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Internal signal transmission in one-way coupled excitable system: Noise and coupling effects
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We study the spatiotemporal dynamics of a one-way coupled FitzHugh-Nagumo system of twenty neurons,

which is subject to external noise at the first neuron. It is shown that noise-induced oscillation (NIO) triggered
at the first neuron is propagated along the chain with noise suppression, such that a rather “regular” signal is
obtained at the last neuron, which can provide a mechanism for the creation of the informative signal in a
neural network. Coherence resonance or coherence biresonance behavior appears in the transmission of NIO at
appropriate coupling and the information flow in each neuron can be simultaneously optimized at the optimal

value of noise.

DOI: 10.1103/PhysRevE.74.031905

I. INTRODUCTION

In the phenomenon of stochastic resonance (SR), a small
periodic signal forcing nonlinear system can be amplified by
the addition of a stochastic force, or external noise, to the
signal [1]. Even without a periodic signal, coherent oscilla-
tion in a nonlinear system can be induced purely by noise
and its coherence displays resonantlike behavior with the
variation of noise intensity [2,3]. The SR-like phenomenon is
called autonomous SR [2,4,5], coherence resonance (CR)
[3,6], or internal SR [7], which has been demonstrated in a
variety of excitable systems [3], bistable systems [2,8,9], and
systems with delay [10]. Coupling such stochastic resonators
into an array enhances the SR or CR effect and produces
richer spatiotemporal dynamical phenomena, including
array-enhanced stochastic resonance [11], array-enhanced
coherent resonance [12], spatiotemporal stochastic resonance
[13], noise-induced pattern transition [14], and noise-
enhanced propagation (NEP) [15].

It often happens that real systems are often modeled by an
array of coupled dynamic elements subject to an external
signal at only one end, such that the NEP behavior is of great
importance, especially for signaling processes in living sys-
tems. In recent years, many investigations [16—19] have il-
lustrated that noise can sustain and support the signal trans-
mission through a linear array of one-way coupled
oscillators, which are subject to an external signal or external
noise at one end of the chain. For example, Zhang et al.[20]
demonstrated that, with sufficient coupling, noise can induce
an undamped signal transmission in an array of one-way
coupled bistable elements. Postnov er al.[19] experimentally
observed that the array of four-stage cascaded systems, ex-
cited by white noise at the first monovibrator, can form a
regular output signal gradually along the chain.

How information is encoded and transmitted in the neu-
rons has been studied in the field of neuroscience for several
decades. Neural systems are the best candidates to investi-
gate noise effects on information transmission since noise is
ubiquitous, arising from the external input from the ambient
noise and the internal input from other neurons. In the past
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decade, a variety of numeric and experimental studies has
observed the SR or CR phenomena in neurons and confirmed
that noise supports signal code or signal transmission in neu-
rons [3,20]. In neural networks, most of the previous
work[21] has reported the effects of noise and network to-
pology on the collective response of coupled neurons to the
external signal or external noise. In 2000, Rosa et al. [22]
just studied the spatiotemporal dynamics of unidirectionally
coupled Hindmarsh-Rose (HR) neurons. It is well estab-
lished that the unidirectionally coupled neural model is mo-
tivated by biological problems related to the dynamics of
central pattern generators [23], which are responsible for the
control of every rhythmic activity in animals. Based on pre-
vious work in neural networks and the significance of a one-
way coupled neural model, we investigate noise effects on
the transmission of internal signal, arising from noise-
induced oscillation (NIO), through a one-way coupled neural
channel in the present paper. The results showed that the
external noise injected to the first neuron was transferred into
a regular output signal at the last neuron through the channel
at appropriate noise and coupling, which implies that the
one-way coupled neural network, excited by white noise, is
able to provide the spatial regularity of the desired level.

II. DYNAMICAL MODELS AND METHODS
A. The original model and one-way coupled model

In Ref. [24], Chialvo er al. reported on the question of
how information contained in a neural message is transmit-
ted, depending on two schemes of encoding: stochastic or
deterministic and found that there was an optimum noise
amplitude for information transmission to minimize the in-
formation loss in a sensory neuron. Based on the findings,
we investigated the effect of noise on internal signal trans-
mission in coupled neurons. In order to make the investiga-
tion general, herein, we have chosen the FitzHugh-Nagumo
(FHN) model, which is a simple but representative model of
an excitable system and nerve pulses [3]. Originally the
model was suggested for the description of nerve pulses [25]
and its dynamical equations are as follows:

dx X3

—=x———y, 1
5 T3 (1)
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dy
i x+a, (2)
where €=0.01 and a is the control parameter. The control
parameter a governs the character of solutions: if |a|> 1, the
system has only a stable fixed point, while |a|<1 a limit
cycle appears. For |a| slightly larger than one, the system
with fixed point dynamics is excitable because it will return
to the fixed point only after a large excursion when perturbed
away from the fixed point.
The one-way coupled identical FHN system could be de-
scribed by the following equations:

d.xl' .Xi3
Szzxi_g_yi'*‘g(xi—l_xi), (3)
dy;
——=x;+a;. 4
g it ai (4)

Here i running from 2 to N is the index of the neurons (N
=20 is the total number of neurons), and g is the coupling
strength. Herein, for our purpose, we suppose that the control
parameter a is the same for the neurons, that is, we keep
a;(i=1,...,N) identically to be ay=1.05, which is slightly
larger than one, such that no oscillation exists in the absence
of noise. Then we perturb the control parameter a; of the first
neuron, i.e., a;=ag+DE(t), where D denotes the intensity of
Guassian white noise &(¢) with zero mean value (&(¢))=0 and
unit variance (&(¢)&(t+7))=& 7). Since the behavior of the
first neuron (i=1) is still described by Eq. (1) and the dy-
namic behavior of the first neuron is not affected by the
coupling, one would expect to find NIO and CR, as has
already been reported in Ref. [3], where CR is characterized
by the appearance of a maximum in correlation time 7, and a
minimum in the normalized fluctuations of pulse durations R
of noise-induced oscillation with the variation of the noise
amplitude D. Note that as shown in Fig. 4(a), we have also
found the CR behavior in the first neuron.

B. Methods

To describe the temporal coherence of the firings in a
neuron quantitatively, we introduce a statistical measure, i.e.,
the characteristic correlation time. The normalized autocor-
relation function C(7) of the variable y and the correspond-
ing characteristic correlation time 7, are calculated as fol-
lows [3,26]:

= TUED) o ) 5)
G

T.= f “cwa, (6)
0

where (-) denotes average over time. To further characterize
and confirm the temporal coherence, we compute another
quantity, that is, the normalized fluctuations of pulse dura-
tions (which can be interpreted, in the context of SR termi-
nology, as noise-to-signal ratio). The normalized fluctuation
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FIG. 1. The time series of y in the first neuron (a) and the
twentieth neuron (b) with D=0.448 and g=0.2.

of pulse durations R of the variable y is obtained by the
following formula [3]:

3 \Var(T))
(T

Here T\=t;,1—1, and t; are the time of the kth firing of a
neuron. Note that a pulse occurs when the state variable y
exceeds a certain threshold value y, (here taken arbitrarily as
v0=0.3) and it turns out that the threshold value can vary in
a wide range without altering the results. Both 7, and R
quantitatively characterize the regularity of the pulses: a
larger value of 7, and a smaller value of R mean more close-
ness of a pulse train to a periodic one, where R is obviously
Zero.

(7

III. RESULTS AND DISCUSSION

We integrate the Egs. (1)—(4) numerically using the Euler
method with the time step of 0.001 for various noise inten-
sities and coupling strengths. Note that the values of 7. and R
are calculated by averaging the results of 20 runs. When the
dynamical behavior of the neurons is investigated one by
one, it can be found that the NIO triggered at the first neuron
has propagated along the chain with noise suppression, lead-
ing to a rather “regular” output signal at the end neuron. For
example, the results obtained for N=20, D=0.448, and g
=0.2 are displayed in Fig. 1 and Fig. 2. Figures 1(a) and 1(b)
display the time series of y; and y,,, respectively, which
illustrate that the interspike interval of y,, is much more
regular than y; and the amplitude of y,, is slightly smaller
than that of y;. When other neurons in the system are inves-
tigated, it is also found that the time series of y; are much
smoother than those of y,_; and their amplitudes are nearly
identical, close to that of y, (the data are not shown here).
Recently, Xin et al. [18] have found that NIO triggered at the
first oscillator can propagate along one-way coupled chemi-
cal oscillators with noise suppression and considerable am-
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FIG. 2. (a) The noise-to-signal ratio R and (b) the correlation
time 7, versus the neuron number i. The parameters are the same as
those in Fig. 1. The dependence of R on i(i =2) is shown in inset of
Fig. 2(a).

plification. Herein, noise is gradually reduced along the one-
way coupled neurons, and the amplitude of the firings in
each neuron hardly changes, because the intrinsic dynamics
of the neuron differs from that of the chemical oscillator. To
further exhibit the phenomenon, 7. and R of all neurons are
calculated for g=0.2 and D=0.448, shown in Figs. 2(a) and
2(b), where the curves of 7. and R both demonstrate the
coherence of the firings is enhanced gradually along the one-
way coupled FHN neurons, which is the same as the effect of
regularity gain observed in Ref. [19]. As in the presentation
in Ref. [27], this phenomenon may happen as follows: the
firings of the first neuron induced by an external noise are
more or less irregular, so that the second neuron inherits the
more or less irregular firings. However, the second neuron
shows a more periodic response to it through the assistance
of the nonlinearity of the neuron. In the same way, the regu-
larization of the firings sequentially occurs with the propaga-
tion of the internal signal from the (i-1)th neuron to the ith
neuron. Therefore, although firings on the first neuron are
purely induced by noise, the coherence of firings is enhanced
by the cooperation between the coupling and nonlinearity of
the neuron.
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FIG. 3. The correlation time 7, versus the neuron number i for

various D by fixing (a) g=0.1 and (b) g=0.01. The noise intensities
are labeled on each curve of the figure.

In the following, we study the effects of noise and cou-
pling on the internal signal transmission properties, espe-
cially the regularity gain phenomenon. The dependence of 7.
on i for various noise intensities at g=0.1 and g=0.01 are
portrayed in Figs. 3(a) and 3(b) respectively. In Fig. 3, two
interesting features are clearly revealed: (i) There exists an
optimal noise intensity for the most effective signal propaga-
tion, which is similar to the SR-like phenomenon of infor-
mation measurement in Ref. [24]. Very low or high noise can
deteriorate the coherence of the oscillation. (ii) At a high
level of noise, the NIO triggered at the first neuron can
propagate along the chain with enhancing coherence at
strong coupling or decreasing coherence at weak coupling,
which implies that the phenomenon of regularity gain can
only appear at strong coupling and high noise. For example,
Fig. 3 shows that the most effective propagation of the NIO
appears at D=0.0707 for the two coupling strengths and for
other noise intensity, the coherence of the firings in each
neuron is destroyed greatly, consequently, decreasing the
transduction efficiency of the signal in each neuron. Further-
more, it is clear that coherence of the firings is evidently
enhanced along the long chain at D=0.1 and D=0.141 in
Fig. 3(a), while significantly decreased at D=0.548 and D

031905-3



QIANSHU LI AND XIUFENG LANG

(arb. units)
o
.

c

T
o
T

o
N
L .

0.01 " 04
opt .
D (arb. units)

o.4o- (b)
0.35-
0.30
0.254

0.20

0.15 : el . e
0.01 0.1 1
Dot

D (grb. units)

FIG. 4. (a) The correlation time 7, and (b) the noise-to-signal
ratio R versus the noise intensity D for the neurons with g=0.1.
Note that C; denotes the ith neuron of the coupled system and the
curve of C displays coherence resonance in the first neuron in the
figure.

=0.776 in Fig. 3(b). Interestingly, Fig. 3(b) shows that there
exists an optimal neuron in coupled neurons at noise inten-
sity D=0.0837 or D=0.0707. Therefore, the signal in the two
neurons is the most regular for the fixed noise intensity and
coupling strength, which implies that for appropriate noise
and coupling, the information flow can be optimized in a
intermediate neuron of coupled neurons. Recently, some re-
ports [28] have demonstrated that the collective behavior of
an array of coupled noisy elements is the most ordered when
the number of elements has an optimal value. The results
obtained here illustrate that there exists the most ordered
oscillation in a neuron of an array of coupled neurons.

The optimal noise intensity and the effect of regularity
gain are manifested more clearly in Figs. 4 and 5. The curves
of 7. and R versus D in Fig. 4 show CR behaviors appearing
at a same optimal noise intensity D, which means that the
efficiency of signal transduction in all neurons is optimized
at a optimal value simultaneously. It is emphasized that simi-
lar phenomenon has been observed in Ref. [24]. Further-
more, at a high level of noise, the increase of 7. and the
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FIG. 5. (a) The correlation time 7, and (b) the noise-to-signal
ratio R versus the noise intensity D for the neurons with g=0.01. C;
denotes the ith neuron.

decrease of R with the increment of i further validates that
the spatial regularity of the firings is enhanced along the
chain as illustrated in Fig. 3(a). Note that the data for g
=0.2 and g=1 has been computed and similar phenomena
have also been found. These results are consistent with the
experimentally observed behavior: array-enhanced propaga-
tion [27]. Figures 5(a) and 5(b) display the dependence of 7,
and R on D for various i by fixing g=0.01, respectively. It is
shown that the dynamical behaviors in the neurons for g
=0.01 are obviously different from those for g=0.1. As
shown in Fig. 5, coherence biresonance (CBR) behaviors
clearly appear in the neurons except for the first neuron,
where D, is smaller and D,,,, is larger than D,,,, in Fig. 4.

To further have a global view for the CR and CBR behav-
ior, the contour plot of 7, in the fourth neuron (i=4) for
various D and g is shown in Fig. 6. It is clearly shown that
the D-g plane is divided into two regions by a critical cou-
pling strength ¢=0.04: The weak coupling region (g
<0.04) and the strong coupling region (g >0.04). Coherence
resonance behavior appears in the strong coupling region,
while coherence biresonance behavior exists in the weak
coupling region. It is noted that the data of 7. in other neu-
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FIG. 6. Contour plot of the correlation time 7, versus the noise
intensity D versus the coupling strength g.

rons have also been calculated and revealed the same con-
tours as that in Fig. 6. The values of 7. at weak coupling are
much larger than those at strong coupling for the high noise
level, shown in Fig. 6, so the transduction of the internal
signal in each neuron is more effective at the weak coupling
than the strong coupling, such that weak coupling may be
more favorable for the internal signal propagation through
the channel at appropriate noise. It is emphasized that this is
different from previous studies, where a certain coupling
strength optimize the propagation of NIO [18] or stronger
coupling was more favorable for noise-enhanced propagation
of an external signal [15,16].

In the present paper, we found the effect of regularity gain
in one-way coupled neurons, where each neuron is excitable
and only the first neuron is subject to external noise. The
information about stimulus intensity is encoded in the fre-
quency of generated impulses for the neural network [29].
The effect of regularity gain can be considered one of the
possible mechanisms for the creation of the information sig-
nal while the nerve impulses are transmitted along one-way
coupled neurons [19]. Recently, it was demonstrated that
sensory systems in vivo may work in the very vicinity of
supercritical Hopf bifurcations through self-tuned mecha-
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nisms [30]. So the sensory neuron may respond to ambient
input from adjacent neurons with regular electrical signals
using the mechanism described herein. In addition, in Ref.
[31], it is reported that among numerous internal sources of
noise in a neuron, the most important one may be the syn-
aptic input (or synaptic current) from other neurons via ex-
citatory or inhibitory interaction, which is called “internal
noise” and it has been demonstrated that “internal noise”
assists the occurrence of SR in neuronal systems and recov-
ers the experimental results of the nonzero SNR in the ab-
sence of the external noise [32]. Because the present system
could model the response of a neuron to the synaptic input
inherited from the previous neuron in neural system, in that
sense our results can further validate the results obtained in
Refs. [31,32], and illustrate that “internal noise” also assists
the occurrence of CR in neuronal systems without the exter-
nal noise. We hope that experimental observation of CR by
“internal noise” is possible with standard equipment used in
the studies of stochastic resonance [32].

IV. SUMMARY

In conclusion, we have demonstrated that local noise
added to the first neuron could induce remote order in one-
way coupled FHN neurons, all tuned to be excitable. Further-
more, the regularity of the output signal in a neuron is im-
proved along the chain at strong coupling and high noise
level. Coherence resonance and coherence biresonance ap-
pear in neurons at appropriate coupling strength and the most
regular output exists in each neuron at the same optimum
noise intensity. In addition, due to the CBR behavior, weak
coupling could support internal signal propagation at a high
level of noise. We anticipate that these results could yield
insights into neural information processing and the obtained
phenomena may provide a new understanding for the role of
noise and coupling in sensory systems.
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