%é'.' RS 1 subject the first days fall onto one,
oy g o 2 ;90':: ‘. ':-'.° s others fall onto the second stripe
-0.5 z.{.‘.v. ‘%, 3§° —05| %?&3 ":' ¢ ] (d).
& & : p o
° &.!':’
6.3 0.6 fr [Hz] 09 1.2 6.3 0.6 fr [Hz] 09 1.2

dependence of the directionality on both respiratory fretotransmitter acetylcholine. The release and the enzymatic
quency and heart rate. We remind also th&dex does not degradation of the acetylcholine is frequency limi{&Y].
directly include oscillator frequencieef. Egs. (10),(11)]  Note also, that respiratory sinus arrhythmia is a frequency-
what results in a smaller variability of its estimates. Fig.  dependent phenomenon as wdli].
11). _ _ o ~ The presence of two branches in theshaped plot ofd

The main results are summarized in Fig. 13 clearly indi-index vsf, indicates two possible modes of interaction, char-
cating the evolution from an approximately symmetric inter-,cterized by different characteristics of the low-pass filter
action during the first days of life to a dominant unidirec- (see Fig. 14 At very young agesfirst week of life, the
tional coupling(respiration drives the heart rawt the age of 4y of the cutoff frequency appears to be lower. Maturation
6 months. Next(,h\:\)/e analyzed the dependence of the diregst the functions of the central nervous system as well as
tionality indexd™ " on the frequency of rﬁsplratlof} and  cardiovascular adaptation processes to extrauterine condi-
on heart ratef,,. No depepdence bgtwedﬁ " andf, Was  tions such as closure of fetal shunts may account for this
seen, whereas the plot df"" vs f, displays a characteristic finging. Correlation to hemodynamic data could give further
v shape(Fig. 14@)]. It can be seen that, for all measurementsinsignt into this hypothesis. Another possible explanation of
with f,<0.5 Hz the interaction occurs dominantly in one the existence of two modes of interaction may be related to
direction, from respiration to heart rate. We suggest the folyifferent substages of quiet slef8].
lowing explanation. The cardiac influe_nce on respi_ration iS In summary, our results support the “irradiation theory”
weak and frequency independent, while the coupling fromp, the sense that there is a clear effect of respiration on heart
the respiration to heartl rate is similar tg a low-pass filter.rate. However, at physiological conditions, characterized by
Then, for low frequenciesf(<~0.5 Hz in our casethe  pigh breathing rates, this unidirectional action is abolished.
respiratory driving effect is relatively strong compared with The reason for this abolishment is explained by the well-
the strength of the cardiac influence; correspondingly, thgnown neurotransmitter kinetics of acetylcholine at the
directionality index is close to-1. For higher frequencies, yagal-atrial junction. To reveal mechanisms responsible for
the signal from the respiratory cent@5] is attenuated and the 5, shape of the dependence of the directional index on

therefore the interaction appears as nearly symmetrical. Thigyeathing frequency further investigations are necessary.
explanation is supported by the fact that variabilitydoiin-

dex estimates is larger for higher frequenciggluence of
noise on the estimate of an index is stronger for weak cou-
pling, see discussion in the Sec.)lll We have proposed and analyzed approaches for identifi-
The basis of the low-pass behavior of the informationcation of direction of weak coupling between two self-
transmission channel can be found in the physiologicabustained oscillators. We have compared the efficiency of
mechanisms of the coupling. Indeed, signals from the vagahree algorithms and have shown that they can be used for
nerve to the sinus node are transmitted by means of the neanalysis of real-world data. One algorithm EMA requires

V. CONCLUSIONS
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only one parameter, is generally more stable towards itslence of the directionality index on the respiratory frequency

variation and easier to use than the algorithm based on theadicates the possible existence of two regimes of interac-

idea of mutual predictability. The essential advantage of theion.

proposed method IPA is that it has no parameters. More im-

portant, all methods Work_W|th rather _sho_rt and noisy ACKNOWLEDGMENTS
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