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Over the past decade, dynamic schemes have been proposed for the use of bistable systems in the design of
logic devices. A bistable system in a noisy background can operate as a reliable logic gate in a moderate noise
level, which is called a logical stochastic resonance (LSR). In this paper, we theoretically explore the emergence
of LSR in general bistable systems and identify the dynamical mechanisms of LSR. The timescale relationship
between the measured time and the mean first-pass time of two-state transitions is a key condition in determining
whether the system is reliable. Furthermore, we demonstrate that the stability of the logic operation can be
significantly improved by choosing the appropriate filtering method. Low-pass filtered noise-driven systems
are more stable than Gaussian white noise. However, band-pass and high-pass filtered noise are harmful to the
stability of the system due to the filtering of low-frequency components. Our theoretical and numerical simulation
results offer perspectives for the development of logic devices.
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I. INTRODUCTION

The size of logic devices continues to shrink, making it
increasingly difficult to suppress noise. Noise affects the sta-
bility of logic devices and significantly limits the computing
speed of logical computational devices [1]. In recent years,
more and more researchers have been working to obtain reli-
able logic operations. Inspired by stochastic resonance [2-5],
Murali et al. proposed logical stochastic resonance (LSR) [6],
i.e., the reliability of logic gates that can be achieved in a
suitable noise intensity window. Based on the seminal work
of Murali ef al., LSR has been further found in a variety of
nonlinear systems such as electrical [7,8], nanomechanical
[9], optical [10,11], chemical [12], and biological systems
[13-16].

Moreover, LSR has attracted a lot of attention as a po-
tential approach for designing unique logic devices. Besides
Gaussian white noise-induced LSR, a wide variety of noise-
induced LSR has been investigated [17-20]. The enhancement
of the LSR by various effects has also been investigated, such
as coupling strength [21-23], parameters [24], chaotic activity
[25,26], asymmetry of temperature [27], etc. Recently, the
direct implementation of all basic logic operations using a
single bistable system driven by nonlinearly transformed input
signals has been reported [28]. They suggest that flexible logic
gates can be implemented using nonlinear transformations of
the inputs in bistable systems. In this context, a theoretical
description of the LSR mechanism is urgently needed.

Although numerous previous studies have given the emer-
gence of LSR in different systems based on numerical
simulation methods and experimental data, a general the-
oretical description to help us understand the dynamical
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mechanisms of LSR is lacking. Therefore, we would like to
address two questions: First, whether there is a general way
to explain the stochastic process mechanism of LSR. Second,
we wanted to find engineering easy ways to enhance LSR.
For the former, we solved analytically for the transition prob-
abilities and mean first pass time (MPFT) using the master
equation approach of the two-state model. The results provide
an understanding of the dynamical mechanisms of LSR. For
the latter, we propose a filtered noise-driven system obtained
by the fast Fourier transform (FFT) filtering method. The
results show that the system is more stable when driven by
low-pass filtered noise. This is beneficial for designing more
stable logic devices.

The structure of this paper is as follows: in Sec. II, a
generalized model of LSR and its theoretical description are
introduced. Similarly, numerical simulation methods for mea-
suring LSRs are given. The main results are presented in
section 3, while in section 4, we summarize and discuss the
potential implications of our findings.

II. MODEL

For simplicity, consider a one-dimensional dynamical sys-
tem whose state is described by a variable x(¢) that follows
dynamics

dx dU (x

X = T fg) 500, 1)
where U(x) = —2x> 4 5x* — bx is a quartic potential. £(t)
is a Gaussian white noise with noise intensity D and zero
mean ((€(¢)) = 0, (£(t)E(")) = 2DS(t — t')). The symmetry,
depth, and number of potential wells are determined by bias
parameter b. The asymmetry of the local minima is depicted
in Fig. 1(a). Lippu(?) as a logical input current consists of
two aperiodic two-level square waves (e.g., I; and 1), which
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FIG. 1. (a) Bistable potential U (x) with the asymmetric basin of attractions depicting the positions of the minima x; and x, and the
maximum Xx,,, and the height of the potential barriers that for this bistable case are AU, and AU,. (b) Effective potential function U.g(x) under
different logic inputs finpy, b = —0.5 to obtain AND gate. (c) Dependence of the probability o;_,, of the system state transition from x; — x,
on D with different measurement times T (transient process), finpy = 1. This indicates that the probability of the state transition is influenced

by the measurement times 7.

encode two independent logic inputs. The logical input is 1 if
I, and I, take the value 0.5, and 0 if I; and I, are —0.5 (Table I).
Therefore, four logical input sets of (0, 0), (0, 1), (1, 0), and
(1, 1) are obtained by combining two independent logical
inputs I; and I, (Table I). The logical outputs of the system are
determined by x. If x is located in the right potential well (i.e.,
X > x,,), the logical output is 1; otherwise, the logical output
is 0. Reliable logic operation occurs when the output of the
system can be continuously mapped to the logical input. Ac-
cording to previous studies [25], the logic switching between
different logic gates can be easily achieved by changing the
bias b. In this paper, b is set to —0.5 for AND logical gates and
0.5 for OR logical gates. Alternately, complementary gates
(NAND and NOR) can be obtained by interpreting the output
as 1 when x < x,,, and as 0 when x > x,,.

To theoretically solve for the reliability of the logic opera-
tion in a noisy background, we obtain the effective potential
function Uer(x, 1) = U (x) — Linput(t)x = 245 — b+
Linput())x by incorporating L,y (t) into U(x). The proper-
ties of U are determined by the logical inputs [as shown
in Fig. 1(b)]. The system is in the monostable state when
Linpwy = —1. This allows the system state to always evolve
towards the desired logical output. However, when fiypy = 1
and 0, the system is bistable and their potential functions are
axisymmetric about x = 0. The reliability of the logic oper-
ation is governed by the transitions between the asymmetric
two potential wells in a noisy background. Therefore, we can
solve it analytically using the master equation approach of the
two-state model.

First, at a given time ¢, the state of the system has prob-
ability o(t) = P(x(t) < x,,) for the left potential well and
probability o,(¢) = P(x(t) > x,,) for the right potential well,
and o] 4 0, = 1Vt. The initial distribution probability of the
system is determined by the initial state of the system: o (0) =
P(x(0) < x;) and 02(0) = P(x(0) > x,,). The master equa-
tion for the evolution of the probabilities of these distributions
is [29]

d
(Zilt(t) = 105(t) — rioy(t)
d
20 @) = rao0), @

where r|, is Kramer’s escape rate probability, which rep-
resents the transition rate out of the x;, state. It can be
calculated by taking the inverse of the analytically obtained
MPFT. A rigorous definition of escape time out of x; is pro-
vided by the MFPT (I");_,, of the process x(¢) to reach x, with
initial condition x(0) = x;. This is given by [30-32]

2 dx *2
(M)ims = / s | P, 3)

The term P;, (x) is the steady-state distribution function of sys-
tem. In the case in which the intensity of the noise is small in
comparison with the energy barrier, i.e., D < AU (x), (I') 12
becomes independent of the initial condition x(0) < x,, and of
x, [33]. Using the steepest descent approximation, Eq. (3) can

TABLE 1. The relationship between the logical inputs and outputs of the basic logic operation of AND and OR gates.

Input signal Values of 1, and I, Logical fippy sets AND OR

-1 (—0.5,-0.5) 0,0) 0(x < xp) 0(x < x,)
0 (—0.5,0.5)/(0.5, —0.5) 0, 1)/(1,0) 0(x < xp) 1 (x> x,)
1 (0.5,0.5) (1,1 1 (x> x,) 1 (x> x,)
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be approximated as [34,35]

1 ” -1 AU,
(T2 =27 [|U(x)U" (xm)] ZCXP[T}

” " -1 AU,
(M1 =27 [|U” (x2)U " (x)]] 2CXP|:T]- 4)

The terms AU; and AU, are the heights of the potential
barriers in the bistable case [as shown in Fig. 1(a)]. Then, one
can obtain Kramer’s escape rate probability:

—AU1,2:|. 5)

1
o= EUU”(xl)U”(xm)u5exp[ 5

The analytical solution of Eq. (2) can be easily solved:

o1(t) = o1(t - 00)[1 —exp(—vt)] 4+ o1(t = 0)exp(—vt),
(6)

02(t) = op(t — 00)[1 — exp(—vt)] + o2(t = 0)exp(—vt),
(7

where o((t - 00) =r/v and or(t — 00) =r;/v are
steady-state probability distributions, v = r| + r». The state
distribution of the system can be solved using distribution
probabilities o ». The reliability of the logic gates depends on
whether the states of the system can be continuously mapped
to the logic input when the logic input changes dynamically.
Therefore, we believe that the logic gate is reliable as the
state of the system reaches the desired position within the
measurement time 7.

To numerically quantify the reliability of desired logic out-
put, the success probability P of achieving the desired logic
output is calculated for different input sets by the following
formula:

NSUC

= -5 >
NlOI

p (®)

where Ny represents the total number of runs and Ny, rep-
resents the number of successful runs. Here, a successful run
means that the outputs of all input sets in this run match the
desired logical result. The total number of runs is set to 1000.
For each run, the measurement time 7 is considered to be
a transient process, and the calculation time interval Tiyeer =
1000 time units are taken into account in the calculation of P.

The fast response to logical signals is conducive to the
speed of computer operation. The system’s response speed
is characterized by the switching time S. The switching time
S is the time that the system takes to switch from low to high
states or vice versa after the switching of the input fi,py OC-
curs. In our simulations, switching times S are calculated dur-
ing 20 000 consecutive and random fiypy pulse trains. Smaller
switching times indicate faster operation of the logical
devices.

For numerical simulations, the improved Euler method
with a fixed time step of 0.01 is used to integrate Eq. (1).
The Gaussian white noise has been generated using the
Box-Muller algorithm [36].

III. RESULTS
A. Theoretical description of LSR

In the above model, one can easily understand the shape
and characteristics of the LSR curves previously reported
in the literature. As can be seen in Fig. 1(c), the transition
probability o_,, of the desired state transition is determined
by the measurement time 7p. Furthermore, our analytical re-
sults are in agreement with numerical simulation results. In
practice, the logic operation should be completely successful.
Therefore, a logical system is reliable when the probability
of success for logical operations is approximately equal to
1. For this purpose, we set the data in Fig. 1(c) to O for
values less than 99.999% and consider the adjusted data as the
success probability of the logical operation [analytical results
represented by the grey line in Fig. 2(a)].

The results of the analytical solution and numerical simu-
lations lead to quantitatively consistent conclusions: Bistable
systems in a noisy background obtain reliable logic operation
in the optimum noise intensity window. In addition, the mea-
surement time 7p (or transient process) increases size L of the
optimal noise intensity window and therefore improves the
stability of the logic system [as shown in Fig. 3(a)]. Moreover,
the numerical simulation results converge with the analytical
solution as Ty increases [the blue dotted line in Fig. 3(a)]. A
quantitative comparison between MFPT (I'),_,, and switch-
ing times S in Fig. 2(b) also confirms the above conclusions.

Thus, we can understand the dynamical mechanisms of
LSR in terms of a two-state evolutionary model. First, in a
weak-noise background, the system needs to undergo a long
time of evolution to complete the desired transition due to the
large first-pass time scale [Fig. 4(a)]. The system is unable
to complete the desired transition quickly enough to obtain
reliable logic operation within the measurement time 7y. This
is why the lower resonance threshold of the LSR is modulated
by Ty in Fig. 3(b). Second, due to the asymmetry of the depth
AU of the two potential wells, the MFPT of the transitions
between the two potential wells in Eq. (4) have different
timescales. When D is increased to the window where the
MFPT of the desired transition is much less than 7; and the
MFPT of the undesired transition is much greater than 7y,
we can obtain reliable logic operations [Figs. 4(b) and 4(c)].
For example, when D = 0.02, (I");_, = 23.6 and ("), =
1.82 x 100, Finally, further increasing D causes the MFPT of
the undesired transition to be less than 7, so we can observe
repeated transitions of the system state [Fig. 4(d)].

This can be further verified in Fig. 5. As shown in Fig. 5(a),
Linpu and b determine the stable points x> and the unstable
point x,,, which also affect the height of the potential barrier
(this can be presumed from the difference between x; , and
Xn). Therefore, the MPFT of the steady-state transitions in
Eq. (4) is modulated by fipy and b. In Fig. 1(b), the transition
from x; to x; is the state transition that matches the desired
logic output (the correct transition) and, conversely, the tran-
sitions from x, to x; are the error transitions. Stable and
reliable logic operation means that the system completes the
correct transitions before measurement time 7y and does not
complete the error transitions for the entire calculation time
interval Tine,. Therefore, in Fig. 5(b), for the fixed Ty = 100
and Tiner = 1000, the increase in the success probability is
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FIG. 2. (a) LSR curves and (b) switching time S obtained in numerical simulations (open circles) compared with transition probability
01—, and MFPT (I") obtained in analytical results (grey line) with different measurement times 7; (transient process).

determined by the timescale relationship between (I")correct
and Tpy. The decrease in the success probability is governed
by the timescale relationship between (I")error and Tinger. Only
if (I")correct 1S much smaller than 7y and (I")eror is much larger
than Tiyer, the system obtains reliable logical operation. The
timescale relationship between the measurement, calculation
time, and MFPT of two-state transitions is a key condition in
determining whether the system is reliable.

The role of b and Iy is to influence the properties
of the effective potential well and thus the MFPT. The
timescale relationship between the MFPT and the measure-
ment time governs the reliability of the logic operation. So far,
we have identified the dynamical mechanisms of b, [y, and
noise on the regulation of success probability P. We further
explore the method to enhance LSR next. For simplicity,

without loss of generality, we fix b = —|I; 2| = —0.5 for the
AND gate.
(a) 0.04
0.03 1 8
— Analytical 6 D

3 0.02 O Numerical >

L4 Z
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B. Enhancement of LSR by filtered noise

In this section, we report a way to drive LSR, where
the output of a filtered noise-driven bistable system can
be consecutively mapped to a specific logic gate operation.
The detailed procedure is as follows:

First, Gaussian white noise is considered as the noise
source, to which we apply the FFT filter method to obtain the
filtered noise &¢(¢). The frequency band fyang Of the &¢(¢) is
determined by the upper fmax and lower fui, cutoff frequen-
cies. The spectral information of the Gaussian white noise
(noise sources) and the filtered noise can be verified in Fig. 6.
The corresponding time samples of the time domain filtered
noise &;(¢) are also given in the inserted subplot for reference.

Second, note that the amplitude (i.e., variance) of the &,(¢)
is both determined by the frequency bandwidth Af = fi.x —
fmin and noise intensity D. It is important to independently

0.04 -

——& O Upper threshold
——& O Lower threshold

2 3
log,,(Ty)

FIG. 3. (a) Dependence of the size L of the optimal window (where P = 1) of the noise intensity D on the measurement times 7;.
(b) Dependence of the upper and lower resonance threshold & LSR on Ty. The open circles are the numerical results and the solid lines
are the analytical results. The blue dotted line in (a) shows the deviation A,_y between numerical and analytical results. The figure shows that
the agreement between the reported theoretical expressions and numerical simulations increases as Tj increases.
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FIG. 4. The sampled time series of the output in numerical (black
lines) and analytical (green lines) terms and fip, (red lines) for AND
logic operations. (a) D = 0.005, (b) D = 0.01, (¢) D =0.02, (d) D =
1. The analytical result is estimated by the average state of the system

at each time 7: (x); = x101(t) + x0,(¢).

analyze the modulation of the frequency domain properties
and the fluctuations intensity (i.e., variance) of noise on the
LSR. For this reason, it is desirable to coordinate the variance
of the &¢(¢) to be independent of A f and consistent with the
noise source. Therefore, we calculate the variance s? and SIZ:N
of the source and filtered noise first.

In our paper, the noise source is discrete Gaussian white
noise, whose bilateral power spectral density is assumed to
be a constant ny/2. The bandwidth of the noise source in the
frequency domain is W = f; = 1/h, where f; is the sampling
frequency and £ is the integration step. Therefore, the average
power of the noise source is (Y) = fing/2. The autocorrela-
tion function R(t) and the autocovariance function C(t) for
Gaussian white noise is

R(t) = (§@)&@ + 1))
Co)= (@) —meOIEC+ 1) —met + 1)) (9)
= (E@E + 1)) —me(t + T)me (1),

where m () denotes the mean value function of the stochastic
variable & (). When the correlation time t is 0, the autocorre-
lation and autocovariance function equal to the average power:

R(0) = (£(t)*) = (V)C(0) = (£(1)*) — me(t)* = s*. (10)

Since the mean value function of Gaussian white noise is
0, the variance of the noise source s> = (Y') = f,no/2. For
filtered noise, we set the transfer function:

17 fmin < |f| < fmax
H = 11
) 0, other. an

Thus, the power spectral density function of the filtered
noise is

no
73 fmin < |f| < fmax

0, other,

S(f) = (12)

where fiin and fi.x are the upper and lower cutoff frequen-
cies of the filtered noise. Thus, the central frequency f, =
(fimin + finax)/2 and the bandwidth A f = frnax — fimin can be
obtained. According to the Wiener-Khinchin theorem, the au-
tocorrelation function of the filtered noise can be obtained as
follows:

sin(2r f.7)

R('L’) :l’loAf 27‘[f‘[,'

cos(2x f,.7), (13)

when v — 0,
sin(2x f.7)

R(t — 0)= noAf}i_r)r(lJ I fit

cos(2m f.1) = ngAf.

(14)

Similar to Egs. (9) and (10), we can obtain the variance of the
filtered noise s&; = noA f. Thus, the change in variance after
filtering is

» _ 2Af
SEN =

2
7 s (15)
The variance of the filtered noise is 2A f/ f; times that of the
noise source; we can coordinate the intensity of the filtered
noise so it is consistent with the variance of the noise source:
D= LDeff. (16)
2Af
Equation (16) implies that the filtered noise obtained by the
FFT filtering method using a noise source with noise intensity
D yields the same variance as that of a noise source with noise
intensity Degr. The effective noise intensity D is independent
of the frequency bandwidth, which offers the possibility to an-
alyze the variance and frequency domain properties of filtered
noise individually.

Finally, we use the filtered noise after coordinating the vari-
ance to replace the noise term in Eq. (1) as the driving force
for the logic operation. Subsequently, numerical simulations
are used to investigate the effect of filtered noise on LSR.

The responses of the filtered noise-driven system to the
logical input are shown in Fig. 7. By scrutinizing the times
series of inputs and outputs, it is clear that the logic device
obtains the correct logical output in a particular frequency
band fiana When the noise intensity D¢ is fixed. Therefore,
the reliability of the logic operation is strongly modulated by
the fyana- This indicates that the reliability of logic operations
depends on the cooperative effect of the intensity D.g and
frequency band fyang of filtered noise.

Furthermore, we calculate and show successful probability
P in Fig. 8(a) for increasing D.s. The successful probability
P shows an abrupt transition from P = 0 to the maximum
value P = 1 with the increase of D, and then P decreases
to O if an increasing Dy exceeds a certain threshold. The
successful probability P shows a bell-shaped dependence on
the intensity D of the filtered noise. The conventional LSR
is observed, and its occurrence is due to the filtered noise. The
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FIG. 5. (a) Bifurcation diagram of x and b + [, obtained by dx/dy = —dU.(x)/dx. The solid lines represent stable points and the
dashed lines represent unstable ones. (b) Moderation of MFPT (I") on the success probability P. The correct transitions are defined as the state
transitions that match the desired logic output; the error transitions are the opposite. The former timescale reduction improves the reliability of

logical operations, while the latter impairs the reliability.

switching time S is used as a measure of the speed of the logic
operation. In Fig. 8(b), S as a function of D is decreasing
overall while ensuring correct logic operation. Therefore, the
response speed of the logic devices can be improved by appro-
priate intensity D, of the filtered noise without destroying its
reliability.

To get a global view of how filtered noise affects the re-
liability of the logic operation, Figs. 9(a)-9(c) show contour
plots of the success probability P in the f. — D.g plane for
band-pass filtered noise, fiax — Defr plane for low-pass fil-
tered noise and fiin — Degr plane for band-pass filtered noise,
respectively. The output of the system can be continuously
mapped to the logic gate operation when the filtered noise
is in the parameter range of the black island. This further
confirms that the reliability of the logic operation is modulated
by the cooperative effect of the intensity and frequency band
of filtered noise. However, in a practical system, the variance

0.002 (b) 008
S < i
o. 8004
= -0.08
= 0.001 0 20 30 4
s time
<0
0.000 -
0 10 20 30 40 50
. 0.002 @ o
) — 004
= =~ 0.00
-E 0,04
= 0.08 -0.08
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FIG. 6. (a) Schematic representation of the filtering method.
(b1) Spectrum of noise sources &£(¢) after FFT. The spectrum of
the filtered noise &/(¢) after the FFT with the frequency bands:
(b2) fband =0~1 (i.e., fmin =0, fmax = ])» (b3) fband =1~2 (i-e-’
fmin =1, fmax = 2)s (b4) fband =2~3 (i-e-7 fmin =1, fmax = 2)
The inserted subplot shows the time evolution of &(¢) and &/(¢).

of the noise (intensity of filtered noise) is not a fixed value
and fluctuates within a certain range. Therefore, the range
of noise windows over which logic operates reliably is also
an important indicator of the stability of logic devices. The
stability factor p for logical operations is defined as

9”

=5 (17)

0

The upper 6, and lower 6; thresholds are the maximum and
minimum values of the optimal noise window for LSR, re-
spectively. The dependence of p on frequency for the three
types of filtered noise is shown in Fig. 9(d). The stability
characteristic curve of the band-pass filtered noise [blue line
in Fig. 9(d)] shows that the system has lower stability driven
by high-frequency filtered noise than by low-frequency fil-
tered noise. Furthermore, the stability is lower than the noise
source in all cases except for the first point (fpanga = 0 — 1).
Therefore, the band-pass filtering method is not an optimal
choice. By the same token, the high-pass filtering method is
not superior [green line in Fig. 9(d)]. Further analysis of these
two characteristic curves reveals that the disappearance of the
low-frequency band damages the stability of the logic oper-
ation. In contrast, for the case of low-pass filtered noise [red
line in Fig. 9(d)], the system obtains higher stability when the
higher frequency bands are filtered. The more high-frequency
bands are filtered, the stronger the stability of the system’s
logic operation.

In addition, there is a limit to the behavior that enhances
the stability of logic operations by filtering higher frequency
bands noise. As shown in Fig. 10, when the upper cutoff
frequency is very small (fiax < 0.03), the system is unable
to perform reliable logic operations under any noise window.
The stability characteristic curve of the system [Fig. 10(b)]
shows a bell-shaped dependence on f,.x. Therefore, there is
an optimal low-pass filtering method that makes the system
most stable. As can be observed in Fig. 10(a), the resonance
threshold is minimal at this point. This further demonstrates
that the low-pass filtering method is a superior way to improve
the stability of the system’s logic operation while reducing the
intensity of the required drive.
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FIG. 7. The sampled time series of x (black lines) and [y, (red lines) for AND logic operations. E and C represent error and correct
operations, respectively. From top panel to bottom panel, D, = 0.001 (top), 0.003 (middle), and 0.008 (bottom). From left panel to right

panel: foua = 0 — 1 (left), foana = 1 — 2 (middle), fyua = 2 — 3 (right).

C. Modulation mechanisms of state transitions by
high- and low-frequency components

Finally, we would like to explain the reasons for the su-
periority of low-pass filtered noise. As we have discussed in
the model section, the effective potential well of the system is
dynamically changed by the logical inputs. The two bistable
states are axisymmetric with x = 0 in Fig. 1(b), so we can use
the case of Ljpy = 1 as an example. To obtain reliable logic
operations, the system needs to transition from the left (error)
potential well to the right (correct) potential well before the
measurement time 7y ends. Figure 11(b) shows an example
of a failed logic operation at fi,,x = 0.01. It can be seen that
even if the driving force in the opposite direction (negative)
is larger, it has a minimal effect on the system. This is due to
the role of the highly nonlinear nature of the quadratic term in
the potential function. What contributes to the transition is the

() (b)
2 T Joana =01
—* Sana=12

A= frana =23

43 2 - 43 2 -

log, (D) log,((D,p)

FIG. 8. The (a) success probability P and (b) switching time
S versus effective noise intensity D.g with different frequency bands

f band-

positive part of the driving force. Furthermore, for the system
to complete a transition, the strength of the driving force must
exceed a certain threshold and sustain for a certain duration.
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FIG. 9. The success probability P as a function of the parameter
space (a) (f. X D) for band-pass filtered noise; (b) (finax X Desr) for
low-pass filtered noise; (¢) (fmin X Degr) for high-pass filtered noise;
(d) dependence of the stability factor p on the cutoff frequency.
p of Gaussian white noise is represented by the gray dash line for
comparison.
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FIG. 10. Response of bistable systems to filtered noise on large timescales. (a) The success probability P as a function of the parameter
space (fmax X Degr) for low-pass filtered noise. Dependence of the (b) stability factor p and (c) mean switching time (S) on f.x for low-pass

filtered noise.

This can easily be verified in Fig. 11(c). Comparing the left
and middle panels of Fig. 11(c), the duration can induce a
state transition even if the strength of the driving force is
the same. Furthermore, an increase in strength can also induce
a state transition even if the duration of the driving force is the
same [middle and right panels of Fig. 11(c)]. This suggests
that state transitions require the cooperative effect of the two.

So far, we can understand why the stability of the logic
operation varies nonmonotonically with fi,.x, driven by low-
pass filter noise. When the timescale of the filtered noise is
close to the measurement time (or transient process) Ty, the

probability of fluctuations with suitable intensity and duration
is low. The duration of the driving force is also affected when
high-frequency band noise is introduced excessively. There-
fore, the most stable logic operation can be obtained for the
system only if the timescale of the filtered noise is slightly
larger than 7j. In addition, for the band-pass and high-pass
cases, the part of the lower frequency band that is beneficial
for the duration increase is filtered out. This is why the sta-
bility of the logic operation in the band-pass and low-pass
cases is significantly lower than that of the noise source in
Fig. 9(d).
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FIG. 11. Dynamical mechanisms for the effect of fast- and slow-scale driving forces on LSR. (a) Schematic representation of the desired
state transition at fipp, = 1. (b) Slow-scale filtering noise (fmin = 0, fmax = 0.01, Der = 0.0005) drives the system state to complete the desired
transition. (c) Effect of half-cycle sinusoidal signals Ir = Asin(%”t) on state transitions.
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IV. CONCLUSIONS

In this paper, we presented a simple and general theoretical
background to explain the emergence of LSR in generalized
bistable systems. We introduced dynamic logic inputs into the
potential function to obtain a dynamic effective potential func-
tion. Based on the master equation approach of the two-state
model, we solved analytically for the transition probability
as a function of noise intensity and measurement time. The
results were also compared with numerical simulations and
quantitatively consistent conclusions were obtained. Further-
more, the mechanism of LSR can be understood by solving for
the MPFT of the two-state transitions. The system can only
obtain reliable logic operations if the MFPT of the desired
transition is much smaller than the measurement time 7; while
the MFPT of the undesired transition is much larger than
the calculation time interval Tiy.,. Therefore, the system can
be continuously mapped to logic inputs only at moderate noise
levels.

Furthermore, we proposed a way to drive LSR. Here, the
filtered noise obtained by the FFT filtering method is con-
sidered as the driving force of the system. This is clearly
different from previous studies in which the system was driven
by noise [6-16], periodic signals [37], and chaotic signals
[25,26]. Our results show that the occurrence of LSR depends
on the cooperative effect of the intensity and the frequency

characteristics of the filtered noise. In addition, the response
speed of a logic device can be improved by appropriately
increasing the level of filtering noise. We compared three
types of filtering methods. It can be found that the stability
of the filtered noise obtained by the band-pass and high-pass
methods was much lower than that of the noise source due
to the absence of the low-frequency part. Low-pass filtered
noise is generally higher than the noise source. The underlying
mechanisms are also discussed.

Bistable properties are widely found in natural systems
such as nanomachines [9], gene regulation networks [13—15],
nervous systems [38], etc. A recent study [16] using the bista-
bility of neurons to achieve reliable logic devices expresses
the advantages of high stability and low energy consump-
tion. Our results can help us to understand the dynamical
mechanism even though it is a four-dimensional dynamical
model. Therefore, the obtained findings may provide a unique
perspective for the design of more logic devices.
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