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Noise-induced multimode behavior in excitable systems
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Based on experiments with electronic circuits, we show how a system of coupled excitable units can possess
several noise-induced oscillatory modes. We characterize the multimode organization in terms of the coherence
resonance effect. Multiple gain of regularity is found to be related to different frequency entrainments and to
the appearance of additional time scales.
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Noise can have quite different effects when acting on osmentations of coupleitientical excitable units with different
cillatory or on excitable systems. In the deterministic casdypes of coupling that are relevant to typical problems in
the oscillatory system already possesses an eigenfrequenpllysics and neuroscience. Namely, we considprdirect
that can be modified by the random forcirig2]. In contrast, ~ coupling when the output signal from one excitable unit is
the influence of noise on an excitable system is more surpriglelivered to the input of another unit together with external
ing. Without any perturbation there is no response of thehoise[Figs. Xb) and ¥c)], and(ii) an electronic version of
system at all, while too large fluctuations just result in asynaptic couplindgFig. 6(@].
noisy output. For an appropriate noise intensity, however, the For real information-processing systems the external
behavior of the excitable system becomes quite regular, Boise is considered as more accessible for control and mea-
phenomenon known as coherence resonfeé]. In some  surement than the internal noise that is generally assumed to
cases coherence resonance can be understood as the respdgsgegligible. However, Gailegt al.[13] have demonstrated
of a nonlinear dynamical system to noise excitation near thé&hat internal noise can play a constructive role in the opera-
bifurcation of periodic orbif5]. The basis of such an effect tion of stochastic systems. In our case, we assume that the
is that the power spectrum displayed by a system after gystem is influenced by a weak fluctuating field of intensity
bifurcation may be visible even before the bifurcation if B that causes rare spontaneous firings even with vanishing
noise is applied2]. Thus, a noisy precursor of the bifurca- external force.
tion, i.e., anoise-activatedime scale, is observed. However,  In the present paper, we describe results of experiments
the effect of coherence resonance can be observed even if tR& coupled monovibrator circuits. This electronic modell]
excitable system does not possess any kind of oscillatorgaptures well the essential aspects of excitable systems. A
behavior. The corresponding mechanism is explained bgingle monovibratorfFig. 1(@)] generates a single electric
means of different noise sensitivities for the excitation andmpulse whenever the input voltage exceeds the threshold
relaxation timeg4]. The trajectory in this case may be con- level Vy,. The circuit employs an operational amplifier that
sidered as a motion on a stochastic limit cyp with a  supplies a nonlinear response to the voltage difference be-
correspondingioise-induceckigenfrequency. These oscilla- tween two inputs together with &RC chain involved in the
tions are controlled by noise and significantly depend on th@ositive feedback that provides a time locking of the output
noise intensity and statistics. circuit in an excited state via a gradual voltage change at

While generation and entrainment of single-mode deterthe “+" input. The recharging time constant is,
ministic or stochastic oscillations are well understood, the= — RCIn3(V,,/U+1), whereV,,<U andU is the voltage of
dynamics of systems with many oscillatory modes is lesgower supply. Being excited by white Gaussian naigg of
studied. Many living systems perform oscillations with dif- an appropriate intensit, the circuit reaches the regime of
ferent modes. The thalamocortical relay neurons can genegpherence resonan(ﬁ@R) []_1] The noise-induced oscilla-
ate either spindle of oscillations[7]. Recently, Neiman and  tions become quite regular and the whole systentitable
Russell[8] have found that the electroreceptors in paddlefishynit and noisg can be considered as a CR oscillator whose

possess the property of being biperiodic. The functional unitgehavior is described by a peak frequency governed by the
of the kidney, the nephrons, demonstrate adjustment of in-

trinsic slow and fast oscillationgd]. Two-mode stochastic Input
dynamics was studied in the context of rhythmic applause
[10]. el

In contrast to previous studies we focusmrise-induced i
rather then noise-activated oscillatory modes, i.e., we focus
on time scales that are delivered and controlled by noise ant
that did not exist in the deterministic case. We provide ex-
perimental observation of such multimode behavior and in- FIG. 1. Different implementations of coupled excitable ur(is.
vestigate the conditions of generation and entrainment of thglectronic circuit of a single monovibratoth) mutually coupled
specified modes. With this aim, we examine different imple-units; (c) circle configuration.
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FIG. 2. Examples of time series for noise ingupper panel
and collective response from three coupled excitable Wtotser
pane).

noise and a phase introduced as the position on a stochast
limit cycle. For such coupled functional units, we have pre-
viously investigated synchronization phenomena by means
of numerical simulations of a Morris-Lecar neuron model
and by electronic experiments with a monovibrator circuit
[12]. To characterize the collective response of the systemnr
[Figs. 1b) and c)] we use the summarized output from all
functional units. Figure 2 compares the time series from the (a)
noise source(t) with the more regular response of the ex-
citable system in Fig. (t). To characterize spectral proper-
ties of such signal we consider its power spectis(f) cal-
culated over a set df sampled realizations

1 L
sth=1 2 PDI%, (1)

where P;(f) is the fast Fourier transform calculated fih
realization from system'’s output. With large enoughwe
use it about 20pthe well-developed and smooth peaks can
be detected for excitable units in the regime of coherence
resonance. Whe§(f) is calculated from summarized output
signal of coupled units, all noise-induced time scales and b
their mutual entrainment can be observed. (b)
Figure 3a) demonstrates different collective behaviors
gyg;gf Sﬁ::sp lilggvztireegg&ictﬁ é\lljvtocajrg”mnztynfr?e”ysgggﬁéeﬂnitmutually coupled monovibratoif$-ig. 1(b)]. (a) Three-dimensional

L plot illustrating frequency entrainment with varying coupling
can generate only randomly appearing |mpuls§s due to ths(?trength atD=0.475/2. The evolution of the power spectrum
presence of weak internal noise with an intensiy

i 2 . . . clearly shows the transitions from 1:2 frequency locking (
=0.0005/“. At the same time the first unit generates a Pro-_0.18) to nonresonant two-mode behavig=(0.25) and, finally,

nounced peak in the power spectrum. With increasin@ 14 1:1 mode locking §=0.325).(b) With varying noise intensit{
second peak appears. Within a wide rangegothe peak e power spectrum diagnoses the transitions from 1:3 mode lock-
frequenciesare found to keep ratio of 1:2 ant:1. This  jng (see inset foD=0.77/2) to nonresonant two-mode behavior

means that the frequency locking takes place. HoweveRnd, finally, to 1:2 mode locking. Coupling strength is fixedgat
within some ranges of parametgy the resonance ratio be- =0.1,

tween the noise-induced frequencies is broken down, and

two peaks at incommensurate frequencies are clearly distin- Coherence entrapments between interacting systems are
guished in the power spectrum. Corresponding regions aralso governed by noise. Figuréb illustrates how distinct
clearly distinguished in the three-dimensional plot. Hencephase patterns appear for a coupling strergth0.1. With
two-mode behavior is observed through the resonant andarying noise intensityD, the frequencies of the noise-
nonresonant ratio between the noise-induced frequenciegduced oscillations in the coupled systems move with re-
Such behavior is analogous to quasiperiodic motion in thespect to one another to give rise to oscillatory modes with
deterministic case. Note, thé) the multimode dynamics is two well-pronounced independent peaks in the power spec-
induced by noise since with vanishing random excitationtrum. ForD ranging from 0.03V? to 0.152/?, the 1:2 reso-
none of the systems exhibit oscillations, diidlthere is noa nance behavior is observed. Fdre[0.788/2,1.0W?], fre-
priory introduced detuning between the time scale of thegquencies are locked in a 1:3 rafisee inset in Fig. @)].
systems. In order to quantitatively characterize the effect of coher-

FIG. 3. Two-mode collective response in the system of two
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FIG. 4. Measures of regularity as a function of coupling strength™ =205.3 Hz,1,=403.5 Hz, and;=549.1 Hz.

(D=0.475/2) for the first (3,) and secondg,) units, and for their ) )
collective responsefy,). able that the local maxima of regularis correspond to the

regions of 1:3, 1:2, and 1:1 mode locking, where the relative
ence resonance, various researchers described the inhomoyédth of the peaks in the power spectrum is considerably
neity of the spectrum by different methods, including calcu-lower. The first unit is the subject of external random force
lation of the signal-to-noise ratio[5,6] and the DE(t). Hence, its reaction to variations @is insignificant,
autocorrelation functiorf4]. We choose a more universal untill the coupling becomes strong % 0.3). The collective
method for characterizing the regularity of oscillations usingresponse regularity3;, depends ong in a nonmonotonic

their spectrum: way. For very weak coupling3,,~ 34 since the second sys-
tem receives a weak input and produces no firing. &or
" S(f ) 5 €(0.05,0.1), theB,, graph displays a considerable fall due
Sn(fi)= : 2) to a rather irregular spike generation in the second unit.
21 S(fy) Wheng is further increased, both units enter the regime of
=

coherence resonance afg, generally follows the behavior
f B, and B,, displaying maxima in the mode locking re-
ions and being small in the nonresonant regimes.
The main result of the above experiments is that sym-

Our approach is based on the formula of Shannon entrop
applied for the normalized power spectri8y containingm

components2): metrically coupled identical excitable units can produce a
i=m few-mode stochastic oscillations. To confirm this proposition
— > S,(f)IN(S,(F)). (3  we consider a circle configuration that contains three func-

i=1

tional excitable unit$Fig. 1(c)]. For a certain range of con-
trol parameters, a regime with three different frequencies is
observed. It manifests itself as mode locked states and as
nonresonant behavidFig. 5. Thus, we can state that the
three-unit system is able to generate three-mode stochastic

E takes zero value for harmonic signal being the most regu
lar. White noise is considered to be completely irregular with
homogeneous spectrum. In this caBaegaches the maximal

value behavior.
i=m 1 The coupling we considered above belongs to one of the
Ema—= Z E (_ =Inm. (4) ~ simplest types. For neuronal excitable systems, a synaptic
The measure of regularity is calculating as
B=1-g—. (5 ) )
max g, (1)_> Es(t)
Defined in this way, thgg value reflects essentially the non- (@) ﬂ PG ﬂ

uniformity of the spectrum, varying from 1 for the purely
harmonic oscillations to O for white noise.

For a single monovibrator the plot @f vs the noise in- 1 MMMWMMWWWMW
tensityD has a single pronounced maximum, i.e., the system
exhibits coherence resonanickl]. In the present work, we 2 WMJWHWWWMWWWM
are particularly interested in establishing a relation between
the regularity of the noise-induced oscillations and the
strength of interaction. Figure 4 shows the behaviorsof FIG. 6. (a8 Two monovibrators with delayed inhibitory cou-
with increasingg both for the collective response of our sys- plings imitate the simple neural circuitb) Stochastic spike trains

tem and for the individual units. It is clearly seen, that thegenerated by the first and second excitable units. Antiphase behav-
second unit produces the most regular output. It is remarkior is indicated on average.

(b) 20 ms
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(i.e., delayed inhibitory or excitatoyynteraction is more re-
alistic. Below we describe the two-mode stochastic behavior
of system[Fig. 6(a@)] that is actually the electronic model of
the simplest breathing rhythm generator for a sftdl]. The
circuit contains self-inhibitory and mutually inhibitory cou-
pling chains that can increase the threshold voltages of the
first (Vin1) and second \(;y») units. Each coupling chain
contains a rectifier and a low-pass filter with coupling
strengthg;; and time constant;;, wherei,j are the unit
numbers. Note, the self-inhibitory time constant were chosen
to be equal and greater than the mutual-inhibitory time con-
stants, i.e.;711= 75> T1o= To1.

For small noise intensitlp (which is the same for the two
units), both excitable units keep silent most of the time, and
their threshold voltages remain equad{;~Vn,). For in-
termediate noise, the coupling influence on threshold volt-
ages becomes significant. With this, one of two units gets an o .
“e?dvantage“ to sgppress the firings in the other unitgsince. FIG. 7. Two-mode dynamics in the excitable system presented

mutual inhibition makes the in-phase regime unstable. How'—i OF;%V%a; n(j)(bF))?)VgZL ?ﬁezcj;unrzi £2 evr\:ecni;glrg; Zzgcﬁi azeuarllgog
ever, with intensive firing, the slow self-inhibitory chain with '

; ) regularit black circle$ vs noise intensityD.
rate 74, (or 75 comes into operation and suppresses the 9 YA ( s P

activity of the corresponding unit. This creates the best connance. Figure (b) illustrates that the output regularitg
ditions for the excitation of the other unit. The process con<{black circleg is suddenly increased when low-frequency os-
tinues in a similar way, producing a behavior with time- cillations appear but the peak at the noise-induced eigenfre-
varying firing rates for the two excitable unitgig. 6(b)]. quency f, becomes washed out because of the threshold
In this operating regime, two peaks in the power spectruminodulation. .

are clearly distinguishedFig. 7(a)]. The high-frequency In summary, we have shown that a simple system of
peak corresponds to noise-induced oscillations in the singlgoupled excitable functional units can generate a few oscil-
system while the low-frequency peak reveals a new noiselatory modes that are induced and controlled by noise. Pos-

induced oscillatory mode. Hence, the system of coupled ex3iPle advantages of multimode dynamics may include the
citable units generates an oscillatory mode that is characte ollowing: (i) Increased sensitivity via coherence resonance.

ized by the values of;, and by the relation between the "VE have found the multiple coherence resonance related to
noise intensity and tr|1je initial threshold voltage¥;, diﬁergnt frgquency eptrainments and_tc.). the appearance of
Vin2). Figure 1b) shows how the frequency of these oscil- addmonal time scalelii) I_Expanded _erX|b|I|ty. The presence
Iattions (open circles depends on the noise intensity. It is and interaction of two distinct oscillatory modes enrich the
clearly seen that with increasing noise strength, both fregynamlcal pattems. The building up approach involved ex-

qguencies growi.e., they are noise controllgtut the growth ﬁ!ﬁ?|e StOCh?St'C unltsbwnh SI.EIE'Ph'p'tO?/ tand mutuallytln-
rates are differenti.e., they are independent enough from ibitory couplings can beé applied 1o Simuiaté neuron systems

each other For strong noise, an excitable system can bewith distinct phase relations given a priory. We consider the

immediately pushed out from the equilibrium state in spite Ofprgsented resuIFs u;eful_ for understanding and modeling the

the threshold voltage. The low-frequency peak in the powePrlgln of rhythmic biological phenomena.

spectrum disappears, and the additional time scale no longer This work was partly supported by CRDF Grant No.

exists. (REC-006 and RFBR Grant No(N 01-02-1670%. D.P. and
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is related to the process of pulse generation in each excitabkorean-Russian Scientific Exchange Program. O.S. also

unit. Hence it is determined by the effect of coherence resoacknowledges INTAS Grant N@YSF 01/1-0023
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