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Disorder can eliminate oscillator death
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We use an array of diffusively coupled limit-cycle oscillators with a regular monotonic trend of natural
frequencies to demonstrate that the disorder introduced in the form of random deviations from a linear trend of
frequencies can weaken considerably desynchronization-induced oscillator death and, as a result, increase
oscillation intensity substantially. There exist definite optimal levels of magnitude of spatial disorder at which
maximal oscillatory energy is attained in the array.

PACS numbdps): 05.45-a

[. INTRODUCTION tion of disorder on such an oscillator death. During such an
oscillator death, which occurs at sufficiently strong dissipa-
Synchronization of arrays of oscillatory systems has altive coupling in regions of fast increager decreaseof natu-
ways been a subject of inquiry because they are frequentlkal frequencies along the chain, regions of vanishing oscilla-
encountered in physics, engineering, chemistry, biology, antion amplitude are formed, even if the conditions of self-
other branches of science. Modern applications includ&xcitation are fulfilled for each element in the absence of
chains of lasers, Josephson junctions, and relativistic magnéoupling. The mechanism of formation of such regions is
trons, as well as modeling of the mechanisms of rhythmidased on increased losses of oscillations in each oscillator
activity of cardiac, nervous systems, and otHeee, e.g., the under the action of sufficiently large dissipative coupling af-
literature cited if1,2]). In recent years this interest was also ter breakdown of synchronizatigd7]. An example of syn-
associated with the advance made in constructing informachronized clusters and regions of oscillator death in an array
tion processing systems consisting of a large number of a@f 10° coupled oscillators is given in Fig. l18]. In this
tive elementgcellular neural network§3]). In this connec- example we use the equations for slow complex amplitudes
tion, of special interest is the influence of inhomogeneitieszj=|zj|expl¢;) in the form
on synchronization in oscillator lattices. This influence
proved to be highly nontrivial. Inhomogeneiti¢scluding
spatially irregular ones, i.e., disordentroduced into a sys-
tem in which complex spatiotemporal patterns exist can, for

.ijiwjzl'+(p_|Zj|2)Zj+d(Zj+l_22j+Zj_1). (1)

example, lead to more synchronous behavior of the oscilla- 6 ' ' '(a)
tors. Examples include improved synchronization in en- . ro L]
sembles of coupled nonlinear pendulums modeling chains of 4r / ! q Yo
Josephson junctiongl] and in arrays of coupled maps used Q, 0. \
as models of earthquake dynamijé&s, as well as regulariza- P 2 |\ // L L
tion of dynamics in chains of coupled chaotic oscillatigb : L
Spatially uncorrelated noise can enhance stochastic reso- 00 200 200 600 800 1000
nance effects in the spatiotemporal varigri facilitate sig-
nal propagation in arrays of bistable systef®3, sustain 050 — ' ' ' '
traveling waves in subexcitable chemical mef§ sustain ()
patterns(including spiral ones[10], induce pattern transi-
tions[11] and fronts[12], and so on. <|zj|2> 0.25

However, the influence of spatial disorder on oscillator |
death in oscillator arrays with local couplings was outside

the scope of the references cited above. The phenomenon of 0.00
oscillator death has attracted the attention of researchers

since the appearance of R¢L3]. Significant progress was ]
achieved in theoretical and numerical analysis of oscillator
death in systems of oscillators with “all-to-all” coupling nat

[1,14). In recent years oscillator death has become an objeceraged frequencies of oscillatiofis of the elements of the array
of experimental study15]. Our paper deals with oscillator (1) for suchw; . (b) Spatial profile of time-averaged intensity of

death in oscillatory arrays with local couplings, namely, INoscillations (|z;|?). One can easily see regions of synchronized
chains of self-oscillator16,17, and we study here the ac- cjysters of oscillationgwhere the spatial variations of natural fre-
quenciesw; are relatively slow—in the vicinity of the extrema of
cosinelike distribution ofw; in spacg and regions of oscillator
*Electronic address: leo@hale.appl.sci-nnov.ru death with infinitely small amplitude of oscillatiort&here the gra-
TElectronic address: sushch@appl.sci-nnov.ru dient of w; is relatively large.
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FIG. 1. (a) The dashed line shows the spatial distribution of
ural frequencies; in the model(1). The solid line shows the
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Here, the diffusive coupling constadt=20p and the range =0.5 andd=20p (unless otherwise specifigcand the num-
of frequency scatteA w=12p, wherep=0.5 is the oscilla- ber of oscillatorsN=100. Here we will consider the influ-
tion growth rate. ence of random deviation of frequency dependence along the
At first sight it may seem that introduction into the systemchain from the linear one for three types of frequency distri-
of additional inhomogeneities by superimposing random frebutions that are interesting in terms of applications.
guency changes on the smooth frequency trend will only In type | distributions, neither total frequency range nor
enhance the effect of oscillator death. However, we foundrequency ensemble were fixed and they could change due to
that the inverse effect is also possible. Under definite condivariation of both the regular trend and the range of random
tions, the degree of death caused by the monotonic trend afcattering. In type 1l and Il distributions, the total range of
natural frequencies can be decreased substantially by intrealues of the natural frequencies of oscillators was constant,
ducing spatial disorder. There exist optimal levels of disperand only the relative contribution of regular and random
sion of spatial disorder at which maximal values of meancomponents was varied.
“incoherent” energys~(2}\':l|zj|2> and mean “coherent” Although manifestations of the considered effects in spe-
energyW~<|E}\':12j|2) are attained in the array. cific applications are outside the scope of our paper, we
In the next section we present the model we use to studghose as qualitative characteristics the functionals that can be
the action of disorder on oscillator death. Section Il is de-useful for estimating the action of signals from oscillator
voted to our numerical experiments and discussion of theighains on some types of sensors. These functionals are the
results. In Sec. IV we suggest an explanation of the phenonfiormalized mean “incoherent” energy
ena observed in numerical experiments. Finally, we end with \ \
a brief summary of this work and our conclusions. < E 12 |2> < 2 12 |2>
= =

Il. MODEL DESCRIPTION

&= N - Np (2)
| _ " |3 o)
In this work we restrict ourselves to considering a one- =
dimensional chain of diffusively coupled oscillators with free
ends and linear variation of frequency along the chain. Suchnd normalized mean “coherent” energy
a model was chosen for the following reasons. On the one

hand, this model provides a rather broad range of parameters N2 N2

in which synchronized clusters coexist with regions of oscil- Zl Zj 21 Z;

lator death as is typical of inhomogeneous systems. On the w= 'Nf = = , ®)
other hand, the model contains the simplest type of inhomo- 2 (0) NZp

geneity in the sense that, in the limit when the phase approxi- = Zi

mation[19] is valid, this system, with end effects neglected,
becomes homogeneous because the meaningful parameterjfere (9 are the complex amplitudes of in-phase oscilla-
this limit is not the frequency but the frequency differenceyjong excited in the limit of infinitesimal frequency mis-
between neighboring elements. This simplicity allows one i”match;(-) denotes averaging over time.
a number of cases to obtain the simplest scaling approxima-
tions and formulate fairly general results employing a limited
number of numerical solutiord.7]. Ill. EFFECT OF SPATIAL DISORDER
In addition, analysis of such chains is of independent in- ON OSCILLATOR DEATH
terest because they arise in a natural manner when phenom- gor 3 jinear frequency variation along the chéin the

ena observed in real life are modeled. Two most instructivypsence of disordgroscillator death is manifested as forma-
examples are the dynamics of the narrow intestine of mamyjon at the center of the chain of a region in which oscillation
mals and vortex shedding in a flow behind cone-shaped bodympiitudes are vanishing. Oscillator death is associated with
ies (e.g., supports or chimneydf the small intestine is di-  the fact that, for a large difference of natural frequencies of
vided into sections 1-3 cm long, then each of them is able tgejghboring oscillators, the influence of nonresonant terms
oscillate at a definite frequency that changes along the i”te?froportional toz; 1,21 in the equation fo; is relatively
tine almost linearly over large enough distanf2@]. Inves- weak, and the diffusive coupling introduces dampitige
tigation of the linear changes of frequency observed at vortexsrm —2dz) that exceeds amplification at large (d
shedding also involves analysis of chains of coupled oscilla~ p/2). For Jchains with free ends, when the linear frequency
tors with linearly varying natural frequencies, if derivatives yeng grows, this effect is manifested first at the center of the
with respect to the coordinate along the cone axis are reéshain where desynchronization occurs first with increasing
placed by finite differencetsee, e.g.[21]). frequency mismatchl7] (Fig. 2).

The analysis is carried out on an example of chains of
oscillators whose dynamics in a quasiharmonic approxima-
tion is described by EqJ) for slowly varying complex am-
plitudesz; with the boundary conditions, =zy; zy.1=2y
corresponding to a chain with free ends. The set of equation For the type | distribution considered in this section, the
(1) is the normal form for a chain of diffusively coupled value of the linear frequency trenlw and the range of
oscillators of a general form in the neighborhood of a Hopfrandom frequency scattekw* changed independently of
bifurcation. In subsequent numerical experiments wepset each other, so that

A. Oscillator death elimination by disorder
expanding the total frequency range(type | distribution )
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FIG. 2. Oscillator death in the chain with constant frequency
gradient(without disordey. Total frequency rangéthe difference
between the lowest and highest frequencigsand w,qq) is 6.0.
Plotted is the time-averaged intensity profile.

1
wj=Aw|J\lTl+Aw*§j, (4

where §; are random numbers distributed uniformly in the
interval [ —0.5;+0.5] andN is the number of oscillators in
the chain.

In typical variants of this series, introduction of disorder
into a distribution of natural frequencies either did not sig-
nificantly affect oscillator deatti‘unfavorable” disordej or
resulted in pronounced growth of the oscillator amplitude, so
that the region of death diminished markedly or even van-
ished (“favorable” disorde). The latter was dominating in
the series on the average. Typical examples are represented

by spatial distributions of time-averaged oscillation intensi- (c)

ties(|z|%) in Fig. 3(a) and in Fig. 4a), and by spatiotempo-

ral diagrams forjz| i_n Fig. 3(b) a_nd Fig. 4b). Figures 3(_3) FIG. 3. Chain with linear frequency trend and introduced disor-
and 4c) show spatiotemporal diagrams for 2y(t) that il-  der (4), Aw=6.0 andAw* =0.2Aw. (a) Time-averaged intensity

lustrate the variation of phase in time and space: the variaprofile <|zj|2) (solid line), averaged frequencies of oscillatiofis

tion of the picture from maximally dark to light in the region (bold line), and natural frequencies; (circles connected by dashed

of smooth variations of amplitude corresponds to a change dine). (b) x-t plot of amplitude|z(t)| (time increases upward for 30

phase byrr. units and the position along the array varies horizontaliyhite
Mean “incoherent” ¢ and “coherent” w energies are corresponds to zero and black to the maximal value of the ampli-

plotted in Fig. 5 versus the range of random frequency scatude, which is about/p. (c) x-t plot of Imz(t); white and black

ter of oscillator natural frequencies relative to the linear trengeolors correspond to minimal and maximal values ofjlft) (about

for different values of the trenthe values ok andw were  * Vp), respectively.

obtained by averaging the “incoherent” and “coherent” en-

ergies over the ensemble of 25 sets of natural frequencies Concerning the “coherent” energw we can say that,

{wj}szl with different samples of disorderFrom the data €ven in the case of complete synchronization in a chain with

presented in Fig. @) it follows that, for the values of pa- a linear trend, the value ¢f={_,z|?) may be much smaller

rametersA w andd corresponding to weak manifestation of than its maximunN2p because of the finite phase difference

the effect of oscillator deatl(Aw*=0)~0.6—-0.7 [the between oscillations of neighboring oscillators. Conse-

curves in Fig. %) for Aw=0.75,1.5], introduction of disor- quently, analysis of the normalized valuewois meaningful

der into the frequency distribution does not lead to pro-not only forw~1 but forw<1 too. As follows from the

nounced changes in the average level of incoherent energiata in Fig. $b), in this case introduction of disorder into a

(~10%). However, forAw and d such thate(Aw* =0) frequency distribution may have the same effect as decrease

~0.1=0.3, more than a twofold increase of incoherent en-Of the large-scale frequency gradient by more than three

ergy can occur when disorder is introduced. It is worth not-times. In addition, under the action of disoradecan change

ing that this effect is interesting not only from the academicin a wider interval thare. For instance, for the data in Fig.

point of view, because it is observed at the values dfiat ~ 5(b), introduction of disorder a w=2.25-4.5 results in an

are of practical importance. If the effect is evaluated in com-almost fourfold increase of.

parable frequency gradients, then, as follows from the data A distinguishing feature of the dependences

given in Fig. %a), introduction of spatial disorder can be =&(Aw*), w=w(Aw*) shown in Fig. 5 is the existence of

equivalent to more than a twofold decrease of frequency grathe optimal valued wg,, maximizinge andw. It is interest-

dient. For example, the oscillator death effect correspondingng that this optimal value of the frequency bafhd* char-

to £e=0.3 for Aw=3.0 is approximately the same as for acterizing the spread relative to the mean value at each point

A w=6.0 but with additionally imposed frequency disorder. of the array proved to be comparable to the total range of
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FIG. 4. The same as in Fig. 3 but for another sample of disorder
(i.e., for another set o{fgj}jN:l), FIG. 5. Dependences of “coherenta) and “incoherent” (b)

energiess andw on the relative level of disordeX w* /A intro-

large-scaldéregulaj variation of frequencyl . At least, this duced by the rulg4) for different values of linear frequency trend

is true for the parameter region of practical interest in which? -

€>0.1, w>1/N in the absence of disorder. _ _
natural frequencies of all elements of the array, ane* is

the bandwidth of random variations of frequency. In fact,
with such a choice of frequencies, the oscillator ensembles
forming the array in each series may appear to be quite dif-
In the previous section we considered an idealized situaferent.
tion when large-scale and small-scale inhomogeneities In type Il distributions random inhomogeneity was intro-
change independently of each other. The case of an ensemhlaced into the linear trend ¢ 1)Aw/(N—1) for a constant
of interacting oscillators formed when definite restrictionsensemble of oscillators by their random permutation in the
are imposed is also interesting in terms of applications. Imarray using the following algorithm. We chose a random
particular, if inhomogeneities are due purely to design, themumber m that equiprobably took the value
one can formulate a problem about the influence of element 2, ... [Aw*/2Aw], where[n] is the integer part of.
redistribution in space, with the total range of scatter un-Then, the first andnth oscillators exchanged placéise.,
changed. w1=Aw(m—1)/(N-1), om=Aw(1—1)(N—1)=0]. Fur-
In the type Il distribution that was used earlier in investi- ther, we took the unpermuted oscillatonearest to the first
gations of the influence of random frequency deviations frompscillator and chosen again([if the (I+m)th oscillator had
a linear trend on cluster synchronizatifiv], we have been permuted, the next valuerofwas generatddand per-
. . . muted the Ith and (+m)th oscillators: w;=(I+m
Ao (~D(Ao-4o )+Aw*§, 5 —1Aw/(N-1), o n=(1-1)Aw/(N-1), and so on. As
2 (N-1) I a result, we obtained a system that consisted of the same
elements but connected in the “wrong” order. In such a
so that the frequency distribution changes from monotonicscheme, the frequency distribution is changed again from
completely regularfat Aw*=0) to a completely irreqular completely regular £w*=0) to completely disordered
one (at Aw* =Aw). Here, again¢; are random numbers (Aw* =2Aw).
uniformly distributed in the intervdl—0.5, +0.5], N is the Omitting details of the distribution function, the differ-
number of elements in the arrajw is the total range of ence between the three types of distribution can be presented

B. Oscillator death elimination by disorder conserving
the total frequency range (type Il and Il distributions )

Wj= wg
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FIG. 6. Scheme of sets of frequencies for distributions of three
different types a\ w*/Aw=1/2 (see texk

schematically forAw*/Aw=0.5 (see Fig. 6 in which the
boundaries of frequency ensembfs, |, are outlineg. The
three types of distributions have a common region 0. In the
first case, it is supplemented by regiors,i and 3,b (S
=S5,+S;+S;), which expands the total frequency range. No  FIG. 7. Energye vs disorder level for different types of distri-
additional expansion of frequency range occurs for a type lbution: I (solid lineg, Il (dashed lings and Il (dot-dashed lings
distribution. Moreover, an inversgn a certain sensepro- Again, the data represent, three different values of linear trend gra-
cess occurs—the frequencies from regioast2that are con-  dient Aw/(N—1): relatively small,Aw=3.0 (A); moderate Aw
centrated in the middle of the frequency rang®, €S, =60 (O, bold lines; and relatively largeAw=12.0 ().

+S,) are added. For type Il distribution, in contrast, more

oscillators with frequencies at the edge of the rangg ( la for Aw*=0.035, the values of(Aw* =0.035) are equal
=S+ S,) are added. With these features taken into account© 0-616 and 0.638, respectively. .

qualitative considerations lead us to the conclusion that the The action of the first mechanism involved with transfor-
strongest effect should be expected for the case of a type [pation of the entire cluster strl_Jcture is demonstrateq in E|gs.
distribution when introduction of disorder is accompanied by3 @nd 4. Itis clear from these figures that favorable situations
a higher concentration of frequencies near the middle of th@e possible when disorder gives rise to synchronized clus-
range, whereas for a type Il distribution the effect is weaker
due to the inverse effect produced by expansion of the fre-
guency range. This tendency is observed in numerical ex- | (@)
periments togexamples are given in Fig) .7t is interesting 0.015
that, even in the case of an absolutely random frequency
distribution (at Aw*/Aw=1 for type Il distribution and at
Aw*/Aw=2 for type Il distribution, oscillator death may

be much weaker than for a monotonic frequency variation
along the array.

A®/A®

0.020 T T T T

ISP 0.010

0.005

0.000

IV. MECHANISMS OF DISORDER INFLUENCE
ON OSCILLATOR DEATH

0.8 — T

A study of controlling the cluster pattern formation in the i (b)
system under considerati¢t7] indicates that there exist at 0.6 | ]
least two mechanisms of action of introduced disorder on I
oscillator death. One of them is involved with transformation €

of attractor(or attractors as a whole, and the second, which
is effective at multistability, implies that the attractors
change only slightly, and only their attraction basins are
transformed 17]. However, it was found that bistability re-
gions occupy only a small portion of parameter space. So the .
role of the second mechanism is insignificant, if any. In our Aw/Aw

case, it could manifest itself only atw~1, i.e., at relatively FIG. 8. (8) Power spectrum of random component «f de-
weak oscillator death. However, the difference in the valuegicted in Fig. 3(dashed ling and of filtered random component
of “incoherent” energys (Aw* =0) for four-cluster(0.630  (solid line); (b) & vs relative disorder level; the same set of random
and five-cluster(0.628 structures is small and comparable numbers{¢;}}_, was used with differenf\w*. Solid line corre-
with the changes of their energies under the action of weakponds to filtered disorder, dashed line to nonfiltered ahe;
disorder without change in the number of clusters. In particu=6.0.

L L S

0.0 1 1 1 1
00 02 04 06 08 10 12 14 16 18
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FIG. 10. The chain with meander of magnitude* imposed
08 e on linear frequency trendAw=6.0 and Aw*=0.2Aw. Time-
b) averaged intensity profil(—:{zj|2) (solid line), averaged frequencies
06 L i of oscillations(); (bold ling), and natural frequencies; (circles
' connected by dashed linare presented.
3 0.4 o
affect the value of energy. Therefore, it is actually de-
0.2 manded that the frequency distribution should have suffi-
’ ciently extended plateaus “on the average” as is illustrated
0.0 S in Fig. 10. This figure presents the case of a distribution in
700 02 04 06 08 1.0 1.2 1.4 16 1.8 which the frequency gradients of the initial distribution are
AGAD retained everywhere except at several points. Jumps at some
o . o points provide nonmonotonic variation of frequency and
FIG. 9. The same as in Fig. 8, but far; depicted in Fig. 4. conservation of the total range of frequency scatter as in the

] S - case of their monotonic variation. With the mechanism de-
ters with oscillation intensities Comparable to those Observegcribed above taken into account, the Opt|ma| value of fre-
in arrays without oscillator death. Formation of such cluster%uency scatteA w;pt in Figs. 5, 7, 8, and 9 becomes clear. It
is caused by long wave components in the frequency distriis que to the fact that only a long wave component of suffi-

bution. Let us explain this on a very simple example, Whemiently large amplitude can compensate the initial frequency
superimposed frequency scatter has a purely sinusoidal d@'radient in the array.

pendence, so that

i—1 Ao* 21 V. CONCLUSION

ijAwm—F 2 SInN—)\(j—l),

In this paper we demonstrated that introduction of random
deviations from a regular, smooth trend of natural frequen-
cies of oscillators of a one-dimensional oscillatory array can
significantly decrease the degree of oscillator death in the
system and thus increase the total intensity of oscillations.

t th lat i'be | h for th hroni here exists an optimal level of disorder at which the oscil-
orthese plateaus will be farge enough for the Synchronizeg,;,, energy of the system is maximized. The dependence of
clusters formed under conditions of small mismatch to de-

. R . oscillation energy on the level of disord@rhen the oscilla-
pend relatively weakly on the desynchronization action of, 9y l

" . ; . tor death is well pronounced in the absence of disgrider
the elements located in regions with large gradients af bell shaped
This is confirmed by comparing the dependenc@sw*) i

btained for disord ith filtered short ; There are many examples of nontrivial, “positive” action
obtained for disorder with Tiltered short wave ComponentSye temporal or/and spatial irregularities on system dynamics.
and unfiltered disorder. For the specific series of disorde

. : As a well-known example for the case of temporal irregular-
corresponding to Figs. 3 and 4, the spectra and relevant dy ;e mention stochastic resonan@s]. Several examples

pendences(Aw*) are given in _Figs. 8 qnd 9. The random for the case of spatial irregularity were already presented in
component ofw; was filtered with the aid of a linear oW ¢ ntroductiorf4—6]. The effect described in this paper can

where N, is the spatial period. Apparently, the as-formed
frequency distribution at sufficiently large amplitude of de-
viations Aw*/Aw=x/N,) will have nearly horizontal pla-
teaus, so thabj;—w;<Aw/(N—-1). ForN,>1, the size

pass filter, be considered as another example of the nontrivial action of
j—1 disorder in arrays of coupled oscillators.
wJZAwm'f‘Aw*F[EJ-],
ACKNOWLEDGMENTS
where

This work was supported by the “Leading Scientific
FLEI=(&-1+&+&:1)/3 Schools of the Russian Federation” ProgrdRroject No.
00-15-96582 L.R. acknowledges support from the Interna-
acts as a filter of high harmoni¢22]. It is worthy of interest  tional Center for Advanced Studies in Nizhny Novgorod
that the short wave components of spatial disorder weaklyINCAS, Project No. 00-2-06




6446 LEONID RUBCHINSKY AND MIKHAIL SUSHCHIK PRE 62

[1] R. E. Mirollo and S. H. Strogatz, J. Stat. Phg§, 245(1990. 293(1991).

[2] H.-A. Tanaka, A. I. Lichtenberg, and S. Qishi, Physicd @, [15] M. Yoshimoto, K. Yoshikawa, and Y. Mori, Phys. Rev.4,
279 (1997. 864 (1993; R. Herrero, M. Figueras, J. Ruis, F. Pi, and G.

[3] L. O. Chua and T. Roska, IEEE Trans. Circuits Sy, 147 Orriols, Phys. Rev. Leti84, 5312(2000.

(1993. [16] S. D. Drendel, N. P. Hors, and V. A. Vasiliedynamics of

[4] Y. Braiman, W. L. Ditto, R. Wiesenfeld, and M. L. Spano, Cell PopulationgGorky Univ. Press, Gorky, 1984p. 108(in
Phys. Lett. A206, 54 (1995. Russian; V. A. Vasiliev, Yu. M. Romanovsky, and V. G. Ya-

[5] N. Mousseau, Phys. Rev. Leit7, 968 (1996. khno, Autowave ProcessedNauka, Moscow, 1987(in Rus-

[6] Y. Braiman, J. F. Lindner, and W. L. Ditto, Natufeondon sian; G. B. Ermentrout and W. C. Troy, SIAMSoc. Ind.
378 465(1995; J. F. Lindner, B. S. Prusha, and K. E. Klay, Appl. Math) J. Math. Anal.20, 1436(1989.

Phys. Lett. A231, 164 (1997); A. Gavrielides, T. Kottos, V. [17] G. V. Osipov and M. M. Sushchik, Phys. Rev. 38, 7198
Kovanis, and G. P. Tsironis, Phys. Rev5B, 5529(1998. (1998.

[7] J. F. Lindner, B. K. Meadows, W. L. Ditto, M. E. Inchiosa, and [18] Averaged frequencies of oscillations are estimated as the
A. R. Bulsara, Phys. Rev. Leff5, 3(1995; M. Locher, G. A. n;(T)/T ratio, wheren;(T) is the number of typical features of
Johnson, and E. R. Hurihid. 77, 4698(1996); U. Siewert and the time seriege.g., the maxima exceeding certain vajuies
L. Schimansky-Geier, Phys. Rev.38, 2843(1998. the sulfficiently long time intervar.

[8] J. F. Lindner, S. Chandramouli, A. R. Bulsara, M. Locher, and[19] Y. Kuramoto, Chemical Oscillations, Waves and Turbulence
W. L. Ditto, Phys. Rev. Lett81, 5048(1999; M. Locher, D. (Springer-Verlag, Berlin, 1984
Cigna, and E. R. Hunipid. 80, 5212(1998. [20] N. E. Diamant, P. K. Rose, and E. J. Davison, Am. J. Physiol.

[9] S. Kadar, J. Wang, and K. Showalter, Natyt®ndon 391, 219 1684(1970.

770(1998. [21] B. R. Noack, F. Ohle, and H. Eckelmann, J. Fluid Me2#7,
[10] P. Jung and G. Mayer-Kress, Phys. Rev. Le#.2130(1995; 293(1991).
H. Hempel, L. Schimansky-Geier, and J. Garcia-Ojaitddg. [22] It is easy to show that the action of such a filter is equivalent to
82, 3713(1999. multiplication of the Fourier spectrun®(k) by f(k)=(1
[11] H. Zhonghuali, Y. Lingfa, X. Zuo, and X. Houwen, Phys. Rev. +2 cosk)/3.
Lett. 81, 2854(1998. [23] W. Wiesenfeld and F. Moss, Natufeondon 373 33 (1995
[12] M. A. Santos and J. M. Sancho, Phys. Re\VA% 98 (1999. A. R. Bulsara and L. Gammaitoni, Phys. Tod49 (3), 39
[13] K. Bar-Eli, Physica D14, 242(1985. (1996; L. Gammaitoni, P. Haggi, P. Jung, and F. Marchesoni,
[14] G. B. Ermentrout, Physica B1, 219(1990; P. C. Matthews Rev. Mod. Phys.70, 223 (1998; V. S. Anishchenko, A. B.
and S. H. Strogatz, Phys. Rev. Le®5, 1701(1990; P. C. Neiman, F. Moss, and L. Schimansky-Geier, Usp. Fiz. Nauk

Matthews, R. E. Mirollo, and S. H. Strogatz, PhysicabR 169 7 (1999 [Phys. Usp42, 7 (1999].



