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Coupling diversity significantly shapes signal transmission and enhancement by modulating internal component inter-
actions in nonlinear systems. Existing theoretical studies on coupling diversity have primarily focused on one-dimensional
bistable systems, which are limited to single-variable scenarios and simple dynamical behaviors and thus fail to adapt to
complex real-world systems or reveal multi-dimensional mechanisms. To address these limitations, the present study ex-
tends this investigation to two-dimensional globally coupled bistable systems. The research team explores the law of weak
signal propagation in a globally coupled model composed of bistable oscillators, in which the coupling strength between
oscillators follows a Gaussian distribution. Through dual verification via numerical simulations and analytical calculations,
we confirm that when the coupling diversity is at an intermediate level, a resonance effect is induced within the system.
This effect directly causes the system’s dynamical properties to bifurcate into three oscillation clusters with significant
differences. Such a bifurcation phenomenon can significantly amplify the system’s collective response to weak external
signals. Specifically, with an increase in the mean coupling strength, the peaks of the spectral amplification factor become
higher, and the optimal variance exhibits a right-shifting trend. Notably, this phenomenon stably emerges across different
system sizes, demonstrating the robustness of the system. This finding provides a reference for a deeper understanding of

the regulatory mechanism of coupling diversity in weak signal propagation.
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1. Introduction

The detection and enhancement of weak signals are im-
portant research topics in biological systems; for example,
in the nervous system, high-frequency brain waves (20 kHz—
50 MHz) generated by brain activity contain key information
such as complex cognition and emotional regulation. How-
ever, these signals have low amplitude and are vulnerable to
interference; their detection and enhancement help promote
the development of brain—computer interface technology.!!! In
the field of bioelectrical signal detection, human physiological
electrical signals such as electroencephalographic (EEG) and
electrocardiographic (ECG) signals have amplitudes only in
the microvolt to millivolt range. Methods based on parameter-
adjusted stochastic resonance can utilize the synergistic effects
of noise, signals, and nonlinear systems to enhance these weak
signals, aiding in early disease diagnosis.”! For instance, in
the detection of epileptic EEG signals, this technology can
improve detection accuracy. In the cerebrospinal fluid of
Alzheimer’s disease patients, biomarkers such as tau protein
and Af oligomers are present at extremely low concentra-
tions (often below the picomolar level) and are easily inter-
fered with by background noise. Enhancing such weak sig-
nals through surface-enhanced Raman spectroscopy (SERS)
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technology modified with nanomaterials enables ultra-early
screening of the disease.’!

Weak signals are often hidden in noise and are difficult
to detect and recognize directly. Therefore, how to effectively
extract and enhance these signals has become a key issue.[*?]
Stochastic resonance (SR), which is a unique phenomenon,
offers new ideas and methods to solve this problem.*~13] In
stochastic resonance, appropriate noise can enhance the sys-
tem’s response to weak signals, thereby realizing the detection
and enhancement of signals.'4-191

In the case of global coupling, neurons form complex net-
work structures through mutual connections and interactions,
and this structure has an important influence on the propa-

[20-26]' A5 the basic compo-

gation and processing of signals.
nents of the nervous system, neurons rely on accurate per-
ception of and responses to external stimuli to maintain their
normal functioning.[?”-?8! In many biological systems, neu-
rons interact with each other through complex network con-
nections to form highly complex information-processing sys-
tems. Traditional studies mostly focus on uniformly coupled

5 [20-31

system I However, in actual biological systems, there

are often significant differences in the coupling strengths and

5 [32-34

connection methods among neuron 1 This coupling di-
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versity may have a profound impact on the functions of neu-
ronal networks. For example, Liang et al. studied the comple-
mentary role of positive and negative couplings in signal am-
plification and revealed the influence of coupling types on the

(35361 Lju and Liang explored the influence

system response.
of coupling diversity on globally coupled bistable oscillators
and found that appropriate coupling diversity can enhance the
system’s response to weak signals. 7]

We extend the research on signal detection to a more re-
alistic hybrid weighted positive and negative coupling FHN
model and study how the coupling diversity of this model af-
fects the collective response of the globally coupled bistable
oscillator system to weak signals. Through numerical simula-
tions and analytical calculations, we find that appropriate cou-
pling diversity can lead to the splitting of the system dynam-
ics and the generation of three oscillation clusters, thereby en-
hancing the collective response of the system to external weak
signals. This indicates that coupling diversity may play a role

similar to that of noise in signal detection.

2. Model and method

The FitzHugh—-Nagumo (FHN) model acts as a mathe-
matical depiction of neuronal dynamic behavior.!'31°] We an-
alyze a system consisting of N globally coupled bistable oscil-

lators that possess heterogeneity parameters.?8! The dynamics
of this system are described as follows:
dx; ci &
ET; =xi(1-x;) (xi—a) —yi+ Nl (o — xi)

j=1
+Asin(wr), i=1,2,...,N,

i, M)
where i =1,2,...,N denotes the number of neurons. The vari-
able x;, which represents the membrane potential of neuron
i, is a fast variable, while y; represents the slower recovery
variable. To distinguish between fast and slow variables, the
parameter € is set to 0.01. The coupling strength c¢; repre-
sents the coupling strength of oscillator i, which can be either
positive or negative, arising from the neural networks of ex-
citatory and inhibitory neurons.*®! When ¢; is positive, oscil-
lator i acts in a strongly attractive (excitatory) manner, tend-
ing to align closely with all the other oscillators. Conversely,
when ¢; is negative, it denotes a strongly repulsive (inhibitory)
oscillator that tends to keep a considerable distance from its
neighbors. For simplicity, we assume the coupling strength
follows a Gaussian distribution with mean ¢y and variance
{(ci — co)(cj — co)) = &;07, where the level of coupling di-
versity is controlled by the standard deviation . Thus the
interactions between oscillator pairs become asymmetric and
vary from one oscillator to another when ¢ # 0. I = Asin(t)

is defined as the external signal, where A and ® signify the
amplitude and angular frequency, respectively. When ¢; =0
and / = 0, a single FHN neuron is bistable with stable fixed
points at (0.89,0.04) and (0.11,—0.04).

To simulate a weak signal, we set A = 0.01 and @ =
7/50, which ensures that the signal is subthreshold (at this
frequency, the critical amplitude for input neuron spiking is
A = 0.0178371), Under this signal, each input neuron oscil-
lator cannot switch between its two wells at ¢; = 0. The re-
maining parameters of the bistable neuron system are set as
follows: N = 1000, a = 0.5, 5= 0.1, and d = 0.05.[?8!

In order to characterize the system’s response to an ex-
ternal signal, the spectral amplification factor 1 is employed,

which is formally defined as[?7-38]

2 nT .
—/ X;(t)e' dt
nAT Jo

where the parameter 7' denotes the period of the external weak

) @

n:

periodic signal, defining the fundamental time scale of the in-
put signal to which the system responds. The parameter nT
represents the total time window over which the system’s re-
sponse is measured and integrated, determining the temporal
span of the time-series data used in the analysis. The param-
eter N specifies the total number of oscillators in the globally
coupled network; in this study, N is set to 1000, representing
the number of individual units whose collective dynamics gov-
ern the overall behavior of the network. X;(¢) = N~' YN, x;(r)
represents the average activity dynamics of the system, while
A and o represent the amplitude and angular frequency of the
external signal, respectively.

3. Results and discussion
3.1. Numerical simulations

First, we investigated the signal amplification response
of the two-dimensional fully coupled bistable system when
the coupling strength follows a Gaussian distribution, specif-
ically the dependence of the spectral amplification coefficient
1 on the mean ¢ and standard deviation ¢ of the diversity pa-
rameter. As shown in Fig. 1, significant signal amplification
primarily occurs when the mean ¢y exceeds zero, and only
weak signal responses are observed when the mean is nega-
tive. Moreover, as the mean increases, the optimal signal am-
plification response also gradually increases. For a fixed ¢y,
as the standard deviation ¢ of diversity increases, the spectral
amplification coefficient 1 exhibits a bell-shaped trend. This
indicates that under conditions of moderate diversity (moder-
ate 0), the weak signal amplification effect is more likely to
be induced. Additionally, under different mean conditions, as
the standard deviation increases to a certain level, the signal
amplification effect gradually decays to the initial signal re-
sponse level. Therefore, it can be inferred that the diversity of

048704-2



Chin. Phys. B 35, 048704 (2026)

the coupling strength distribution can significantly impact the
signal response of the proposed two-dimensional fully coupled
bistable system, and this impact is controlled by both the mean
and standard deviation of the diversity parameters.

Numerical results Analytical results
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Fig. 1. The relationship between 1 and o for fixed values of ¢y

(—0.5,0,0.5). (a) Numerical results, (b) analytical results.

Subsequently, experiments were implemented to verify
the previously mentioned hypothesis and to elucidate the un-
derlying causes. Based on Eq. (1) and the existing findings,
we have systematically investigated the relationships between
n and cp, as well as between 1 and . The variation of 0
with o is depicted in Fig. 2(a). As shown in Fig. 2(a), at in-
termediate mean values (co = 0.5), the spectral amplification
coefficient 1 is predominantly within the range 0 < n < 30.
When ¢ > 0, 1 increases rapidly as the disparity in the distri-
bution grows, peaking at o ~ 0.5. Beyond ¢ = 0.5, 1 drops

sharply, making signal amplification unattainable. To gain a
deeper understanding of this phenomenon, we simulated the
We set the

average coupling strength cp = 0.5, and first investigated the

temporal response of the neuronal time series.

scenario of uniform coupling strength where ¢ = 0. Numeri-
cal simulations reveal that under these conditions, the system
achieves complete synchronization, with small-amplitude os-
cillations occurring around x* = 0.89 (Fig. 2(b)). However,
when o = 0.3, the coupling strength exhibits a distribution,
with a small fraction becoming negative. As a result, os-
cillators with negative coupling strength tend to repel other
oscillators. Consequently, the synchronized cluster that ex-
isted at o = 0 bifurcates into two distinct oscillation clusters.
The oscillators in the second cluster exhibit minor fluctuations
centered around x* = 0.11 (Fig. 2(c)). As o rises to 0.5, an
increasing number of oscillators exhibit repulsive behavior,
prompting the system to evolve into three distinct oscillation
clusters. While the first two clusters oscillate around x* = 0.89
and x* = 0.11, the newly emerged third cluster alternates be-
tween these two states, resulting in a larger-amplitude oscil-
lation centered around x* = 0.465 (Fig. 2(d)). However, if
o continues to increase, the synchronization among the three
clusters deteriorates (Fig. 2(e)).

(b) o=0 (@) 7=05
| o 2] =
T T I x,(1)
(a) O Numerical e = ——= r—l—‘;”f——‘
30t - = = Analytical { %N S_\ m
0 g} == =-<F T
| |
L -1 1
20 0 200 400 0 200 400
s t t
(c) =03 (e) » o=0.8
—X (1) _‘I'/
101 o
1 - —— x4
L L ¥
= =
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Fig. 2. (a) The signal amplification factor 1 of Eq. (1) as a function of ¢ at ¢co = 0.5. The blue solid line illustrates the theoretical results of
Egs. (12) and (20), whereas the red circles represent the numerical results. The corresponding time series x; of Eq. (1) for ¢o = 0.5 with (b)
0=0,(c)0=0.3,(d) oc=0.5, and (e) o = 0.8. In the figure, the black, green, and red lines represent the time-dependent evolution curves of
the dynamic averages of the first, second, and third clusters of neurons, respectively.

To quantify the emergence of oscillation clusters, we clas-
sify oscillator i as belonging to the kg, cluster using the follow-
ing criterion:

1, if minx;(z) > 0.465,
2, if max x;(¢) < 0.465,
3, else.

k= 3)

Let N represent the size of the kg, cluster. Figure 3(a) illus-
trates how N, varies with ¢ when ¢ = 0.5. It is observed
that Ny gradually decreases while N, gradually increases until
o¢ ~ 0.4, with N1 + N, = N maintained. Beyond this point, as

o increases further, Ny drops sharply and converges toward N,
until Ny = N,. In contrast, N3 remains zero until 6. ~ 0.4 and
then exhibits a bell-shaped curve with respect to ¢. To fur-
ther investigate the impact of the mean coupling strength on
cluster size, we examine cases with ¢co = 0 and ¢g = —0.5. In
these scenarios, the oscillators cannot achieve synchronization
at ¢ = 0 due to random initial conditions and instead split into
two clusters of roughly equal size (N} ~ N,) (see Figs. 3(b)
and 3(c)). As o increases, N3 begins to rise steadily, starting
from o, ~ 0 when ¢y = 0 and from o, ~ 0.4 when ¢y = —0.5.
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These findings demonstrate that a sufficient degree of coupling
heterogeneity is essential for the emergence of three distinct
oscillation clusters. Furthermore, an optimal level of coupling
diversity enables the third cluster to exhibit a more significant
oscillation amplitude, thereby exerting a dominant influence
on the system’s dynamics.

To more intuitively visualize the signal amplification re-
gions, Fig. 4 illustrates the dependence of the spectral ampli-
fication factor 11 on ¢ for ¢g = 0.5, co = 0, and ¢y = —0.5.
The spectral amplification factor 1] remains constant when &
is below the critical value o, increases significantly beyond
this point, and eventually decreases when ¢ exceeds an opti-
mal value oy =~ 0.5. Collectively, these observations indicate
that the spectral amplification factor exhibits a resonance phe-
nomenon driven by the diversity of coupling strengths. This
resonance effect is consistently observed for various values of
co- As depicted in Fig. 4, the resonance effect becomes more
pronounced with increasing cg. Moreover, both the threshold
o, and the optimal oy increase progressively with co. Based
on these results, we conclude that neither purely attractive in-
teractions (cop > 0 and o = 0) nor purely repulsive interactions
(co < 0 and o = 0) are conducive to weak signal detection. In
contrast, heterogeneous interactions that incorporate both at-
tractive and repulsive coupling (o # 0) significantly enhance
signal detection.

First, we explain the mechanisms underlying two phe-
nomena observed when ¢y = 0.5: (i) the division of oscilla-
tor dynamics in the system into multiple clusters, and (ii) the
emergence of large-amplitude oscillations in the third cluster.
This explanation is based on examining the relationship be-

tween the coupling strength ¢; and the corresponding initial
condition x;(0), as depicted in Fig. 5.

When o is small (¢ = 0.3), most oscillators exhibit pos-
itive coupling strengths (c; > 0), while a small subset within
the first cluster possesses negative coupling strengths (¢; < 0),
as indicated by the black vertical lines in Fig. 5(a). There are
two primary reasons why oscillators with negative coupling
strengths ultimately join the first cluster: (i) their more positive
initial conditions x;(0) facilitate synchronization with other
oscillators in the potential well centered around x* = 0.89;
(ii) the attractive interactions from other oscillators outweigh
their own repulsive effects. Conversely, in the second cluster,
most oscillators have negative coupling strengths, with only
a few exhibiting positive coupling strengths (Fig. 5(a)). Due
to their inherent repulsive interactions and relatively smaller
initial conditions [x;(0) = 0.11], these oscillators collectively
converge, thereby forming the second cluster localized around
x*=0.11.

At the optimal coupling parameter op = 0.5, nearly all os-
cillators in the first and second clusters exhibit negative cou-
pling strengths, whereas oscillators in the third cluster pos-
sess positive coupling strengths (Fig. 5(b)). The third clus-
ter migrates cyclically: when approaching the first cluster, it
is more strongly attracted by the second cluster (|x; —x3| >
|x1 — x3]) and moves downward; when approaching the sec-
ond cluster, it is more strongly attracted by the first cluster
(|1 —x3| > |x2 —x3|) and moves upward. This cyclic motion
provides the mechanism by which coupling diversity induces
large-amplitude oscillations and enhances the system response
to weak external signals.

1000 1000 — 1000
(a) 1000 1 ) ——1 () —
° g o k=2 5 k=2 5 k=2
L k=3 =3 =3
& * e R
= 500 25008 e
0 ¥ 0 0 g

0 0.5 o 1 1.5 0 05

Fig. 3. The cluster size Ny versus o for different values of ¢g. (a) co = 0.5, (b) co =0, (¢) co = —0.5.

(a) Numerical results

(b) Analytical results

0.8
35
0.6
30

0.4 25

20
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Fig. 4. The heatmap of the spectral amplification factor 1 versus ¢ and cg. (a) Numerical results, (b) analytical results.
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Fig. 5. Relationship between the coupling strength ¢; and the initial con-
dition x;(0) for each cluster at co = 0.5 with (a) 6 = 0.3, (b) 6 = 0.5, and
(c) 0 =0.8. The black, red, and blue vertical lines represent oscillators
belonging to the first, second, and third clusters, respectively. Each panel
shows a scatter plot of ¢; for the given o values.

Finally, when o reaches 0.8, the significant dispersion in
¢; enhances the system’s repulsive characteristics (Fig. 5(c)),
reducing both the size and synchronization of the third clus-
ter; this directly diminishes the system’s oscillation enhance-
ment capability. To clarify the mechanism of weak signal
amplification in our model, we first refer to existing find-
ings: coupling disorder can induce resonance and chaos—
order transitions, and both resonance and weak chaos influ-

n. [37,40

ence weak signal amplificatio | Our results further spec-

ify how coupling diversity regulates this process through inter-
cluster interactions. 374"

To further elucidate the mechanism by which coupling
diversity induces signal amplification, we analyzed the proba-
bility distribution of ¢; under different ¢ values when ¢y = 0.5
(Fig. 5(d)).

When the coupling diversity is low (o = 0.3), the sys-
tem’s coupling strength distribution is relatively concentrated,
and most oscillators exhibit positive coupling (¢; > 0). This
simple interaction constrains the system’s resonance frequen-
cies, limiting its response to a narrow range of external sig-
nals. Moreover, the system fails to induce weak chaos due to
insufficiently complex interactions. Consequently, the system

cannot amplify specific signals via resonance nor broaden its
response range through weak chaos, resulting in signal decay
under small internal disturbances.

At the optimal coupling parameter (¢ = 0.5), only the
third cluster exhibits positive coupling. This configuration en-
ables precise resonance with external frequencies through a
balance of inter-cluster positive and negative coupling, maxi-
mizing oscillator coordination for efficient energy absorption
and signal amplification. It also induces weak chaos, sensi-
tizing the system to disturbances and sustaining resonance for
signal propagation.

When the coupling diversity is excessive, the third clus-
ter shrinks and synchronization diminishes. Excessive cou-
pling dispersion disrupts resonance, causing energy dissipa-
tion, while strong repulsion intensifies chaos — driving the
system from ordered weak chaos to disordered strong chaos.
As a result, signals experience interference and attenuation,
degrading amplification performance.

Furthermore, we analyzed the potential energy V under
different values of 6. At 6 = 0.3, the potential energy exhibits
an M-shaped profile, consisting of a central potential well and
two barriers. These barriers fluctuate periodically over time,
whereas the central well remains unchanged (Fig. 6(a)). In
this case, particles initially located in the central well cannot
overcome the barriers. When o increases to 0.5, the external
signal becomes suprathreshold, causing the barriers to vanish
and allowing particles to escape from the well (Fig. 6(b)). At
o = 0.8, the potential energy transitions from an M-shaped to
a U-shaped profile, featuring a single barrier with a narrower
width, leading to smaller oscillation amplitudes (Fig. 6(c)).
These findings collectively confirm that a moderate level of
coupling diversity is optimal for signal amplification.

Finally, to demonstrate the robustness of signal amplifica-
tion at moderate diversity levels, we plot the spectral amplifi-
cation coefficient as a function of coupling diversity for differ-
ent system sizes in Fig. 7. The results show that the larger the
system size, the higher the peak value of the spectral ampli-
fication coefficient, but all peaks occur at moderate diversity
levels. This finding further confirms the universal optimiza-
tion effect of moderate diversity on signal amplification.

(a) 11 (b)12

(c) 16

Fig. 6. Variation of the potential V for different coupling diversity o. (a) 6 = 0.3, (b) 6 = 0.5, (¢c) 0 = 0.8. The red solid line and blue dashed

line denote the potential at z = 0 and t = 7/2, respectively.
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Fig. 7. Spectral amplification factor 1 versus coupling disorder o for
different system sizes.

3.2. Theoretical analysis

We now provide an analytical description of the afore-
mentioned mechanism. When 0 < 0 < o, the system exhibits
two oscillatory clusters. For simplicity, we assume that N/2
neurons oscillate around the stable fixed points (0.89,0.04)
and (0.11,0.04), which are labeled as G| and G», respectively.
The collective dynamics of clusters G| and G, are character-
ized by the variables Xj, ¥} and X5, ¥>. Accordingly, Eq. (1)
can be rewritten as

d
et =x(1—x)(x—a) -y
¢ &
EZ‘ i —x1) +Asin(wr),
dy;
Dy —y —d
dr X1 — )1 )
d
e R DCRRSE
Lo 2
5 X;j —x3) +Asin(ot),
dy,
D2 vy —yy—d. 4
1 ey “)

We denote the mean activity and synchronization dis-
crepancy of the two clusters as My, = (X; + X2)/2, My =
(Y14Y2)/2,D,= (X1 —X3)/2, Dy = (Y1 —Y»)/2. Then Eq. (4)
can be rewritten as

dm.
dt* =M} + (a+1)M? — (3D +a)M,
— My + (a+1)D?+ Asin(wt),

dMm,
— =M, — M, —

dr T O )

D, 4 5

- = —D; +[2(a+1)M,—3M; —a—¢;|Dx — Dy,
dD,
Tt} :bDX—Dy_C.

Employing the adiabatic elimination method, we assume
that synchronization errors decay more rapidly than the aver-

dDX

age system dynamics, i.e., =0, dD} = 0. The equations

then transform into

D} =[2(a+1)My—3M? —a— ¢;|Dy; — Dy, )
bD, =Dy —c

This yields two solutions: D, = 0 (synchronous) and Df =
2(a+1)My—3M? —a—c; —

Here, we focus on the asynchronous case. Inserting the

b (unsynchronized).

asynchronous solution into Eq. (5), we obtain

dm.
€ dtx =8M? —8(a+1)M? + (2a* +6a+3b + 3c; +2)M,
—My,—(a+1)(a+b+c;)+Asin(wr),
dm,
Tf =bM,—M, —c. N

Next, employing the adiabatic elimination technique and
dg/t[" = 01n Eq. (7), we define

fi(My) = 8M] —8(a+1)M; +
—(a+1)(a+b+c)

(2a% + 6a+3b+3c;+2)M.
=M, — Asin(ot). (8)

Thus, the evolution of M, is governed by

dM,

— —bfl '(My — Asin(r)) — My —ec, ©))

where f1 denotes the inverse function of fj(M,). Using the

inverse proportionality approximation, we obtain

M, = M(1)+\/ Lo
(b~ £ ()2 + [of] (ME))2
xAsin(®t + @),
MYy = 3¢,-0.2. (10)

Inserting Eq. (10) into Eq. (2) and integrating, we obtain
the spectral amplification coefficient

0= 1+ w? (11
b— £ (M) 2+ [of (M)

When o > o, the system bifurcates into three distinct oscil-

lation clusters. Denote the trajectory deviations in the third
cluster as 8; = x; — x3 for j € N3. The mean coupling strength
and deviation in the third cluster are defined as

13

‘*Zw,é—q As. (12)

The average dynamics of the third cluster is

dX3 1 dxj dy3
— =bxz—y3;—d. 13
dr N3 dt dt %33 (3)

Inserting Eq. (13) into Eq. (1) yields

dX3 1 N

=
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—I-Cj(X—xJ') +Asin(a)t) s

d
% — 0.1x3 — y3 — 0.05. (14)

By expanding x; = x3 4 0; and neglecting higher-order

infinitesimals
1N 5 3
— X3+ ~ X3,
L8 =3
1Y
— x3+0;)° ~ x3,
P ICREURE
1N
ﬁZCj()@—i—Sj) ~ A3x3. (15)
3

Substituting Eq. (15) into Eq. (14), we get

d 33

s—;: = —xg—x§+ ;3 +A3X — A3x3 — y3 +Asin(or),
dys
— = bxz3—vy3—d. 16
T X3 — Y3 (16)

Assuming the third cluster dominates the global dynam-
ics:

_ Nixi +Noxa +N3xz - Naxs
N N

NX
X ~—. 17
X3 N (17)

Inserting Eq. (17) into Eq. (16) gives the global dynamics:

B () () e asx

2 N 2

3N ., M3 Ny

—X ——= —A wt). 18
NS Nty sin(or) (18)

For Gaussian-distributed coupling strengths, the mean A3
is approximated by

- Co+\@(7

A3 5

19)

Finally, the simplified global dynamics becomes

2
8%2 _l_m 1_& X — N x3
dr 2 2 N N3
X4 2o x? -3 Ain(or
+3 +2N3 Ny3+ N sm(a) ),
d
% — 0.1x3 — y3 — 0.05. (20)

Equation (20) describes a periodically driven bistable os-
cillator with parameters modulated by diversity. Using N3
from Eq. (1) (see Fig. 2), numerical simulations of Eq. (20)
produce X (¢), which, when substituted into Eq. (2), yields the
spectral amplification factor n (see Fig. 3). Analytical pre-
dictions closely match numerical results, demonstrating that
Eq. (20) accurately captures the primary dynamics of Eq. (1).

4. Conclusion

In this study, we investigated the impact of coupling di-
versity on signal transmission and amplification in a two-
dimensional globally coupled bistable system. The coupling
parameter ¢ was assumed to follow a Gaussian distribution
with mean ¢ and variance ¢. Our results demonstrate that an
optimal level of coupling diversity can significantly enhance
the collective response of the system to weak external signals
via a diversity-induced resonance mechanism. This finding
highlights the crucial role of coupling diversity in modulating
internal interactions and suggests new strategies for practical
applications in signal processing and detection, including fault
detection and biomedical signal analysis.

Numerical simulations and analytical calculations reveal
that signal amplification depends sensitively on both the mean
and variance of the coupling. With the mean fixed at 0.5, the
spectral amplification coefficient 1 exhibits a bell-shaped de-
pendence on o, indicating that weak signals are most effec-
tively amplified at intermediate levels of coupling diversity.
Specifically, at the optimal diversity level near o ~ 0.5, the
system dynamics bifurcate into three distinct oscillation clus-
ters: two clusters show small-amplitude oscillations, while
one cluster exhibits large-amplitude oscillations. Remarkably,
these two types of oscillation clusters induced by coupling di-
versity resemble the two characteristic responses of excitable
neurons: small-amplitude subthreshold oscillations around the
resting state, and sustained large-amplitude relaxation oscilla-
tions (resembling spiking). This bifurcation substantially en-
hances the system’s sensitivity to weak external signals.

Our work extends the investigation of coupling diversity
from one-dimensional to two-dimensional bistable systems,
providing a more comprehensive perspective on signal ampli-
fication mechanisms in complex networks. The results indi-
cate that heterogeneity in coupling — by introducing asym-
metric and diverse interactions among oscillators — plays a
vital role in enhancing the detection and transmission of weak
signals.

A primary limitation of this study is the reliance on the
FHN model, which provides a simplified representation of
neural dynamics. Future research should explore the effects
of coupling diversity in more realistic neural network models
that incorporate both excitatory and inhibitory interactions.
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