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Abstract: The application of a memristor in chaotic circuits is increasingly becoming a popular
research topic. The influence of a memristor on the dynamics of chaotic systems is worthy of further
exploration. In this paper, a multi-dimensional closed-loop coupling model based on a Logistic map
and Sine map (CLS) is proposed. The new chaotic model is constructed by cascade operation in
which the output of the Logistic map is used as the input of the Sine map. Additionally, the one-
dimensional map is extended to any dimension through the coupling modulation. In order to further
increase the complexity and stability of CLS, the discrete memristor model is introduced to construct a
discrete memristor-based coupling model with a Logistic map and a Sine map (MCLS). By analyzing
the Lyapunov exponents, bifurcation diagram, complexity, and the 0-1 test result, the comparison
result between CLS and MCLS is obtained. The dynamics performance analysis shows that the
Lyapunov exponents and bifurcation diagrams present symmetrical distribution with variations
of some parameters. The MCLS has parameters whose values can be set in a wider range and can
generate more complex and more stable chaotic sequences. It proves that the proposed discrete
memristor-based closed-loop coupling model can produce any higher dimension hyperchaotic system
and the discrete memristor model can effectively improve the performance of discrete chaotic map
and make this hyperchaotic system more stable.

Keywords: hyperchaotic model; discrete memristor; cascade; closed-loop coupling

1. Introduction

Among the data protection schemes, extensive attention has been paid to the encryp-
tion scheme design based on the chaotic system because of its good security effect [1,2].
Through the chaotic system, it can use the fixed calculation rules to produce a sequence
with complex numerical variations and random characteristics. After a reasonable design,
it can meet the current needs of information security encryption [3,4]. Therefore, it is
extremely essential to design chaotic systems.

The improvement of existing chaotic systems is mostly based on some classical chaos,
such as the Chen system [5], Logistic map [6], Sine map [7], and so on. M. Alawida et al. [8]
designed a one-dimensional model to expand the chaotic effect of classical chaotic maps.
Z. Hua et al. [9] proposed a model based on cosine transformation to improve the 1D
chaotic system. A hybrid 2D chaotic map based on a sine-cosine cross-chaotic map was
designed by N. Khalil et al. [10]. There are also many studies on the improved design
of high-dimensional chaotic systems. C. Wu et al. [11] designed a chaotic system using
the coupling and modulation method. Q. Wu [12] used the cascade operation to design a
chaotic model. Additionally, deep learning was also applied for the improvement of the
chaotic system by Z. P. Zhao et al. [13]. X. Yong et al. [14] applied fractional-order theory
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to the Lorenz system to improve the state of the system. X. Xu et al. [15] extended and
enhanced multi-scroll chaotic system using the Julia fractal.

A memristor is an electronic component that controls electric charge through the
magnetic flux. The concept was first proposed by L. Chua [16] in 1971, and only in 2008
did D. B. Strukov et al. [17] realize it through experiments. Then research based on the
hardware implementation for different forms of memristors has been conducted [18,19]. It
is still being explored in recent years [20-22]. Nowadays, memristors are applied in several
fields. In artificial intelligence, algorithms with memristors can effectively improve learning
ability [23]. A memristor is also applied in the neural network for its switch behavior [24].
Adding a memristor in the design of the chaotic circuit can also make the chaotic circuit
show more complex dynamic characteristics. A memristor-based Lii system that can
generate multi-scroll and a memristor-based novel 3D chaotic system combined with the
Julia fractal was designed by Yan et al. [25,26]. The design of discrete memristors and their
application for chaotic systems is discussed. Peng et al. [27] designed a discrete memristor to
apply to the chaotic system to improve its chaotic behavior. Fu et al. [28] designed a discrete-
memristor-based Lorenz system and realize its Simulink modeling. He et al. [29] designed
a discrete fracmemristor in which the amount of charge is determined by a fractional-order
discrete system. Bao et al. [30] present a new second-order discrete map model deriving
from a simple sampling switch-based memristor-capacitor circuit. The research above
shows that discrete memristor models can present complex dynamic performances of
chaotic systems. Additionally, Li et al. [31] used the discrete memristor model to design
two discrete memristors with cosine with amplitude memristance and built the Simulink
models to verify that they meet the definition of the memristor.

Discrete chaotic systems are easy to implement in hardware because they have a
simple structure and do not need to solve differential equations. Although a discrete
chaotic system has an excellent performance in the application of image encryption, the
insufficient complexity, the limited number, and the range of variable parameters could
lead to the vulnerability of encrypted information to resist attacks. Therefore, designing a
numerical sequence that can produce a wider distribution range and stronger randomness
is the premise to improve the security of encryption. For this motivation, a novel discrete
dimension-changeable hyperchaotic system is combined with a memristor to explore the
effectiveness of improving the complexity of the system. To enhance the randomness of
the chaotic model and the flexibility of parameter variation, a chaotic model with large
parameter ranges and flexible dimension change is proposed. The chaotic system can
expand the existing one-dimensional chaotic maps to any dimension. Additionally, to
deepen the application of memristors in the design of chaotic systems, a discrete memristor-
based model is constructed to explore the influence of the memristor on the dynamics
performance of the proposed chaotic system. In the following work, the simulation is
conducted to show the effectiveness of the discrete memristor in enhancing the randomness
and chaos stability of the proposed discrete hyperchaotic system.

The following parts of the paper are organized as follows. In Section 2, the discrete
memristor model is introduced. In Section 3, the discrete hyperchaotic model with variable
dimensions based on cascade and coupling is proposed. The discrete memristor is added
in the proposed hyperchaotic model. In Section 4, the chaotic performance of the hyper-
chaotic system before and after adding discrete memristor is compared and analyzed. The
conclusion of the paper is given in Section 5.

2. Construction of Discrete Memristor Model for Improving Chaotic System

According to the definition given in 1971, a memristor can be obtained by the following
formula [16]

d
Mig) = - M

According to the basic circuit knowledge, we can get the continuous-time memris-
tor model
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where ¢ is magnetic flux, g is electric charge, i(t) is the input current, and V () is the voltage
of the memristor.
The electric charge can be calculated by the following formula

q(t) = /jw i(t)dt = go + k/t: i(t)dt. 3)

where g is the initial state of charge and k is a constant adapted to the relationship between
charge and current. To conduct the simulation experiment, k = 1, g = 0.1 is assumed
according to the reference [32] in this paper. Therefore, according to mathematical theory,
the integral form can also be approximately written as the sum of current increments in
several small periods

n
Gn =qo+k)_ij. (4)
j=0

According to the HP memristor model [17], set R,¢s as the undoped part and Ron as
the doped part, the memristor can be described as

’URO?I
M(g) = Rogs(1— B34 (1)). ©)

where 1, is the mobility rate of doped ions, D is the small semiconductor film thicknesses,
and R, fF > Ron. In the HP model, all the ions are assumed to be passive. Based on the
model of HP, the following form can be obtained

M(5(1) = Ry = Ralgo +& [ (o)1 ©

where R; = R, ffr Ro = K ”DR2”" Roff- Thus, according to Formula (4), the discrete memristor
model can be described as [28]
n

Vi = [R1 — Ra(q0 + k) ij)]in- @)
=0

According to the experiment results of HP laboratory [17], set the current i, = A sin(wn)
as the input, A = 5,990 = 0.1,k = 1. As Roff > Ron, the difference between R; and R»
should be large. In this paper, Ry = 20, R, = 0.02. Draw the curves of voltage changing
with current as in Figure 1.
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(a)
Figure 1. Pinched hysteresis loops of the discrete memristor with different w where A =5, g9 = 0.1,
k=1,R; =20, R, =0.02.
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Different curves with different frequencies are shown in Figure 1. When the frequency
increases gradually, the nonlinear relationship between current and voltage decreases.
When w = 1, the voltage increases linearly with the current. Figure 1 shows that model (7)
conforms to the characteristics of the memristor under the above parameter values.

3. The Discrete Hyperchaotic Model with Variable Dimensions
3.1. Chaotic Model Construction Method
3.1.1. Cascade Operation

A cascade operation refers to connecting multiple associated objects. In computer
applications, it can realize synchronous operation on multiple associated objects and
improve efficiency. The cascade operation also has many applications in the construction
of chaotic systems, and it has been proved to improve the complexity of chaos [33]. The
basic form of cascade operation is

Xnp1 = F o G(xn) = F(G(xn)), ®)
where F(-), G(-) are two chaotic maps, o denotes the cascade operation.

3.1.2. Coupling

In the design of circuits, if the current or voltage in one circuit changes, it can affect
similar changes in other circuits. This network is called the coupling circuit. A similar
operation can be used in the design of a chaotic system to realize combining several one-
dimensional chaotic maps to a multi-dimensional chaotic system. The form of closed-loop
coupling can be described as [34]

. )
xm(t + 1) = fm(xm(t)/ xm—l(t + 1))

Based on this closed-loop coupling modulation, a novel coupling model with more
related variables is designed as

x1(t+1) = fi(x(t), xm(t))

.xz(t +1) = fo(xa(t), x1(t), x1(t+1)) 10)

$n(t+1) = fon (e (8), X1 (£), X (£ 1)

Different from the coupling mode in (8), when calculating the value of the current
time of a dimension, in addition to considering the influence of the value of the previous
dimension at the current time, the influence of the previous dimension on the previous
iteration result is also added. By adding the time-delayed variables, the coupling degree is
increased, and the complexity of the system is improved.

3.2. The Coupling Model Based on Logistic Map and Sine Map (CLS)

An m-dimensional discrete hyperchaotic model combining cascade and time-dependent
closed-loop coupling can be described as

x1(t+1) = fogr(x1(t), xm(t))

x(t+1) = foga(xa(t), x1(t), x1(t +1)) (11)

Son(E+1) = £ 0 g (om (), X () X (£ +1))
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Letg;(-)(i=1,2,...,m) be the Logistic map, and f(-) be the Sine map. To increase the
complexity of the Sine map, an exponential map is added to the Sine map as the frequency
of the Sine map. The chaotic model can be constructed as

, (12)

;Cm(t +1) = sin(bw)

o
3y
]

where 4, b, i1, and € are parameters of system (11), and m is the dimension of the system.
The discrete memristor-based coupling model with a Logistic map and Sine map
(MCLS) is

H(R1—Ra(go+K X5 x))x1 (E)(1= (1))
x1(t+1) =sin[b £]=alx%l(t) ]

x(t+1) = sin[p21-—0t))

2
™1 (t+1)

(13)

.th(t +1) = sin[bw]

ggﬂxmfl(“rl)

The structure of MCLS is shown in Figure 2.

'
26 (0.5, (1)

1, (0.8, (0.5, )]

[f[xz(w1),g3(x3(r),xz(r))] 50,5 (0]

é

5D D ] 50

A,

[f [x,. (t+1), g, (x, (1), X, (D] 8l X (0, X, ()]

A,

x, (t+1) x,,(9)

Figure 2. Structure of MCLS.
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4. Performances Analysis of CLS and MCLS

In the simulation experiments, to simplify the calculation, two-dimensional CLS and
MCLS are taken as an example. All the analyses are based on the 2D-CLS and 2D-MCLS. Set
a=050b=mpu=23¢=003 Ry =20, Ry =0.02, 990 = 0.1, k =1, and the initial values
are x1(0) = 0.3, x2(0) = 0.4. Additionally, the simulation experiments are all conducted in
MATLAB. The result of simulation experiments are shown in the following subsections.

4.1. Dynamic Performance in the Phase Space

When taking different parameters, 2D-CLS and 2D-MCLS can produce different forms
of sequence point distribution in phase space [35]. Set the parameters of CLS as (i, a,b,€) =
(3,0.5,71,1.85), (1,a,b,e) = (3,0.3,7,1.85), (u,a,b,e) = (3,0.5, 7r,0.03), respectively. The
initial value (0.3,0.4) is substituted into 2D-CLS. Additionally, the computing time is
set to t = 2100 (in the experiment of the paper assumed to be in second). Remove the
first 2000 iterations to obtain the distribution of the sequence in the phase space with the
condition of three different parameter values set above. The corresponding time series and
frequency spectrum in the time range of [0, 1000] is also calculated to observe the dynamic
performance. The three types of dynamic behaviors of 2D-CLS are shown in Figures 3-5.

As shown in Figure 3a, the 2D-CLS can generate a chaotic attractor in a small range
of {(x1,x2)|x1 € (0.5,1),x, € (0.1,0.4) }. In Figure 3b, the randomness of the sequence is
reflected by the temporal diagram and frequency spectrum. The Lyapunov exponents at
the chaotic state are LE; = 0.5995, and LE, = —0.0126, which proves that the 2D-CLS can
generate a chaotic attractor under the condition of (y,a,b,€) = (3,0.5, 77,1.85).

0.4 1

RN 0.3 L » \ t
..
025 e £ 100
o w S
g3 o )
0.21 5 £
. g _100 : : : :
0.6 0.7 0.8 0.9 0 0.2 0.4 0.6 0.8 1
x Normalized Frequency (xn rad/sample)

(@) (b)

Figure 3. Phase diagram, temporal diagram, and frequency spectrum of 2D-CLS with initial values
x1(0) = 0.3, x2(0) = 0.4 under the condition of parameter (y,a,b,e) = (3,0.5,77,1.85). (a) Phase
diagram. (b) Temporal diagram and frequency spectrum.

As shown in Figure 4a, when y = 3,2 = 0.3,b = 7, e = 1.85, two circular curves can
be obtained by the 2D-CLS. As shown in Figure 4b, through the temporal diagram and
frequency spectrum, it is concluded that the 2D-CLS system is in a periodic state. Calculate
the Lyapunov exponents of 2D-CLS in this state as LE; = —0.0089, LE; = —0.1742, which
shows that 2D-CLS is non-chaotic under the condition of (y,4,b,¢€) = (3,0.3, 77, 1.85).
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Figure 4. Phase diagram, temporal diagram, and frequency spectrum of 2D-CLS with initial values
x1(0) = 0.3, x2(0) = 0.4 under the condition of parameter (y,a,b,e) = (3,0.3, 771,1.85). (a) Phase

diagram. (b) Temporal diagram and frequency spectrum.

When y = 3,a = 05,b = m,e = 0.03, the sequences of 2D-CLS can be evenly
and irregularly distributed in the phase space with no obvious trajectory as shown in
Figure 5a. It is shown that the system does not produce an attractor at this parameter
value. In Figure 5b, the sequence can be distributed irregularly with the change in time and
frequency. The Lyapunov exponents are calculated as LE; = 5.0943, LE; = 4.2186, showing
that the 2D-CLS is hyperchaotic. This type of state is common in 2D-CLS with the change
of parameters, which will be shown in the Lyapunov exponents and bifurcation diagram

HA

00 600 800 1000
t

W

e

rg=———

PSD
(dB/rad/sample)
o
=

0 0.2 0.4 0.6 0.8 1
Normalized Frequency (xn rad/sample)

(b)

Figure 5. Phase diagram, temporal diagram, and frequency spectrum of 2D-CLS with initial values
x1(0) = 0.3, x2(0) = 0.4 under the condition of parameter (y,a,b,e) = (3,0.5,77,0.03). (a) Phase
diagram. (b) Temporal diagram and frequency spectrum.

Correspondingly, the dynamic behaviors of 2D-MCLS under the condition of (y,a,b,€) =
(3,0.5,71,1.13), (1, a,b,e) = (0.02,0.3, 7,0.03), and (u,a,b,€) = (3,0.5, 77,0.03) are shown
in Figures 6-8.

When the discrete memristor is added to the 2D-CLS system, the dynamic character-
istics are changed. When (y,a,b,€) = (3,0.5, 71,1.13), the 2D-MCLS does not present the
chaotic attractor shown in Figure 3a. However, another form of an attractor is generated
as in Figure 6a with the parameter changing to 1.13. As shown in Figure 6b, the tempo-
ral diagram and frequency spectrum present certain randomness in the sequence. The
corresponding Lyapunov exponents are LE; = 0.7846, LE; = 0.5003.
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Figure 6. Phase diagram, temporal diagram, and frequency spectrum of 2D-MCLS with initial values
x1(0) = 0.3, x2(0) = 0.4 under the condition of parameter (y,a,b,e) = (3,0.5,71,1.13). (a) Phase
diagram. (b) Temporal diagram and frequency spectrum.

As shown in Figure 7a, when (y,a,b,€) = (0.02,0.3, 7r,0.03), the sequences generated
by 2D-MCLS form a circular curve in the ranges of x; € (0.05,0.15),x, € (0.94,0.99). As
shown in Figure 7b, the temporal diagram and frequency spectrum show obvious periodic-
ity. Additionally, the Lyapunov exponents are computed as LE; = —0.0092, LE; = —0.0851,
which proves that the 2D-MCLS is non-chaotic at this condition of parameters.

s P )]

xl Normalized Frequency (xm rad/sample)

(a) (b)

Figure 7. Phase diagram, temporal diagram, and frequency spectrum of 2D-MCLS with initial values
x1(0) = 0.3, x2(0) = 0.4 under the condition of parameter (y,a,b,€) = (0.02,0.3, 7, 0.03). (a) Phase
diagram. (b) Temporal diagram and frequency spectrum.

In Figure 8a, when (y,a,b,e) = (3,0.5,7,0.03), 2D-MCLS generates evenly dis-
tributed chaotic sequences without obvious trajectory. In Figure 8b, the sequence is irreg-
ular with the change in time and frequency. The Lyapunov exponents are calculated as
LE; =7.3724,LE, = 4.9317, showing that the 2D-MCLS system is hyperchaotic under this
condition of parameters.
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Figure 8. Phase diagram, temporal diagram, and frequency spectrum of 2D-MCLS with initial values
x1(0) = 0.3, x2(0) = 0.4 under the condition of parameter (y,a,b,e) = (3,0.5,71,0.03). (a) Phase
diagram. (b) Temporal diagram and frequency spectrum.

4.2. Evolution of the CLS and MCLS with the Variation of Parameters

The Lyapunov exponents (LEs) can judge whether the system is chaotic or not. A
positive Lyapunov exponent represents expanding nature, and the system is chaotic [36]. If
there are two or more positive Lyapunov exponents, the system is hyperchaotic [37]. By
calculating LEs with varying parameters, the evolution of systems with the variation of
parameters can be accurately described [38,39]. Correspondingly, the bifurcation diagram
can show the distribution change of the chaotic sequence with the change of the parameters
directly. The dynamic performances of CLS and MCLS with changing parameters are
analyzed in the following sections.

Set the parameters (a,b,¢) = (0.5, 7,0.03) and input the initial values x;(0) = 0.3,
x2(0) = 0.4 to the 2D-CLS system and 2D-MCLS system, respectively. Iterate 2000 times
to get the chaotic sequences, which are used to calculate the Lyapunov exponents and to
depict the bifurcation diagram. The step of parameter variation is 0.01. By calculating the
values of LEs, it can be found that when the value of y is close to 0, the state of the system
changes with the change of ;. When the absolute value of y increases, the systems remain
hyperchaotic. To compare the state variations of 2D-CLS and 2D-MCLS, a range of y with
(—3,3) is chosen. The LEs and bifurcation diagrams of 2D-CLS and 2D-MCLS changing
with the parameter u are compared in Figures 9 and 10.

10

—CLS LE,
—CLS LE,

LEs

Figure 9. Lyapunov exponents and bifurcation diagram of 2D-CLS changing with parameter y, when
the initial values are x1(0) = 0.3, x3(0) = 0.4 and the fixed parameters are a = 0.5,b = 7, ¢ = 0.03.
(a) Change of LEs. (b) Change of bifurcation diagram.
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10

LEs

—MCLS LE1 —MCLS LE2

Figure 10. Lyapunov exponents and bifurcation diagram of 2D-MCLS changing with parameter y,
when the initial values are x1(0) = 0.3, x,(0) = 0.4 and the fixed parameters are a = 0.5,b = 7,
€ = 0.03. (a) Change of LEs. (b) Change of bifurcation diagram.

The Lyapunov exponents and bifurcation diagrams of the 2D-CLS and 2D-MCLS show
a symmetrical increasing trend with the increase of the absolute value of . In Figure 9a,
when y is taken between [—0.05,0.02], the LEs of 2D-CLS are negative. The 2D-CLS system
stays hyperchaotic when y decreases from —0.05 to —3. The LE; increases to bigger than 0
when y is greater than 0.02. The LE; increases to bigger than 0 when y is greater than 0.04.
In Figure 9b, it can be seen that the 2D-CLS system is in a periodic state when y is taken
between [—0.05,0.02]. In Figure 10a, with the addition of a discrete memristor, the whole
level of LEs is improved. The LE; is positive in the range of . The LE; is negative when y
is taken between [—0.02,0.02] and it is bigger than 0 when the absolute value of y is greater
than 0.02. As shown in Figure 10b, the 2D-MCLS shows periodic states when y is varying
from —0.02 to 0.02 and it remains chaotic with the parameter i changes in other ranges.

Set the parameters (y,b,e) = (3,7,0.03) and input the initial values x1(0) = 0.3,
x2(0) = 0.4 to the 2D-CLS and 2D-MCLS, respectively. Iterate 2000 times to get the curves
of LEs and bifurcation diagrams. The results are shown in Figures 11 and 12.

8
6
4t
]
=l
0 __________________________
—2r
——CLSLE, — CLSLE,
-4 i i i ‘
-2 0 2 4 6
a
(a) (b)

Figure 11. Lyapunov exponents and bifurcation diagram of 2D-CLS changing with parameter 2, when
the initial values are x1(0) = 0.3, x2(0) = 0.4 and the fixed parameters are = 3,b = 71,e = 0.03.
(a) Change of LEs. (b) Change of bifurcation diagram.
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wv
=
Y
2r|__MCLS LE, —MCLSLE,
0 __________________________
-2 . . . .
) 0 2 4 6
a
(a) (b)

Figure 12. Lyapunov exponents and bifurcation diagram of 2D-MCLS changing with parameter a,
when the initial values are x1(0) = 0.3, x2(0) = 0.4 and the fixed parameters are y = 3,b = 7, e = 0.03.
(a) Change of LEs. (b) Change of bifurcation diagram.

In Figure 11a, the 2D-CLS remains hyperchaotic with the change of parameter a
between [—3,5.97], and the LEs decreases with the parameter a increasing. The LEs are
negative when the parameter a increases from 5.98 to 6. In Figure 11b, the sequence is
chaotic with the variation of a. As shown in Figure 12a, the LEs are also increasing with the
parameter a decreasing. Additionally, the LEs are higher than the 2D-CLS. There are no
negative points of LEs with the variation of a. In Figure 12b, the sequence of 2D-MCLS is
hyperchaotic with the change of parameter a.

Set the parameters (¢, a,€) = (3,0.5,0.03) and calculate the sequences of CLS system
and MCLS system with the initial value x1(0) = 0.3,x2(0) = 0.4. The length of each
sequence is 2000. The step of parameter variation is 0.01. Then the LEs and the bifurcation
diagrams changing with parameter b are shown in Figures 13 and 14.

10

——CLS LE — CLS LE,

LEs

(b)

Figure 13. Lyapunov exponents and bifurcation diagram of 2D-CLS changing with parameter b, when
the initial values are x1(0) = 0.3, x(0) = 0.4 and the fixed parameters are y = 3,4 = 0.5,¢ = 0.03.
(a) Change of LEs. (b) Change of bifurcation diagram.
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Figure 14. Lyapunov exponents and bifurcation diagram of 2D-MCLS changing with parameter b,
when the initial values are x; (0) = 0.3, x2(0) = 0.4 and the fixed parameters are y = 3,4 = 0.5,¢ = 0.03.
(a) Change of LEs. (b) Change of bifurcation diagram.

As shown in Figure 13a, the system state shows symmetry with the change of pa-
rameter b. In the range of [—0.33,0.33], the LEs corresponding to several parameter value
points are negative. It shows a stable hyperchaotic state when parameter b is less than
—0.33 or greater than 0.79. As shown in Figure 13b, there is a periodic window in the
range of (—0.03,0.03), and the sequence of 2D-CLS remains chaotic when the parameter
b increases from 0.03 or decreases from —0.03. As the discrete memristor is added to the
system, the level of LEs is improved in the range of [—3, 6] as shown in Figure 14a. The LE;
stays positive with the variation of parameter b. Additionally, the LE; begins to be bigger
than 0 when the parameter b is greater than 0.05. As shown in Figure 14b, the sequence
of 2D-MCLS is chaotic with the change of parameter b. As shown in Figures 13 and 14,
the Lyapunov exponents and bifurcation diagrams of the 2D-CLS and 2D-MCLS show a
symmetrical increasing trend with the increase of the absolute value of b.

Set the parameters (1,4, b) = (3,0.5, 77) and input the initial values x1 (0) = 0.3, x2(0) = 0.4
to the 2D-CLS system and 2D-MCLS system, respectively. Iterate 2000 times to calculate
sequences to get the curves of LEs and the bifurcation diagrams. The results are shown in
Figures 15 and 16.

LEs

(a) (b)

Figure 15. Lyapunov exponents and bifurcation diagram of 2D-CLS changing with parameter €,
when the initial values are x1(0) = 0.3, x;(0) = 0.4 and the fixed parameters are y = 3,4 = 0.5,b = 7.
(a) Change of LEs. (b) Change of bifurcation diagram.
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Figure 16. Lyapunov exponents and bifurcation diagram of 2D-MCLS changing with parameter €,
when the initial values are x1(0) = 0.3, x,(0) = 0.4 and the fixed parameters are y = 3,4 = 0.5,b = 7.
(a) Change of LEs. (b) Change of bifurcation diagram.

As shown in Figure 15a, the change of the system state with the variation of € is also
symmetrical. In the range where € is greater than 0, the LE; becomes negative when €
increases to 0.4. In the range where € is smaller than 0, the LE; becomes negative when €
decreases to —0.66. Additionally, the LE, remains negative when € is taken from the range
of [3,6]. As shown in Figure 15b, the sequence of 2D-CLS is chaotic while parameter e
changes from —0.66 to 0.4. There are several periodic windows when the parameter € is
greater than 0.56 or smaller than —0.66. Additionally, the value of the sequence remains
0 when e increases from 3 to 6 although the LE; is positive, which shows that the 2D-
CLS fails to expand the dimension with chaotic states with parameter ¢ taken from [3, 6].
As shown in Figure 16a, 2D-MCLS remains hyperchaotic when € changes in the range
of (—1.6,0.66). Additionally, in Figure 16b, there are only two periodic windows in the
range of [—2.02,—1.92] and [1.16,1.2], respectively. Additionally, in the range of [3, 6],
the sequence of 2D-MCLS is generally chaotic. The Lyapunov exponents and bifurcation
diagrams of the 2D-CLS and 2D-MCLS show a symmetrical decreasing trend with the
increase of the absolute value of €.

4.3. Global Dynamics Analysis Based on Lyapunov Exponents

By calculating LEs for the values within the whole initial value range, the influence of
the initial value change on the dynamics performance of the system can be comprehensively
investigated. By comparing the global dynamic characteristics of CLS and MCLs based on
initial values, it can explore the influence of discrete memristor on the CLS model.

The range of initial values of the CLS and MCLS is x1(0),x2(0) € [—1,1]. Take
300 points from the ranges and calculate the LEs as shown in Figure 17. According to
Figure 17a,b, the values of the first LE are positive in the whole range. Additionally, the first
LE of MCLS higher than the CLS’s except that LE of some initial value points is relatively
low. Similarly, in Figure 17¢,d, the second LE of MCLS is higher than that of CLS. However,
in Figure 17d, the diagram of the second LE of MCLS displays some points that are under
the zero plane and show negative values of the second LE, which explain that the MCLS is
non-hyperchaotic.
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Figure 17. Lyapunov exponents of 2D-CLS and 2D-MCLS with changing initial values. (a) Change
of the first LE of CLS. (b) Change of the first LE of MCLS. (c¢) Change of the second LE of CLS.
(d) Change of the second LE of MCLS.

4.4. The Complexity Analysis
4.4.1. The Permutation Entropy

The permutation entropy (PE) [40] can measure the complexity of a sequence. For a
one-dimensional sequence x with length N, reconstruct the sequence into a new sequence
with n-dimensional and lag time of T

X(t) = [x(t), x(t+1),...,x(t+ (n — 1)7)]T. (14)

Then PE is defined as

n!

H(n) = —)_ P(m;)log P(m;). (15)
i=1

where P(7;) is the occurrence probability of the ith type of permutation of n different
number. For a random sequence, the probability of all possible permutations of the numbers
in the sequence is equal, and the value of PE should be 1. If the PE of the sequence is close
to 1, it means that the sequence is highly random.

Choose the x; sequence to calculate the PE value varying with the four parameters,
respectively. The results are shown in Figure 18.
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Figure 18. PE of 2D-CLS and 2D-MCLS with x;(0) = 0.3, x,(0) = 0.4. (a) Change of PE with
parameter y whena = 0.5, b = 7, € = 0.03. (b) Change of PE with parameter a when u = 3,b = m,
€ = 0.03. (c) Change of PE with parameter b when y = 3,4 = 0.5, € = 0.03. (d) Change of PE with
parameter e when y = 3,2 =0.5,b = 7.

As shown in Figure 18a—c, the PE increases while y and b increase, and the PE of
MCLS increases more rapidly. Additionally, Figure 18d shows that the PE of CLS decreases
when parameter € increases but the PE of MCLS is relatively maintained close to 1 except
for a few dropping points. It can be seen from the analysis above that the changes in the
Lyapunov exponent, bifurcation diagram, and PE diagram are corresponding.

4.4.2. The Spectral Entropy Complexity

Spectral entropy is another method to measure the complexity of sequences, which
reflects the randomness of the sequence from the perspective of the energy spectrum. The
value range of spectral entropy is between [0, 1]. The closer the value is to 1, the more stable
the energy spectrum is and the better the randomness of the sequence is. Take 300 values
for each parameter, and calculate the spectral entropy for CLS and MCLS, respectively, as
shown in Figures 19 and 20.
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Figure 19. SE of 2D-CLS with x1(0) = 0.3, x,(0) = 0.4. (a) Change of SE with parameter y and €
when a = 0.5, b = 7. (b) Change of SE with parameter 2 and € when y = 3, b = 7. (c¢) Change of SE
with parameter b and € when i = 3, 2 = 0.5. (d) Change of SE with parameter 2 and b when y = 3,
e =0.03.

0

Figure 20. SE of 2D-MCLS with x; (0) = 0.3, x2(0) = 0.4. (a) Change of SE with parameter y and €
when a = 0.5, b = 7. (b) Change of SE with parameter a2 and € when y = 3, b = 7. (c) Change of SE
with parameter b and € when i = 3, 2 = 0.5. (d) Change of SE with parameter 2 and b when y = 3,
€ =0.03.
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As shown in Figure 19a—c, the color distribution is relatively even, changing with
parameters i, a, and b, but the color is shallow in the right part of the figures due to the
unstable parameter €. The SE stays value when increasing the value of €. In Figure 19b,
when € is set in the range [3,10], the SE value is low whatever a changes. In Figure 19d,
the lower right corner shows the low complexity of CLS. These shallow regions are filled
with deep color when adding the discrete memristor shown in Figure 20. The simulation
result shows that under the influence of discrete memristor, the complexity of hyperchaotic
sequence is improved, and the range of hyperchaotic system parameters is larger.

4.5. The 0-1 Test

The 0-1 test was proposed by Gottwald and Melbourne to analyze the randomness
of time series [41]. The calculation of 0-1 test does not need phase space reconstruction,
which reduces the calculation time. Through the 0-1 test, the states of CLS and MCLS can
be quickly judged. Two functions are defined as

s(t) = ¥ () sin(6(7)),t=1,2,... (16)
) = e+ X $li)j = 12,000 1

where ¢ (i) is the ith value of the observed sequence, and c is a positive constant. In the
paper, c is set to be 2. p(t) and s(t) are bounded if the sequence is non-chaotic. If p(t)
and s(t) behave as Brownian motion, the sequence is chaotic. An index to distinguish the
chaotic states is defined as

. log M(t)
K_tll)r?o logt ~
, Tt ) 12 (17)
M(t) = 7 Zl [p(j+1) —p()]
]:

It can distinguish chaotic and non-chaotic states of sequences in binary form, in which
K = 1 denotes a chaotic state and K = 0 denotes a non-chaotic state. Two variables p(t) and
s(t) are calculated in the process of the 01 test to describe the motion track of the sequence.
The track of the CLS system and the MCLS system with particulate parameter values are
depicted in Figure 21a,b, respectively. The figures show that the p — s track of the CLS and
the MCLS system are both irregular, which reflects that the two systems are chaotic.

60 ‘ ‘ ‘ ‘ 50
40¢ — 40/
301
201
“n w201
0 L
107
=207 1 0r
49 ‘ ‘ ‘ ‘ -10 ‘ ‘ ‘
=20 0 20 40 60 80 -50 0 50 100 150
p p
(a) (b)

Figure 21. The p — s diagram of 2D-CLS and 2D-MCLS with x;(0) = 0.3, x2(0) = 04. (a) p —s
diagram of CLS. (b) p — s diagram of MCLS.
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5. Discussion

In the above work, the proposed CLS model can effectively improve the complexity
of the simple chaotic maps by constructing a new closed-loop coupling modulation. The
added discrete memristor can further optimize the performance of discrete chaotic maps.
These characteristics are of great value in the application of pseudo-random generator
designs for information encryptions which needs larger keyspace and more random se-
quences. From the performance analysis of CLS, it can be concluded that the proposed
closed-loop coupling modulation is effective. Based on this result, it is worth further
exploration of the influence of time step variation on the chaotic system. The common
shape without an attractor generated by the CLS and MCLS shows no obvious trajectory,
but it is still bound in a certain range. This characteristic meets the need for encryption
designs. The discrete form means that it is easy to realize hardware implementation as
it does not need to solve differential equations. Further work is to conduct the hardware
implementation to analyze the feasibility of this type of model.

6. Conclusions

In this paper, an improved time-dependent closed-loop coupling is proposed to design
a dimension-changeable hyperchaotic CLS system. The discrete memristor is applied
to improve the complexity of CLS. The dynamics performance analysis shows that the
proposed method to construct discrete high-dimensional chaotic systems can generate a
symmetrical distribution of LEs and bifurcation diagrams with variations of parameters.
The randomness is effectively improved by the CLS. Additionally, the discrete memristor
has played a great role in maintaining the stability of chaotic states with the variation of
parameters. The proposed model with a discrete memristor shows a high value of the
application for information encryption. The work conducted above is of great interest
for further research on closed-loop coupling and the application of discrete memristors.
Additionally, the hardware implementation would be realized in future work.
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