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Initials-Boosted Coexisting Chaos in a 2-D Sine
Map and Its Hardware Implementation

Han Bao , Zhongyun Hua , Member, IEEE, Ning Wang , Lei Zhu , Mo Chen , and Bocheng Bao

Abstract—When chaotic sequences are used in engi-
neering applications, their oscillating amplitudes need to
be adjusted nondestructively. To accommodate this issue,
this article presents a simple 2-D sine map. It can not only
generate the chaotic sequences with high complexity, but
also boost the oscillating amplitudes by switching their
initial states. To show the complex dynamics of the sine
map, this article investigates its control parameters-related
dynamical behaviors and initials-boosted coexisting bifur-
cations using numerical methods. The results demonstrate
that the oscillating amplitudes of chaotic sequences gen-
erated by the sine map can be nondestructively controlled
by switching their initial states. This makes the sine map
more suitable for many chaos-based engineering applica-
tions. Furthermore, we develop a microcontroller-hardware
test platform to implement the sine map. The experimen-
tal results show that the platform synchronously outputs
multichannel initials-controlled chaotic sequences. We also
design a pseudorandom number generator to explore the
application of the sine map.

Index Terms—Chaos, chaotic sequence, hardware imple-
mentation, initial state, pseudorandom number generator,
sine map.

I. INTRODUCTION

CHAOTIC system attracts more and more attention from
various academic and industrial fields due to its potential

application merits [1], [2]. As a subdiscipline of nonlinear the-
ory, chaos theory studies chaotic behaviors that are sensitive
to initial conditions [3], [4]. Numerous continuous-time and
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discrete-time nonlinear systems can show chaotic behaviors.
These systems are considered to be chaotic in the sense of
mathematical definition if they are sensitive to initial condi-
tions and topological mixing, and have dense periodic orbits.
Thanks for these significant characteristics, chaotic systems
were deeply studied [5] and widely applied [6], [7]. In particular,
chaotic systems are usually employed in designing pseudoran-
dom number generator (PRNG) [8], [9] or chaotic encryption
algorithm-based cryptosystem [10], [11], since chaotic systems
have many similar dynamical characteristics with the PRNGs
and cryptosystems.

Coexisting multiple-stable states for fixed parameters, also
known as “multistability”, were revealed in natural, theoreti-
cal, and experimental chaotic systems [12]. Researchers found
that numerous continuous-time chaotic systems can show the
coexistence of multiple self-excited or hidden attractors with
their isolated attraction basins [12], [13]. These systems include
the nonlinear chaotic/hyperchaotic systems [14], memristor-
based oscillating circuits and systems [15], memristor synapse-
coupled Hopfield neural network and neuron model [16], [17],
and specified offset-boostable chaotic systems [18]. Similar to
the continuous-time dynamical systems, discrete-time iterative
maps are also an essential category of chaotic systems and many
of them can generate the coexisting multiple attractors with
self-excited or hidden oscillating modes, such as the piecewise
linear maps [19], multidimensional nonlinear hyperchaotic map
[20], periodically modulated logistic maps [21], and multilevel
dc/dc converters [22]. For a multiple-stable chaotic system, its
final state depends closely on its initial conditions, which are
crucial to the emergence of coexisting dynamical behaviors [14].
The initial-dependent multistability offers a great flexibility to
many chaos-based engineering applications [12]. When com-
bined with some appropriate control laws, it can be used to
induce an explicit switching between different coexisting steady
states [5]. Therefore, multistability control is a very important
control manner in applied nonlinear science. It can lead the
continuous-time or discrete-time chaotic systems to generate
desired oscillating states.

The initial-dependent multistability is generally an intrinsic
property of chaotic systems. The multistability can be achieved
using some methods. A representative method is to import ideal
memristors into existing circuits or systems [5], [15], because
the memristive chaotic circuits and systems with infinite many
equilibrium points are extremely easy to emerge the coexistence
of initial-dependent multiple attractors. Another representative
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method is to lead periodic functions to offset-boostable sys-
tems [23]. This is because these chaotic systems with periodic
nonlinearities also have infinitely many equilibrium points,
which permit the coexistence of offset-boosted multiple at-
tractors herein. Recently, by combining the two representative
methods above, researchers proposed a novel method by intro-
ducing the memristors with sine or cosine memductances into
the offset-boostable dynamical systems [24]. This method can
implement initial-boosted infinitely many coexisting bifurca-
tions and attractors due to the emergence of initial-dependent
self-similar bifurcation structures [24]. Although some effective
methods were reported to implement multistability in the last few
years, these methods were all applied to continuous-time chaotic
systems. Thus, to achieve the coexistence of infinitely many
attractors boosted by initial states in discrete-time chaotic map
is attracting. However, such discrete-time chaotic maps were not
reported in the previous literature.

To achieve initial-dependent multistability in discrete-time
chaotic map, this article presents a novel 2-D sine map with
simple algebraic structure. Analysis results show that, different
from previously reported chaotic maps, the presented 2-D sine
map has infinitely many line fixed points and these fixed points
are unstable or critical stable, dependent on the control parame-
ters and initial states. Such a nice property enables the 2-D sine
map to exhibit control parameters-related dynamical behaviors
and initials-boosted attractors’ behaviors. Particularly, the 2-D
sine map can provide initials-boosted infinitely many chaotic
sequences, which have basically same performance indicators
[24]–[27] and show better unpredictability than the chaotic
sequences generated by most existing chaotic maps [28]–[32].
Therefore, the oscillating amplitudes of the chaotic sequences
generated by the 2-D sine map can be nondestructively con-
trolled by switching their initial states. This property is very
important for many chaos-based engineering applications [7],
and the existing chaotic maps do not have this property. More-
over, we develop a hardware test platform with synchronous
multichannel outputs to implement the 2-D sine map and design
a PRNG to explore its application. The test results demonstrate
that the 2-D sine map can generate pseudorandom numbers
(PRNs) with high randomness.

The rest of this article is organized as follows. Section II
presents the 2-D sine map, and investigates its stability of the
fixed points and control parameters-related dynamical behav-
iors. Section III studies the initials-boosted coexisting bifur-
cations and attractors of the 2-D sine map, and evaluates the
performance of its initials-controlled chaotic sequences. Sec-
tion IV implements the 2-D sine map in a microcontroller-based
hardware test platform and applies it to the application of PRNG.
Finally, Section V concludes this article.

II. TWO-DIMENSIONAL SINE MAP AND

DYNAMICAL BEHAVIORS

An effective method of producing infinitely many coexisting
disconnected attractors is to introduce periodic functions into
the offset-boostable dynamical systems [23]. Motivated by this

strategy, this section presents a novel 2-D sine discrete-time map
by introducing the sine functions into a simplest 2-D linear map.
The definition of the 2-D sine map is written as{

xn+1 = xn + a sin(yn)

yn+1 = yn + b sin(xn) sin(yn)
(1)

where n is a natural number, xn and yn are two states at step n,
and a, b are two control parameters.

A. Stability for Infinitely Many Line Fixed Points

The stability of a discrete-time map can be described using its
fixed points. A fixed point of a discrete-time map is an element
of its domain that maps to itself [8]. The fixed points of the 2-D
sine map in (1) are denoted as S = (x∗, y∗), where{

x∗ = x∗ + a sin(y∗)
y∗ = y∗ + b sin(x∗) sin(y∗).

(2)

Obviously, the 2-D sine map has infinitely many line fixed
points, which is expressed as

S = (x∗, y∗) = (μ,mπ) (3)

where μ is an arbitrary constant and m is an integer number.
The fixed points of a discrete-time map can be stable or

unstable. The stability of the fixed points can be reflected by
the eigenvalues of its Jacobian matrix. The Jacobian matrix of
the 2-D sine map at the fixed point S = (x∗, y∗) is written as

JS =

[
1 a cos(y∗)

b cos(x∗) sin(y∗) 1 + b sin(x∗) cos(y∗)

]

=

[
1 ±a

0 1 ± b sin(μ)

]
. (4)

The characteristic polynomial equation of (4) is derived as

P (λ) = (λ − 1)[λ − 1 ∓ b sin(μ)]. (5)

Let λ1 and λ2 be the two eigenvalues of the Jacobian matrix
(4). The fixed point is stable if the absolute values of all the two
eigenvalues λ1 and λ2 are less than 1, i.e., |λ1| < 1 and |λ2| < 1,
and it is unstable if at least one of the absolute value of λ1 and
λ2 is greater than 1, i.e., |λ1| > 1 or (and) |λ2| > 1. From (5),
one can calculate the two eigenvalues as

λ1 = 1, λ2 = 1 + b sin(μ) (6a)

or

λ1 = 1, λ2 = 1 − b sin(μ). (6b)

Clearly, the eigenvalue λ1 is always located on the unit circle.
The eigenvalue λ2 is always outside the unit circle when the
arbitrary constant μ, i.e., initial state x0 of the state x, satisfies
that 2kπ < μ < (2k + 1)π for b > 0 in (6a) or b < 0 in (6b) or
satisfies that (2k−1)π < μ < 2kπ for b < 0 in (6a) or b > 0 in
(6b). This leads to that all the fixed points are unstable. On the
other hand, λ2 is always inside the unit circle when μ satisfies
that (2k−1)π < μ < 2kπ for b > 0 in (6a) or b < 0 in (6b) or
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Fig. 1. 2-D dynamical behaviors distributed in the a-b parameter space
under the initial states x0 = −2 and y0 = 1. (a) 2-D bifurcation plot
by measuring the iterative sequence periodicities. (b) 2-D LLE plot by
calculating the LLE.

satisfies that 2kπ < μ < (2k + 1)π for b < 0 in (6a) or b > 0 in
(6b). This makes that all the fixed points are critical stable.

It is obvious that the presented 2-D sine map has infinitely
many line fixed points and the stabilities of these fixed points
depend on the signs of the parameter b and initial states. Thus,
the stability of the 2-D sine is also dependent on its control
parameters and initial states.

B. Control Parameters-Related Dynamical Behaviors

To analyze the properties of the 2-D sine map, we investigate
its control parameters-related dynamical behaviors in aspects of
2-D bifurcation, largest Lyapunov exponent (LLE), and phase
plane trajectory. The initial states of the 2-D sine map are set as
fixed values, i.e., x0 = −2 and y0 = 1.

A colorful 2-D bifurcation plot can be depicted in the 2-D
parameter space by measuring the iterative sequence period-
icities of a discrete-time map [5]. Fig. 1(a) displays the 2-D

Fig. 2. Phase plane trajectories of the 2-D sine map for four sets of
control parameters under the initial states x0 = −2 and y0 = 1. The
control parameters a, b and attractor types are also provided together in
the figures.

bifurcation plot of the 2-D sine map with a � [−1.6, 1.6] and
b ∈ [−4.6,−2.5] ∪ [2.5, 4.6]. The parameter regions emerging
the trajectories with different periodicities are coded using dif-
ferent colors. The red regions labeled by CH represent the chaos
and quasi-period regions, and the other color regions labeled by
P1 to P8 represent period-1 to period-8 regions, respectively.
It is clearly viewed from Fig. 1(a) that the coded colors have
the transitions from blue (period-2), to green (period-4), further
to yellow (period-8), and finally to red (chaos), leading to
the existence of period-doubling bifurcation route to chaos. In
addition, a periodic window with period-4 can be clearly seen
in the parameter space.

The Wolf’s algorithm-based LLE is an indicator of chaos and
a colorful 2-D LLE plot can be depicted in the 2-D parameter
space by calculating the values of LLE of a discrete-time map.
Fig. 1(b) illustrates the 2-D LLE plot of the 2-D sine map with
the parameter regions used in Fig. 1(a). The parameter regions
emerging the trajectories with different LLE values are coded
by different colors. The yellow–red–white regions marked as the
positive values represent chaos regions, the dark-yellow regions
marked as the zero represent the quasi-period and period regions,
and the black regions marked as the negative values represent
the period regions. Therefore, the LLE plot in Fig. 1(b) is an
effective way to supplement the descriptions of bifurcation plot
in Fig. 1(a). As can be observed from Fig. 1(a) and (b), except for
the quasi-period regions, the distributions of the period and chaos
regions figured out by the 2-D bifurcation and LLE plots are
consistent. Notice that the quasi-period behavior has a zero LLE
but its periodicity is uncountable, similar with chaotic behavior.

Afterward, four settings of control parameter are picked from
different color-coded regions given in Fig. 1. The phase plane
trajectories of the 2-D sine map under these four parameter
settings are obtained and shown in Fig. 2. As can be seen,
four types of attractors are demonstrated, including the chaos
with complex fractal structure, quasi-period with two closed
curves, period-6 with six discrete points, and chaos with simple
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TABLE I
LES AND ATTRACTOR TYPES FOR DIFFERENT CONTROL PARAMETERS

two pieces. Besides, we also calculate out the two Lyapunov
exponents (LEs) of the 2-D sine map under these four pa-
rameter settings using the Wolf’s algorithm. The results listed
in Table I are consistent with the phase plane trajectories in
Fig. 2. Consequently, the 2-D sine map has complex dynamics
and its dynamical behaviors closely depend on its two control
parameters.

III. INITIALS-BOOSTED BIFURCATIONS AND ATTRACTORS

This section investigates the initials-boosted bifurcations and
attractors of the 2-D sine map using 1-D bifurcation and LE
plots, phase plane trajectory, and local basin of attraction.

A. Initials-Boosted Coexisting Bifurcation Behaviors

To exhibit initials-boosted bifurcation behaviors of the 2-D
sine map intuitively, we investigate the control parameter-related
bifurcation diagrams under some specified initial states.

The control parameter a and two initial states are set as a =
1.5, x0=−2+ kπ (k= 0,±1,±2, 3), and y0= 1. The bifurcation
diagrams of the state x and the LEs for x0 = −2 are simulated
when the control parameter b is increased in the symmetrical
regions [−4.6, −2.5] and [2.5, 4.6], as shown in Fig. 3(a). One
can see that the bifurcation diagrams for x0 = −2 + kπ with
even k have the same structure, and those for x0 =−2 + kπ with
odd k have the same structure as well. However, these two kinds
of bifurcation structures have slight differences.

Next the control parameter b and two initial states are set
as b = 3.8, x0 = −2, and y0 = 1 + 2mπ (m = 0, ±1, ±2).
The bifurcation diagrams of the state y and the LEs for y0 =
1 are simulated when the control parameter a is increased in
the region [−1.6, 1.6], as shown in Fig. 3(b). One can find that
the bifurcation diagrams with the same structure are boosted by
switching the initial state y0 in a 2π cycle.

According to the results in Fig. 3(a) and (b), the coexisting
bifurcations of the 2-D sine map are boosted by switching
its initial states in a 2π cycle. In particular, when k and m
increase to infinite, infinitely many initials-boosted bifurcations
are emerged only with two dimensions. This is similar with the
reported memristor initial-boosted plane bifurcations in a two-
memristor-based 5-D continuous-time chaotic system [24].

B. Boosting Behaviors Induced by Two Initial States

Taking the control parameters a = 1.5 and b = 3.8 as a typical
parameter setting, this subsection discloses and discusses the
state boosting behaviors of the 2-D sine map by adjusting its

Fig. 3. Initials-boosted bifurcation behaviors along x- or y-axis. (a) For
a = 1.5, x0 = −2 + kπ (k = 0, ±1, ±2, 3), and y0 = 1, bifurcation
diagrams as b varies in [−4.6, −2.5] and [2.5, 4.6]. (b) For b = 3.8, x0
= −2, and y0 = 1 + 2mπ (m = 0, ±1, ±2), bifurcation diagrams as a
varies in [−1.6, 1.6].

two initial states. Then, the dynamical effects of each initial
state in the 2-D sine map can be readily deduced.

For fixed y0 = 1, when x0 is regarded as a boosting controller,
one can plot the bifurcation diagram of the state x that is shown
in Fig. 4(a). As can be seen, the linear and 1-D offset boosting
is observed along the positive direction of x-axis. In this case,
the chaotic attractor maintains a step change with height π in
the amplitude, whereas x0 is discretely boosted in a width 2π
periodic cycle.

For fixed x0 = −2, when y0 is regarded as a boosting con-
troller, one can also plot the bifurcation diagram of the state y that
is shown in Fig. 4(b). It shows that y0 can almost linearly boost
the chaotic attractor along the positive direction of y-axis. In this
case, the chaotic attractor holds a step change with height 2π in
the amplitude. On the same step, y0 has an offset of width 2π.
However, there exist position mutations in three narrow regions
on each step.
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Fig. 4. For a = 1.5 and b = 3.8, bifurcation diagrams of the states x
and y with respect to two initial states. (a) Initial state x0 as a bifurcation
parameter with y0 = 1. (b) Initial state y0 as a bifurcation parameter with
x0 = −2.

Fig. 5. Initials-boosted chaotic attractors in the xy-plane, showing the
coexistence of 27 chaotic attractors with different positions, where a =
1.5, b = 3.8, x0 = −2 + kπ (k = 0, ±1, ±2, 3), y0 = 1 + 2mπ (m = 0,
±1, ±2). Here black for (k, m) = (0, 0), red for (k, m) = (0, 1), blue for
(k, m) = (0, −1) (just a few examples).

Particularly, Fig. 4 shows that the initials-boosted dynamical
behaviors of the 2-D sine map have good robustness. This
property makes the presented 2-D sine map more suitable for
many chaos-based engineering applications.

C. Initials-Boosted Plane Coexisting Attractors

With the phase plane trajectories in Fig. 2, we can know that
the 2-D sine map for a = 1.5 and b = 3.8 displays chaos with
complex fractal structure. When the initial states x0 and y0 are
boosted, the phase plane trajectories of chaotic attractors in the
xy-plane are depicted in Fig. 5, where the coexistence of 27
chaotic attractors is plotted. Note that to obtain a better visual
effect, we only plot partial chaotic attractors. Much more chaotic
attractors can be generated with the increase of m and k. Besides,

Fig. 6. For a = 1.5 and b = 3.8, chaotic basin of attraction in the x0 –
y0 planes, where both x0 and y0 are restricted to the region [−2π, 2π],
and the colorbar shows the coexistence of 25 chaotic attractors with
different positions.

as can be observed from Fig. 5 that the chaotic attractors for
x0 = −2 + kπ with even k have the same structure, and those
for x0 = −2 + kπ with odd k have the same structure as well.
However, the extended directions of these two types of chaotic
attractors are different.

The phase plane trajectories of the chaotic attractors in Fig. 5
manifest that the initials-boosted behaviors strongly depend on
the two initial states. To better display these coexisting behaviors
distributed on the initial plane, we plot the local basin of attrac-
tion for a = 1.5 and b = 3.8 in the x0 – y0 plane and show the
results in Fig. 6. As can be seen, the regions painted by different
colors stand for the attraction regions of chaotic attractors with
different positions. As a result, the local basin of attraction
has complex manifold topologies and basin boundaries. This
involves different color blocks labeled by number 1 to 25 on the
colorbar in the specific regions [−2π, 2π] × [−2π, 2π] of the
initial states, indicating the coexistence of 25 chaotic attractors
with different positions.

D. Performance Evaluation of Chaotic Sequences

With the initials-boosted chaotic attractors shown in Fig. 5,
the initials-controlled chaotic sequences can be generated from
the 2-D sine map. The control parameters are set as a= 1.5 and b
= 3.8, and the initial states are assigned as x0 =−2 + kπ (k = 0,
1, 2) with y0 = 1 and y0 = 1+ 2mπ (m=−1, 0, 1) with x0 =−2,
respectively. Thus, six chaotic sequences can be generated by the
2-D sine map and they are shown in Fig. 7. Actually, there are
five different chaotic sequences and two chaotic sequences are
repetitive. These numerical results indicate that the oscillating
amplitudes of the generated chaotic sequences can be controlled
by switching the initial states.

The dynamical performances of the initials-controlled chaotic
sequences generated by the 2-D sine map can be evaluated
using the Wolf’s algorithm-based LEs (LE1, LE2), Kaplan–
Yorke dimension (DKY ) [25], permutation entropy (PE) [26],
correlation dimension (CorDim) [27], and spectral entropy (SE)
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Fig. 7. Initials-controlled chaotic sequences of 2-D sine map, demon-
strating the emergence of initials-controlled robust chaos. (a) Initial
state x0-boosted chaotic sequences along the x-axis. (b) Initial state
y0-boosted chaotic sequences along the y-axis.

TABLE II
PERFORMANCE EVALUATIONS FOR CHAOTIC SEQUENCES OF 2-D SINE MAP

[24]. Note that the length of all chaotic sequences is set to 105.
The calculated results for the five different chaotic sequences
plotted in Fig. 7 are listed in Table II. As can be seen, these
initials-controlled chaotic sequences have almost the same re-
sults for different indictors. The slight differences are caused by
the numerical calculation errors. This indicates that the chaotic
sequences of the 2-D sine map have high controllability by the
initial states and that the initials-controlled chaos is robust.

TABLE III
PERFORMANCE COMPARISONS FOR CHAOTIC SEQUENCES OF

SOME 2-D MAPS

Table III compares the dynamical performance of the pre-
sented 2-D sine map with those of six reported 2-D chaotic
maps within their respective chaotic regions. These reported
2-D chaotic maps include the Hénon map [28], chaotic map with
closed curve fixed points (Map CFa) [29], hidden chaotic map
(Map NFIa) [30], first quadratic chaotic map (Map NEM1) [31],
sine Logistic modulation (2D-SLM) map [32], and enhanced
Hénon (E-Hénon) map [8]. Generally, a 2-D discrete-time map
has two LEs and its LLE determines the chaotic dynamics of
this map. One can see that the presented 2-D sine map possesses
considerably larger LLE than most existing 2-D chaotic maps
except for the E-Hénon map. Meanwhile, the 2-D sine chaotic
map can achieve larger CorDim and SE than many existing
2-D chaotic maps. The comparative results indicate that the
initials-controlled chaotic sequences generated by the presented
2-D sine map have better unpredictability. Usually, the chaotic
sequences of high-dimensional discrete-time chaotic maps [8]
may have more outstanding dynamical performance. However,
these chaotic maps do not have the striking nondestructive
control property by switching the initials states.

IV. HARDWARE TEST PLATFORM AND APPLICATION

This section implements the 2-D sine map in a hardware test
platform and applies it to the application of PRNG.

A. Microcontroller-Based Hardware Implementation

Due to the properties of ultralow power, and strong con-
trollability, the pony-size and low-cost microcontroller is
widely used in industrial electronics [9]. Hence, we develop
a microcontroller-based hardware test platform to implement
the presented 2-D sine map. The hardware devices contain
one microcontroller MSP430F149 (16-bit), two D/A converters
TLV5638 (12-bit), and other needful peripheral circuits. The
microcontroller is utilized for implementing the 2-D sine map,
the two D/A converters provide multichannel analog voltage
output, and the digital oscilloscope directly displays the results.

First, program the 2-D sine map using C language according
to its mathematical expression, and then download the program
to the microcontroller. The control parameters of the 2-D sine
map are set as a = 1.5 and b = 3.8, and its initial states are
assigned as x0 = −2 + kπ (k = 0, 1, 2) and y0 = 1 + 2mπ
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Fig. 8. Hardware devices of the microcontroller-based test platform
and the generated chaotic sequences.

Fig. 9. Initials-controlled chaotic sequences measured from the hard-
ware test platform. (a) Initial state x0-boosted chaotic sequences along
the x-axis. (b) Initial state y0-boosted chaotic sequences along the
y-axis.

(m = −1, 0, 1). After the control parameters and initial states
are preloaded in the hardware platform, run the program in the
microcontroller and three-channel chaotic sequences of the 2-D
sine map can be synchronously generated.

Fig. 8 displays the snapshot of the hardware experimental pro-
totype. The generated three-channel chaotic signals are captured
by the digital oscilloscope and shown in Fig. 9. It shows that
two sets of three-channel chaotic sequences along x- and y-axis
randomly oscillate in the separately fixed amplitude ranges. The
test results demonstrate the correctness and feasibility of the
hardware implementation of the 2-D sine map, and also indicate
the generation of initial-controlled robust chaos in the hardware
devices.

B. Application in Pseudorandom Random
Number Generator

Chaotic systems are widely studied in generating PRNs and
chaos-based PRNGs have attracted increasing attention in in-
dustrial applications [1], [2]. When a chaotic system is used to
generate PRNs, its dynamical performance highly determines
the performance of the generated PRNs. Because the presented

2-D sine map has complex dynamics, it can show high perfor-
mance in the application of PRNG [7]–[9].

Here, a PRNG is designed using the initials-controlled
chaotic sequences generated by the 2-D sine map. Suppose
X = {x1, x2, . . . , xn} or X = {y1, y2, . . . , yn} is a generated
chaotic sequence by the 2-D sine map, a set of PRNs Pi with
amplitude [0, N) can be obtained as follows:

Pi = �(Xi + |Xmin|) ·K�modN (7)

where K is a positive integer, Xmin is the minimum value of X,
and �·� denotes the least integer not larger than “·” Afterward,
the corresponding pseudorandom binary streams are obtained
by converting the integer PRNs into the binary streams.

A PRGN with high performance is expected to generate PRNs
with high randomness. Here, we use the National Institute of
Standards and Technology (NIST) SP800-22 test suit [33] to
test the performance of the pseudorandom bitstreams generated
by the proposed PRGN. The NIST SP800-22 is a convinced
random number test suite that includes 15 subtests. Each subtest
is designed to find out the nonrandom area within a binary
stream. The significance levelα is used to measure the statistical
error and it is suggested as 0.01. The length of binary stream
should be no smaller than 106. To obtain statistically meaningful
results and reasonably accurate confidence interval, we here set
the number of binary stream sample as 1000.

When generating PRNs using the PRNG in (7), our exper-
iment sets N as 256 and choose the parameter K as a large
positive integer, i.e., K = 106. Since each integer PRN Pi is
with amplitude [0, N), it can be converted into an 8-bit binary
stream. Thus, a binary stream of length 106 can be obtained
using a chaotic sequence of length 125 000. Two collections
of binary streams are generated from the chaotic sequences as
follows. First, set the control parameters of the 2-D sine map as
a = 1.5 and b = 3.8, and set its initial states as x0 =−2 + π + ϵ
and y0 = 1, where ϵ is a tiny value that are randomly generated
within interval (0, 0.001). When ϵ is randomly configured 1000
times, 1000 chaotic sequences with the state x can be generated.
Then, a collection of 1000 binary streams of length 106 can be
obtained from the chaotic sequences. Similarly, when setting its
initial states as x0 = −2 and y0 = 1 + 2π + ϵ, and keeping
the control parameters unchanged, another collection of 1000
binary streams of length 106 can be obtained using the state y.

The two collections of binary streams are tested using the
NIST SP800-22 test suite and Table IV summarizes the testing
results. According to the calculation in [33], the minimum pass
proportions are approximately 0.980 for a sample size 1000. The
P-valueT is to measure the uniform distribution of the P-values
and is calculated as

P -valueT = igamc(9/2, χ2/2) (8)

where igamc(·) is the incomplete gamma function and

χ2 =

10∑
i=1

(Fi − s/10)2

s/10
(9)

where uniformly divide the data range into ten subintervals and
Fi is the number of P-value in the ith subinterval. If the obtained
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TABLE IV
NIST STATISTICAL TEST RESULTS OF THE PROPOSED PRNG

∗Nonoverlapping template test, Random excursions test, and Random excursions variant
test are comprised of 148, 8, and 18 subtests, respectively. The worst result of multiple
subtests is reported.

P-valueT is larger than or equal to 0.0001, the P-values are
considered to uniformly distribute to pass the related subtest.
As can be seen from the table, when using the two collections
of 1000 binary streams as the test input, respectively, all the
generated pass proportions are larger than the minimum pass
proportions, and all the P-valueTs are larger than 0.0001. This
indicates that the presented 2-D sine map can generate a large
number of PRNs owning high randomness.

V. CONCLUSION

The chaotic dynamics of nonlinear systems was generally
dependent on their control parameters. This made the generated
chaotic sequences difficult to guarantee consistent dynamics
with the evolution of their control parameters. To address this
issue, this article presented a 2-D sine map. The chaotic at-
tractors of chaotic sequences generated by the 2-D sine map
were repeatedly boosted in the phase space by switching its
initial states. This can ensure that the boosted chaotic sequences
were robust to chaos and thereby the oscillating amplitudes can
be nondestructively controlled. These advantages allowed the
presented 2-D sine map to have the potential application merits.

Due to the infinitely many line fixed points, the 2-D sine map
displayed complex dynamics under different control parameters
and initial states. The control parameters-related dynamical be-
haviors and initials-boosted attractors’ behaviors were explored
using multiple numerical methods. Performance evaluations
clarify that the initials-boosted chaotic sequences have almost
the same indicators and they have better unpredictability than
those chaotic sequences generated by many existing chaotic
maps. To show the implementation, a microcontroller-based

hardware test platform was developed, which can synchronously
output the initials-boosted chaotic sequences. To demonstrate
its applications, the 2-D sine map was applied to design PRNG.
Performance analysis showed that the 2-D sine map can generate
random numbers with high randomness, which is suitable for
chaos-based engineering applications. Certainly, implementing
the 2-D sine map-based PRNG and cryptosystem for secure com-
munications [34] and image encryptions [35] deserves further
study.

ACKNOWLEDGMENT

The authors would like to thank the anonymous reviewers for
their valuable comments and suggestions that greatly contribute
to improving the quality of the manuscript.

REFERENCES

[1] X. Meng, P. Rozycki, J.-F. Qiao, and B. M. Wilamowski, “Nonlinear
system modeling using RBF networks for industrial application,” IEEE
Trans. Ind. Informat., vol. 14, no. 3, pp. 931–940, Mar. 2018.

[2] Y. Deng, H. Hu, W. Xiong, N. N. Xiong, and L. Liu, “Analysis and design of
digital chaotic systems with desirable performance via feedback control,”
IEEE Trans. Syst., Man, Cybern., Syst., vol. 45, no. 8, pp. 1187–1200,
Aug. 2015.

[3] C. Li, B. Feng, S. Li, J. Kurths, and G. Chen, “Dynamic analysis of digital
chaotic maps via state-mapping networks,” IEEE Trans. Circuits Syst. I,
vol. 66, no. 6, pp. 2322–2335, Jun. 2019.

[4] S. H. Luo and Y. D. Song, “Chaos analysis-based adaptive backstepping
control of the microelectromechanical resonators with constrained output
and uncertain time delay,” IEEE Trans. Ind. Electron., vol. 63, no. 10,
pp. 6217–6225, Oct. 2016.

[5] M. Chen, M. Sun, H. Bao, Y. Hu, and B. Bao, “Flux-charge analysis of
two-memristor-based Chua’s circuit: Dimensionality decreasing model for
detecting extreme multistability,” IEEE Trans. Ind. Electron., vol. 67, no.
3, pp. 2197–2206, Mar. 2020.

[6] D. Abbasinezhad-Mood and M. Nikooghadam, “Efficient anonymous
password-authenticated key exchange protocol to read isolated smart
meters by utilization of extended Chebyshev chaotic maps,” IEEE Trans.
Ind. Informat., vol. 14, no. 11, pp. 4815–4828, Nov. 2018.

[7] Z. Hua, B. Zhou, and Y. Zhou, “Sine chaotification model for enhancing
chaos and its hardware implementation,” IEEE Trans. Ind. Electron.,
vol. 66, no. 2, pp. 1273–1284, Feb. 2019.

[8] Z. Hua, Y. Zhou, and B. Bao, “Two-dimensional sine chaotification system
with hardware implementation,” IEEE Trans. Ind. Informat., vol. 16, no.
2, pp. 887–897, Feb. 2020.

[9] M. Bakiri, C. Guyeux, J.-F. Couchot, L. Marangio, and S. Galatolo, “A
hardware and secure pseudorandom generator for constrained devices,”
IEEE Trans. Ind. Informat., vol. 14, no. 8, pp. 3754–3765, Aug. 2018.

[10] Y. Zhang and X. Wang, “A new image encryption algorithm based on
non-adjacent coupled map lattices,” Appl. Soft Comput., vol. 26, pp. 10–20,
Jan. 2015.

[11] Y. Zhang and X. Wang, “A symmetric image encryption algorithm based
on mixed linear–nonlinear coupled map lattice,” Inf. Sci., vol. 273, pp. 329–
351, Jul. 2014.

[12] A. N. Pisarchik and U. Feudel, “Control of multistability,” Phys. Rep.,
vol. 540, no. 4, pp. 167–218, Jul. 2014.

[13] D. Dudkowski, S. Jafari, T. Kapitaniak, N. V. Kuznetsov, G. A. Leonov, and
A. Prasad, “Hidden attractors in dynamical systems,” Phys. Rep., vol. 637,
no. 3, pp. 1–50, Jun. 2016.

[14] J. Ma, F. Wu, G. Ren, and J. Tang, “A class of initials-dependent dynamical
systems,” Appl. Math. Comput., vol. 298, 65–76, Apr. 2017.

[15] F. Corinto and M. Forti, “Memristor circuits: Bifurcations without pa-
rameters,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 64, no. 6,
pp. 1540–1551, Jun. 2017.

[16] C. Chen, J. Chen, H. Bao, M. Chen, and B. Bao, “Coexisting multi-stable
patterns in memristor synapse-coupled Hopfield neural network with two
neurons,” Nonlinear Dyn., vol. 95, no. 4, pp. 3385–3399, Mar. 2019.

[17] H. Bao, A. Hu, W. Liu, and B. Bao, “Hidden bursting firings and bifurcation
mechanisms in memristive neuron model with threshold electromagnetic
induction,” IEEE Trans. Neural Netw. Learn. Syst., vol. 31, no. 2, pp. 502–
511, Feb. 2020.

Authorized licensed use limited to: University Town Library of Shenzhen. Downloaded on October 10,2023 at 13:44:09 UTC from IEEE Xplore.  Restrictions apply. 



1140 IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. 17, NO. 2, FEBRUARY 2021

[18] Q. Lai, C. Chen, X. Zhao, J. Kengne, and C. Volos, “Constructing
chaotic system with multiple coexisting attractors,” IEEE Access, vol. 7,
pp. 24051–24056, 2019.

[19] M. Patra, “Multiple attractor bifurcation in three-dimensional piecewise
linear maps,” Int. J. Bifurc. Chaos, vol. 28, no. 10, 2018, Art. no. 1830032.

[20] H. Natiq, S. Banerjee, M. R. K. Ariffin, and M. R. M. Said, “Can
hyperchaotic maps with high complexity produce multistability?” Chaos,
vol. 29, Jan. 2019, Art. no. 011103.

[21] T. U. Singh, A. Nandi, and R. Ramaswamy, “Coexisting attractors in peri-
odically modulated logistic maps,” Phys. Rev. E, vol. 77, no. 6, Jun. 2008,
Art. no. 066217.

[22] Z. T. Zhusubaliyev, E. Mosekilde, and E. V. Pavlova, “Multistability and
torus reconstruction in a DC–DC converter with multilevel control,” IEEE
Trans. Ind. Informat., vol. 9, no. 4, pp. 1937–1946, Nov. 2013.

[23] C. Li and J. C. Sprott, “An infinite 3-D quasiperiodic lattice of chaotic
attractors,” Phys. Lett. A, vol. 382, no. 8, pp. 581–587, Feb. 2018.

[24] H. Bao, M. Chen, H. Wu, and B. Bao, “Memristor initial-boosted coex-
isting plane bifurcations and its extreme multi-stability reconstitution in
two-memristor-based dynamical system,” Sci. China Technol. Sci., vol. 63,
no. 4, pp. 603–613, Apr. 2020.

[25] P. Frederickson, J. L. Kaplan, E. D. Yorke, and J. A. Yorke, “The Liapunov
dimension of strange attractors,” J. Differential Equ., vol. 49, no. 2,
pp. 185–207, Aug. 1983.

[26] C. Bandt and B. Pompe, “Permutation entropy: A natural complexity
measure for time series,” Phys. Rev. Lett., vol. 88, no. 17, Apr. 2002, Art.
no. 174102.

[27] J. Theiler, “Efficient algorithm for estimating the correlation dimension
from a set of discrete points,” Phys. Rev. A, vol. 36, no. 9, pp. 4456–4462.
Nov. 1987.

[28] M. Hénon, “A two-dimensional mapping with a strange attractor,” Com-
mun. Math. Phys., vol. 50, no. 1, pp. 69–77, Feb. 1976.

[29] H. Jiang, Y. Liu, Z. Wei, and L. Zhang, “A new class of two-dimensional
chaotic maps with closed curve fixed points,” Int. J. Bifurcation Chaos,
vol. 29, no. 7, 2019, Art. no. 1950094.

[30] H. Jiang, Y. Liu, Z. Wei, and L. Zhang, “Hidden chaotic attractors in a class
of two-dimensional maps,” Nonlinear Dyn., vol. 85, no. 4, pp. 2719–2727,
Sep. 2016.

[31] S. Panahi, J. Sprott, and S. Jafari, “Two simplest quadratic chaotic maps
without equilibrium,” Int. J. Bifurcation Chaos, vol. 28, no. 12, 2018, Art.
no. 1850144.

[32] Z. Hua, Y. Zhou, C. M. Pun, and C. L. P. Chen, “2D sine logistic modulation
map for image encryption,” Inf. Sci., vol. 297, pp. 80–94, Mar. 2015.

[33] A. L. Rukhin et al., A statistical Test Suite for Random and Pseudorandom
Number Generators for Cryptographic Applications. National Institute of
Standards and Technology Gaithersburg, MD, USA, Apr. 2010.

[34] C. Li, Y. Zhang, and E. Y. Xie, “When an attacker meets a cipher-image
in 2018: A year in review,” J. Inf. Secur. Appl., vol. 48, Oct. 2019, Art.
no. 102361.

[35] X. Wang, L. Teng, and X. Qin, “A novel colour image encryption algorithm
based on chaos,” Signal Process., vol. 92, no. 4, pp. 1101–1108, Apr. 2012.

Han Bao received the B.S. degree in landscape
design from Finance and Economics University
of Jiangxi, Jiangxi, China, in 2015 and the M.S.
degree in art and design from Changzhou Uni-
versity, Changzhou, China, in 2018. He is cur-
rently working toward the Ph.D. degree in non-
linear system analysis and measurement tech-
nology at Nanjing University of Aeronautics and
Astronautics, Nanjing, China.

He visited the Computer Science Depart-
ment, University of Auckland, New Zealand, in

2019. His current research interest includes memristive neuromorphic
circuit, nonlinear circuits and systems, and artificial intelligence.

Zhongyun Hua (Member, IEEE) received
the B.S. degree from Chongqing University,
Chongqing, China, in 2011, and the M.S.
and Ph.D. degrees from University of Macau,
Macau, China, in 2013 and 2016, respectively,
all in software engineering.

He is currently an Associate Professor with
the School of Computer Science and Technol-
ogy, Harbin Institute of Technology, Shenzhen,
China. His current research interests include
chaotic system, chaos-based applications, and
multimedia security.

Ning Wang received the B.S. and M.S. degree
in electronic information engineering and com-
puter application technology from Changzhou
University, Changzhou, China, in 2015 and
2018, respectively. He is currently working to-
ward the Ph.D. degree in control science and
engineering at Tianjin University, China.

His current research interests include nonlin-
ear circuits and systems, chaotic circuits and
systems, and nonlinear system control. He is
author and coauthor of 15 peer reviewed articles
in these areas.

Lei Zhu received the B.S. degree in me-
chanical engineering from Yangzhou University,
Yangzhou, China, in 2002, and the M.S. degree
in optical engineering from Yanshan University,
Qinhuangdao, China, in 2006.

He is currently an Associate Professor with
the School of Electrical and Information En-
gineering, Jiangsu University of Technology,
Changzhou, China. His current research inter-
est mainly focuses on nonlinear circuits and
systems.

Mo Chen received the B.S. degree in informa-
tion engineering, and the M.S. and the Ph.D.
degrees in electromagnetic field and microwave
technology from Southeast University, Nanjing,
China, in 2003, 2006, and 2009, respectively.

Between 2009 and 2013, she was a Lec-
turer with Southeast University, Nanjing, China.
She is currently an Associate Professor with the
School of Information Science and Engineer-
ing, Changzhou University, Changzhou, China.
Her current research interest includes memris-

tor and its application circuits, and other nonlinear circuits and systems.

Bocheng Bao received the B.S. and M.S. de-
grees in electronic engineering from the Uni-
versity of Electronics Science and Technology
of China, Chengdu, China, in 1986 and 1989,
respectively, and the Ph.D. degree in informa-
tion and communication engineering, Nanjing
University of Science and Technology, Nanjing,
China, in 2010.

He has more than 20 years experience in the
industry and was with several enterprises as
a Senior Engineer and the General Manager.

From 2008 to 2011, he was a Professor with the School of Electrical and
Information Engineering, Jiangsu University of Technology, Changzhou,
China. Then, he was a Full Professor with the School of Information
Science and Engineering, Changzhou University, Changzhou, China. In
2013, he visited the Department of Electrical and Computer Engineer-
ing, University of Calgary, Calgary, AB, Canada. His current research
interests include bifurcation and chaos, analysis and simulation in neu-
romorphic circuits, power electronic circuits, and nonlinear circuits and
systems. Prof. Bao was the recipient of The IET Premium Awards in
2018.

Authorized licensed use limited to: University Town Library of Shenzhen. Downloaded on October 10,2023 at 13:44:09 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


