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Designing Hyperchaotic Cat Maps With Any
Desired Number of Positive Lyapunov Exponents

Zhongyun Hua, Member, IEEE, Shuang Yi, Student Member, IEEE, Yicong Zhou, Senior Member, IEEE,
Chengqing Li, Senior Member, IEEE, and Yue Wu, Member, IEEE

Abstract—Generating chaotic maps with expected dynamics
of users is a challenging topic. Utilizing the inherent relation
between the Lyapunov exponents (LEs) of the Cat map and its
associated Cat matrix, this paper proposes a simple but effi-
cient method to construct an n-dimensional (n-D) hyperchaotic
Cat map (HCM) with any desired number of positive LEs. The
method first generates two basic n-D Cat matrices iteratively and
then constructs the final n-D Cat matrix by performing similarity
transformation on one basic n-D Cat matrix by the other. Given
any number of positive LEs, it can generate an n-D HCM with
desired hyperchaotic complexity. Two illustrative examples of n-D
HCMs were constructed to show the effectiveness of the proposed
method, and to verify the inherent relation between the LEs
and Cat matrix. Theoretical analysis proves that the parameter
space of the generated HCM is very large. Performance evalua-
tions show that, compared with existing methods, the proposed
method can construct n-D HCMs with lower computation com-
plexity and their outputs demonstrate strong randomness and
complex ergodicity.

Index Terms—Cat map, Cat matrix, chaotification, hyper-
chaotic behavior, Lyapunov exponent (LE).

I. INTRODUCTION

CHAOTIC behaviors can be observed in all kinds of
natural and non-natural phenomena, such as weather

forecasting in meteorology [1] and population growth in
sociology [2]. Dynamic systems are mathematical concepts
describing chaotic behaviors, and attract intensive atten-
tions [3], [4]. A dynamic system demonstrating chaotic behav-
ior has properties of ergodicity, unpredictability, and sensitivity
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to change of initial condition and/or control parameter. So,
strong chaotic behavior is very desired in many real applica-
tions [5] and Lyapunov exponent (LE) is a widely used indi-
cator to quantitatively measure it [6]–[8]. If a dynamic system
owns one positive LE, it is considered chaotic. Furthermore,
if a high-dimensional (HD) dynamic system has at least two
positive LEs, it can demonstrate hyperchaotic behavior, and
its attractors irregularly distribute in several dimensions [9].
Thus, its behavior is usually much more complex and it has
much unpredictable topological structure than that owning
only one positive LE [10], [11], making hyperchaotic sys-
tems are more attractive, especially in the field of chaos-based
cryptography [12]–[14].

Existing hyperchaotic systems can be classified into two
categories: 1) discrete-time system and 2) continuous-time sys-
tem. A discrete-time system is commonly defined by a differ-
ence equation and it can be implemented through an iterative
procedure. In contrast, a continuous-time system is usually
represented by a partial and/or ordinary differential equation.
In the past decades, a wide body of research has been devoted
to developing continuous-time hyperchaotic systems using var-
ious strategies: state feedback control [15], [16], linear or
nonlinear coupling [17], [18], and other techniques [19]–[23].
It deserves noting that Shen et al. [20], [21] proposed a sys-
tematic methodology for constructing hyperchaotic systems
with multiple positive LEs and further developed a simple
model to design hyperchaotic systems with any desired num-
ber of positive LEs. Using the methods given in [20] and [21],
one can construct a continuous-time hyperchaotic system with
multiple positive LEs, and thus can customize it with the
expected complex behavior. Compared with continuous-time
systems, the occurrence of chaotic behaviors of discrete-
time systems can be directly observed. Thus, the latter
has many advantages in performance analysis and hard-
ware/software implementation, making designing discrete-
time hyperchaotic systems with multiple positive LEs very
attractive [24].

As a special discrete-time chaotic system, Arnold’s Cat
map not only has common properties of discrete-time chaotic
systems, but also possesses many exclusive characteris-
tics, including adaptability to arbitrary finite precision [25],
reversibility [26], area preserving [25], Anosov diffeomor-
phism and structural stability [27]. Such nice properties let
Cat map receive many researchers’ attentions [28]–[30]. It has
been used in many applications, such as the cryptographic
applications [31]–[33] and steganography [34]. Besides, Cat
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map also has potential for some hot applications, such as
real-time secure communication system [35] and networked
system [36]. To achieve high randomness and a large param-
eter space, some construction methods of generating Cat map
were proposed. Among them, a typical generation method
is to construct n-dimensional (n-D) Cat matrices, i.e., trans-
formation matrices of n-D Cat maps. These methods can
be further classified into two classes: 1) fixed dimensional
Cat map generation methods [25], [37], [38] and 2) variable
dimensional Cat map generation methods [39]–[41]. As for
the former, the parameter spaces are commonly too small
to satisfy the security requirement of cryptographic appli-
cations [31]. As for the latter, the number of independent
parameters is quite small even when the dimension is very
large, due to all kinds of linear operations involved in con-
structing the Cat matrices, e.g., matrix multiplication and
addition.

To construct Cat maps with more independent parameters,
higher randomness and desired complexity, this paper first dis-
closes some inherent relation between LEs of the Cat map
and its associated Cat matrix, and then proposes a simple
model to construct n-D hyperchaotic Cat map (HCM) with
any desired number of positive LEs, where n ≥ 3. In the
process of constructing an n-D Cat matrix, two basic n-D
Cat matrices are iteratively constructed using a parametric
2-D Cat matrix. The final n-D Cat matrix can be obtained
by performing similarity transformation on a basic n-D Cat
matrix with another. Additional spatial location parameters are
introduced to expand the parameter space of Cat matrices. It
was proved that the obtained n-D Cat maps have �n/2� pos-
itive LEs. Thus, one can customize a new n-D HCM owning
any given number of positive LEs. To verify the effective-
ness of the proposed method and the found relation between
LEs and the Cat matrix, we construct two concrete exam-
ples of n-D HCMs: 1) a 5-D HCM with two positive LEs
and 2) a 10-D HCM with five positive LEs. Theoretical anal-
ysis shows that the proposed method can generate an n-D
Cat matrix with �n2/2� independent elements. Compared with
existing methods proposed in [25] and [37]–[42], the pro-
posed method can generate n-D HCMs owning any desired
number of positive LEs with a lower computation complexity.
Meanwhile, ergodicity property of the obtained HCM is more
complex.

The rest of this paper is organized as follows. Section II
briefly reviews n-D Cat map and explores its properties.
Section III presents the proposed method of constructing
n-D Cat maps, and Section IV provides two representative
examples of them. Section V further evaluates performance
of the proposed method and the last section concludes this
paper.

II. n-D CAT MAP AND ITS DYNAMIC PROPERTY

The n-D discrete Cat map can be defined as

x(t + 1) = (C · x(t)) mod N (1)

TABLE I
DESCRIPTIONS OF IMPORTANT NOTATIONS

where x(t) = {x1(t), x2(t), . . . , xn(t)}T ∈ N
n×1, N is the finite

number of states in the range spanned by the components of
x(t), and

C =

⎛
⎜⎜⎜⎝

c11 c12 · · · c1n

c21 c22 · · · c2n
...

...
. . .

...

cn1 cn2 · · · cnn

⎞
⎟⎟⎟⎠ (2)

is the corresponding Cat matrix, which satisfies ci,j ∈ N and
det(C) = 1 [25], [29], [32]. When the elements of x(t) are
real numbers, (1) is an n-D general Cat map. In the rest of
this paper, we use the discrete Cat map to demonstrate the
properties of the Cat map. These properties also hold for the
general Cat map. To facilitate description of this paper, some
important notations are defined in Table I.

As shown in Propositions 1 and 2, there is simple mapping
relation between LEs of n-D Cat map (1) and eigenvalues of
the corresponding Cat matrix. In addition, summation of the
n LEs is equal to zero. Proposition 3 describes a property of
two eigenvalues of a special type of 2-D Cat matrix.

Proposition 1: Let LE1, LE2, . . . , LEn denote the n LEs of
the n-D Cat map given in (1), one has

LEj = ln
(
λj
)

for 1 ≤ j ≤ n (3)

where λ1, λ2, . . . , λn represent the n eigenvalues of the corre-
sponding Cat matrix, respectively.

Proof: For an n-D discrete-time chaotic system, x(t + 1) =
F(x(t)), it has n LEs because its orbits have n indepen-
dent initial displacement directions. Suppose J(x(t)) is the
Jacobian matrix of F(x) with the observation state x(t) and
λ

x(t)
1 ∼ λ

x(t)
n are the n eigenvalues of J(x(t)). From defi-

nition of LE (e.g., [43, eq. (1)]) and its calculation method
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(e.g., [6, eq. (8)]), one can obtain the n LEs of the system

LEj = lim
t→∞

1

t

t−1∑
i=0

ln
(
λ

x(t)
j

)

where j = 1, . . . , n. As for the n-D Cat map (1), its Jacobian
matrix is not related to the observation state x(t), which means
that J(x(0)) = J(x(1)) = · · · = J(x(t − 1)) = C. So, one has
λ

x(0)
j = λ

x(1)
j = · · · = λ

x(t−1)
j = λj for any j. Then, one can get

LEj = lim
t→∞

1

t

t−1∑
i=0

ln
(
λj
) = ln

(
λj
)
.

Proposition 2: The n LEs of n-D Cat map (1) satisfy

n∑
j=1

exp
(
LEj

) =
n∑

j=1

cjj (4)

and
n∑

j=1

LEj = 0 (5)

where cjj is the diagonal element of the Cat matrix (2).
Proof: The characteristic equation of the n-D Cat matrix

C is

det(λI − C) =

∣∣∣∣∣∣∣∣∣

λ − c11 −c12 · · · −c1n

−c21 λ − c22 · · · −c2n
...

...
. . .

...

−cn1 −cn2 · · · λ − cnn

∣∣∣∣∣∣∣∣∣
(6)

= λn + dn−1λ
n−1 + · · · + d1λ + d0

= 0

where di is the ith order polynomial coefficient of det(λI−C).
According to definition of determinant, the right part of (6)
can be represented as addition of determinant of 2n matri-
ces, whose every entry is composed by one element in set
{λ}⋃{−ci,j}n,n

i=1,j=1. Among them, there are n ones containing
item λn−1

∣∣∣∣∣∣∣∣∣

−c11 0 · · · 0
−c21 λ · · · 0

...
...

. . .
...

−cn1 0 · · · λ

∣∣∣∣∣∣∣∣∣
, . . . ,

∣∣∣∣∣∣∣∣∣

λ 0 · · · −c1n

0 λ · · · −c2n
...

...
. . .

...

0 0 · · · −cnn

∣∣∣∣∣∣∣∣∣
.

Summation of the above n determinants is

(−c11 − c22 − · · · − cnn)λ
n−1 = −

n∑
j=1

cjjλ
n−1.

So, dn−1 = −∑n
j=1 cjj. The constant item of the determi-

nant (6) is
∣∣∣∣∣∣∣∣∣

−c11 −c12 · · · −c1n

−c21 −c22 · · · −c2n
...

...
. . .

...

−cn1 −cn2 · · · −cnn

∣∣∣∣∣∣∣∣∣
= (−1)n det(C)

= (−1)n.

Then, d0 = (−1)n. Using Vieta’s formulas shown in [44],
one has

n∑
j=1

λj = −dn−1 =
n∑

j=1

cjj (7)

and
n∏

j=1

λj = (−1)nd0 = 1 (8)

where λ1, λ2, . . . , λn are n roots of (6), namely the n eigen-
values of Cat matrix C.

From Proposition 1, one can get λj = exp(LEj) for
j = 1 ∼ n. Substituting the above equation into (7) and (8),
one can obtain

n∑
j=1

exp
(
LEj

) =
n∑

j=1

cjj

and

n∏
j=1

exp(LEi) = exp

⎛
⎝

n∑
j=1

LEj

⎞
⎠ = 1

respectively. Then, one has
∑n

j=1 LEj = 0, which completes
proof of this proposition.

Proposition 3: Two eigenvalues of parametric 2-D Cat
matrix

C′ =
(

p · q + 1 p
q 1

)
(9)

λ1 and λ2, satisfy

ln(|λ1|) · ln(|λ2|) < 0

if

(p · q) /∈ {0,−4}. (10)

Proof: The characteristic equation of C′ is

det
(
λI − C′) =

∣∣∣∣
λ − (p · q + 1) −p

−q λ − 1

∣∣∣∣
= λ2 − (p · q + 2)λ + 1 = 0. (11)

The root discriminant of (11) is � = (p·q+2)2 −4. If (p·q) /∈
{0,−4}, � �= 0. This means that (11) has two different roots,
namely, λ1 �= λ2. From (8), one has λ1 · λ2 = 1. Thus, one
can get |λ1| < 1, |λ2| > 1 or |λ2| < 1, |λ1| > 1, i.e., ln(|λ1|) ·
ln(|λ2|) < 0, which completes proof of this proposition.

III. METHODOLOGY

This section introduces the proposed method of constructing
n-D HCMs with a desired number of positive LEs. First, two
basic n-D Cat matrices are constructed from the parametric
2-D Cat matrix. Then, the final n-D Cat matrix is generated
by doing similarity transformation on one basic Cat matrix
with the other.
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A. Constructing Basic n-D Cat Matrix From (n − 2)-D One

First, we introduce Proposition 4 that constructs a Cat
matrix from two Cat matrices with lower dimensions.

Proposition 4: Let the C1 and C2 denote i-D Cat matrix
and (n − i)-D Cat matrix, respectively. If at least one of M1
and M2 is zero matrix, block matrix

C =
(

C1 M1
M2 C2

)
(12)

is an n-D Cat matrix and its eigenvalues are composed by that
of C1 and C2, where n > i, M1 and M2 are i × (n − i) matrix
and (n − i) × i matrix, respectively.

Proof: Since C1 and C2 are two Cat matrices, one has
det(C1) = 1 and det(C2) = 1. As at least one of M1
and M2 is zero matrix, then |M1||M2| = 0, and det(C) =
|C1||C2| − |M1||M2| = 1. Thus, C is an n-D Cat matrix, and
its eigenvalues are the eigenvalues of its submatrices in the
main diagonal line, C1 and C2.

Referring to Proposition 4, one can construct an n-D Cat
matrix (12) from an (n − 2)-D Cat matrix by one of the
following two types of setting.

1) C1 = C′, where p and q are random integers in (9), C2
is the (n − 2)-D Cat matrix.

2) C2 = C′, where p and q are random integers in (9), C1
is the (n − 2)-D Cat matrix.

In both cases, at least one of M1 and M2 in Proposition 4 is
zero matrix.

As shown in Proposition 3, C′ in (9) has one eigenvalue
of absolute value larger than 1 if (p · q) �∈ {0,−4}. So, one
can assure that the obtained n-D Cat matrix has one more
eigenvalue of absolute value larger than 1 than the (n − 2)-D
Cat matrix.

B. Constructing n-D Cat Map With �n/2� Positive LEs

Using Proposition 4, one can construct basic n-D Cat matrix
by iteratively expanding an initial matrix with a 2 × 2 matrix.
The construction procedure is described as follows.

1) Step 1: Set the initial matrix as a 1 × 1 special matrix
if n is odd, otherwise set it as the parametric 2-D Cat
matrix given in Proposition 3.

2) Step 2: Place the initial matrix and another paramet-
ric 2-D Cat matrix in the main diagonal of a 2 × 2
block matrix (12). To increase the parameter space of the
obtained Cat matrix, the locations of the two matrices
are assigned randomly.

3) Step 3: As for the other two matrix blocks in the antidi-
agonal direction, randomly select one and set it of fixed
value zero. Then, elements of the other matrix block are
assigned with any integer randomly.

4) Step 4: Set the current composite matrix as the initial
matrix.

5) Step 5: Repeat step 2 through step 4 �(n − 1)/2� − 1
times.

Algorithm 1 presents the pseudocode of the function oper-
ating the above procedure, HCMF(a, b, h, g, n), where
a = {ai}�(n−1)/2�

i=1 and b = {bi}�(n−1)/2�
i=1 are pseudo-random

binary sequences, h = {hi}�n/2�·2
i=1 and g = {gi}�n2/2�−�n/2�·2

i=1

Algorithm 1 Algorithm for Generating a Basic n-D Cat Matrix
1: function HCMF(a, b, h, g, n)
2: c = ((n + 1) mod 2) + 1;
3: if c = 1 then
4: C = [1]
5: else
6: C = C′, where p, q are selected from h.
7: end if
8: for i = 1 to �(n − 1)/2� do
9: Initialize a C′, where p, q are fetched from h.

10: if ai = 1 then
11: C1 = C, C2 = C′,
12: M1 ∈ N

(2(i−1)+c)×2, M2 ∈ N
2×(2(i−1)+c).

13: else
14: C1 = C′, C2 = C,
15: M1 ∈ N

2×(2(i−1)+c), M2 ∈ N
(2(i−1)+c)×2.

16: end if
17: if bi = 1 then
18: M1 = 0, elements of M2 are fetched from g.
19: else
20: M2 = 0, elements of M1 are fetched from g.
21: end if

22: C =
(

C1 M1
M2 C2

)
.

23: end for
24: return C.
25: end function

are pseudo-random integer sequences. To obey the require-
ment (10), the elements of h satisfy (h2i−1 · h2i) �∈ {0,−4} for
i = 1 ∼ �n/2�.

Fig. 1 shows an example of generating a basic 5-D Cat
matrix using Algorithm 1. The parameters are set as follows:
a = {1, 0}, b = {0, 1}, h = {hi}4

i=1, and g = {gi}8
i=1. The

detailed procedures can be described as follows.
1) As c = 1, set the initial matrix C = [1], which is shown

in Fig. 1(a).
2) The following four steps are performed to generate the

3-D Cat matrix shown in Fig. 1(b): a) initialize a 2-D
Cat matrix C′ in (9) with p = h1 and q = h2; b) set
C1 = C and C2 = C′ as a1 = 1; c) set M2 = 0 and
use the elements of g to initialize M1 as b1 = 0; and
d) construct the 3-D Cat matrix using (12).

3) The following four steps are performed to generate the
basic 5-D Cat matrix shown in Fig. 1(c): a) initialize a
2-D Cat matrix C′ in (9) with p = h3 and q = h4; b) set
C1 = C′ and C2 = C as a2 = 0; c) set M1 = 0 and
use the elements of g to initialize M2 as b2 = 1; and
d) generate the basic 5-D Cat matrix using (12).

As zero matrices are used in the generation procedure, the
obtained Cat matrix using Algorithm 1 has blocks of fixed
value zero, which can be observed from Fig. 1(c). To further
enhance dynamics of the constructed n-D Cat map, we use
the following two steps to construct the final n-D Cat matrix:
1) construct two basic n-D Cat matrices, Ċ and C̈, by running
Algorithm 1 twice with different inputs and 2) generate the
final n-D Cat matrix C by operating similarity transformation
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Fig. 1. Example of generating a basic 5-D Cat matrix using Algorithm 1.
(a) 1-D Cat matrix. (b) 3-D Cat matrix. (c) Obtained basic 5-D Cat matrix.

on Ċ with C̈, namely

C = C̈ · Ċ · C̈−1. (13)

As the proposed method can construct n-D Cat map with
�n/2� positive LEs, one can get the number of positive LEs

K =
{

n/2, if n mod 2 = 0

(n − 1)/2, if n mod 2 = 1.
(14)

From Proposition 2, one can assure that the summation of all
the n LEs of the obtained n-D Cat map is equal to zero. As its
LEs are dependent on the eigenvalues of the used parametric
2-D Cat matrix C′ in (9), the number of positive LEs can be
deduced via Proposition 3, but their magnitude cannot be set
a priori.

C. Parameter Space of the Obtained HCM

The proposed method has two kinds of parameters in con-
structing an n-D Cat matrix: 1) spatial location configuration
(SLC) and 2) matrix entity configuration (MEC). The elements
in a and b are SLCs while those in h and g are MECs. A binary
element in a controls the position of a newly added paramet-
ric 2-D Cat matrix C′ while that in b indicates the position
of a newly added nonzero submatrix in (12). There are total
�(n − 1)/2� iterations in constructing a basic n-D Cat matrix,
thus a and b both has �(n − 1)/2� binary elements. Then the
total number of SLCs to construct two basic n-D Cat matri-
ces is #SLCs = 4�(n − 1)/2�. As each SLC has two possible
values, the parameter space of SLCs is

PSLCs = 2#SLCs = 24�(n−1)/2�.

Sequences h and g contain the matrix entities of each newly
added C′ and nonzero submatrix, respectively. As shown in
Algorithm 1, constructing a basic n-D Cat matrix needs �n/2�
C′s, and every one has 2 MECs. So, h has 2�n/2� elements. In
every expansion, the same number of determined entities and
MECs are used. Constructing a basic n-D Cat matrix needs
�n2/2� MECs. Thus, the number of elements in g is �n2/2�−
2�n/2�, and the total number of MECs in constructing two
basic n-D Cat matrices is #MECs = 2�n2/2�. For simplicity of
calculation, we assume that all MECs are randomly selected
from M possible values. Then the parameter space of MECs
is PMECs = M#MECs = M2�n2/2�.

TABLE II
PARAMETER SPACES OF CONSTRUCTING AN n-D CAT

MATRIX C WITH DIFFERENT DIMENSIONS

Because SLC and MEC are independent, the whole param-
eter space of constructing an n-D Cat matrix C is the
multiplication of the parameter spaces of SLCs and MECs,
namely

PC = PSLCs × PMECs

= 24�(n−1)/2�M2�n2/2�.

Table II lists the parameter spaces of constructing an n-D
Cat matrix with different dimensions n.

IV. TWO ILLUSTRATIVE EXAMPLES

This section provides two n-D HCMs with desired num-
ber of positive LEs using the proposed method: 1) a 5-D
HCM with two positive LEs and 2) a 10-D HCM with five
positive LEs.

A. 5-D HCM With Two Positive LEs

In this example of generating the 5-D HCM, a typical setting
was used to generate the first basic 5-D Cat matrix: a = {1, 0},
b = {0, 1}, h = {2, 1, 1, 1}, and g = {2, 1, 1, 1, 1, 2, 1, 2}.
Starting with 1-D Cat matrix C = [1], run Algorithm 1
and get

Ċ =

⎛
⎜⎜⎜⎜⎝

2 1 0 0 0
1 1 0 0 0
1 2 1 2 1
1 1 0 3 2
1 2 0 1 1

⎞
⎟⎟⎟⎟⎠

.

To get the second basic 5-D Cat matrix, we set a = {1, 1},
b = {0, 1}, h = {2, 2, 2, 1}, and g = {2, 1, 2, 2, 2, 1, 1, 1}.
Starting with 1-D Cat matrix C = [1] also, we obtain

C̈ =

⎛
⎜⎜⎜⎜⎝

1 2 1 0 0
0 5 2 0 0
0 2 1 0 0
2 2 1 3 2
2 1 1 1 1

⎞
⎟⎟⎟⎟⎠

.

The final 5-D Cat matrix C can be generated by (13)

C =

⎛
⎜⎜⎜⎜⎝

5 2 −8 1 −1
7 3 −11 2 −2
3 1 −4 1 −1
2 12 −30 4 1
4 6 −17 2 0

⎞
⎟⎟⎟⎟⎠

.
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The five LEs of the constructed 5-D HCM composed with
the above Cat matrix are LE1 = 1.3170, LE2 = 0.9624,
LE3 = 0, LE4 = −0.9624, and LE5 = −1.3170. There are
two positive LEs, and it is easy to verify that

5∑
j=1

exp
(
LEj

) = 8 =
5∑

j=1

C5
jj

and
∑5

j=1 LEj = 0, which agree with the theoretical
expectations.

B. 10-D HCM With Five Positive LEs

When n = 10, the input parameters for generating the first
basic 10-D Cat matrix are set as follows: a = {1, 0, 0, 1},
b = {0, 1, 1, 0}, elements in h = {hi}10

i=1 and g = {gi}40
i=1

are randomly selected from the set {1, 2}. Run Algorithm 1
and get

Ċ =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

3 2 0 0 0 0 0 0 1 2
1 1 0 0 0 0 0 0 2 1
2 2 5 2 0 0 0 0 2 1
2 1 2 1 0 0 0 0 1 2
2 2 1 1 3 2 1 1 2 2
2 1 2 1 1 1 2 1 1 1
2 1 1 1 0 0 5 2 2 2
2 1 1 2 0 0 2 1 1 1
0 0 0 0 0 0 0 0 3 2
0 0 0 0 0 0 0 0 1 1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

As for the second basic 10-D Cat matrix, the input parameters
are set as follows: a = {1, 0, 1, 0}, b = {1, 1, 1, 0}, elements
of h = {hi}10

i=1 and g = {gi}40
i=1 are also randomly selected

from the set {1, 2}. Then, we obtain

C̈ =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

3 2 1 1 1 2 1 2 2 1
1 1 1 2 2 1 1 2 2 2
0 0 3 1 0 0 0 0 0 0
0 0 2 1 0 0 0 0 0 0
0 0 2 1 3 1 0 0 0 0
0 0 2 2 2 1 0 0 0 0
0 0 2 2 2 1 3 1 0 0
0 0 2 1 1 1 2 1 0 0
0 0 1 2 2 2 1 2 3 2
0 0 2 1 1 2 1 1 1 1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

The final 10-D Cat matrix is obtained by performing (13)
and get

C =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

9 0 − 104 192 41 − 75 34 − 60 − 8 31
7 1 − 68 133 30 − 57 31 − 54 − 6 26
1 5 150 − 219 − 38 51 13 − 19 1 − 8
1 3 82 − 117 − 20 26 9 − 14 0 − 3
2 8 178 − 265 − 43 59 19 − 28 − 1 − 5
3 5 81 − 111 − 16 19 17 − 28 − 3 4
7 1 − 79 148 31 − 58 27 − 42 − 7 23
5 1 − 28 63 14 − 30 20 − 30 − 4 13
7 − 1 − 99 182 39 − 70 30 − 52 − 5 28
5 1 − 8 34 10 − 24 22 − 35 − 3 13

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

The 10 LEs of this 10-D HCM are LE1 = 1.7627, LE2 =
1.7627, LE3 = 1.3170, LE4 = 1.3170, LE5 = 1.3169,

Fig. 2. Trajectory projections of the constructed 10-D HCM with five positive
LEs. (a) x1 − x2 − x3 plane. (b) x2 − x3 − x4 plane. (c) x3 − x4 − x5 plane.
(d) x4 − x5 − x6 plane. (e) x5 − x6 − x7 plane. (f) x6 − x7 − x8 plane.
(g) x7 − x8 − x9 plane. (h) x8 − x9 − x10 plane. (i) x9 − x10 − x1 plane.

LE6 = −1.7628, LE7 = −1.7627, LE8 = −1.3173, LE9 =
−1.3168 + 0.0003i, and LE10 = −1.3168 − 0.0003i. As
expected, the number of positive LEs is five. It is easy to
calculate that

10∑
j=1

exp
(
LEj

) = 24 =
10∑

j=1

Cjj

and

10∑
j=1

LEj = 3.8177 × e−11 ≈ 0.

The above approximation is caused by finite precision of
digital computer. So, the 10-D HCM still agrees with the
expectations.

To verify the randomness of the obtained 10-D HCM, we
set the number of finite states N = 512 and initial value
x(0) = 110×1 in (1). Fig. 2 plots the distributions of the gen-
erated outputs projected in different 3-D phase planes. As can
be seen in Fig. 2, the generated trajectory is randomly dis-
tributed in the entire 3-D phase planes, which demonstrates
the outputs of the 10-D HCM have good randomness.

V. PERFORMANCE EVALUATION

This section evaluates the performance of the proposed
method from four aspects: 1) LE; 2) time complexity; 3) infor-
mation entropy; and 4) correlation dimension. Some typical
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TABLE III
AVERAGE NUMBER OF POSITIVE LES OF n-D CAT MAPS

GENERATED BY DIFFERENT METHODS

Cat map generation methods are used as comparison meth-
ods: Lian et al.’s method [42], Chen et al.’s method [25],
Liu et al.’s method [37], Pan and Li’s method [38],
Tang and Tang’s method [45], Falcioni et al.’s method [39],
Nance’s method [40], and Wu et al.’s method [41]. The former
four ones are fixed dimensional Cat map generation methods
while the latter four ones are generation methods of variable
dimensional Cat map. For Wu et al.’s method [41], we set the
spatial configuration parameters in I and J as 2, and randomly
determine the matrix entries parameters in P and Q.

A. Lyapunov Exponent

The number of positive LEs is a key factor to measure
dynamics complexity of a dynamic system. Based on this
point, we did a large number of experiments to compare the
proposed method with Tang’s, Falcioni’s, Nance’s and Wu’s
methods in terms of the number of positive LEs. We found
the proposed method owns obvious superiority in this aspect.
Here, we list a typical example: M = 2 (MECs are restricted to
{1, 2}) and dimension n is selected in the scope {3, 4, . . . , 16}.
Table III lists the average number of positive LEs for different
generation methods under different dimensions n. As can be
seen, the proposed method can generate n-D Cat maps with
�n/2� positive LEs. It allows users to generate n-D Cat maps
with a specified and desired number of positive LEs. Although
Tang’s and Wu’s methods can also generate a large number
of positive LEs, their quantities cannot be controlled. In con-
tract, Falcioni’s and Nance’s methods can only generate few
positive LEs.

Furthermore, Nance’s and Wu’s methods require a large
number of multiplications and additions in generating n-D Cat
matrix. When dimension n ≥ 7 in Nance’s method and n ≥ 13
in Wu’s method, some entities of the generated Cat matrix are
too large to be correctly represented by commonly used data
formats, which lead to inaccurate experimental results. Thus,
we only display the experimental results for dimension n ≤ 6
in Nance’s method and n ≤ 12 in Wu’s method.

TABLE IV
TIME COMPLEXITY OF DIFFERENT n-D CAT MAP GENERATION METHODS

B. Time Complexity

The previous methods of generating n-D Cat maps require
complicate operations and the costed time complexity is very
high. This becomes a bottleneck when Cat maps are used in
real applications, especially in real-time scenarios. In Tang’s,
Falcioni’s, Nance’s, Wu’s methods and the proposed method,
there are four kinds of involved operations: matrix entity addi-
tion, matrix entity multiplication, matrix multiplication, and
matrix determinant. The computation complexity of matrix
multiplication for two k×k matrices is of order O(k2.373) [46]
and that of matrix determinant of size k × k is of order
O(k2.376) [47]. We consider them as O(k3) for simplicity.
In Tang’s, Falcioni’s, Nance’s, and Wu’s methods, the num-
bers of matrix entity additions are n(n − 1)/2, (n/2)2, 0,
and 2(n − 1), respectively. Their computation complexities
caused by matrix multiplication and matrix determinant are
(n(n − 1)/2 − 1)O(n3), O((n/2)3),

∑n
k=3(k − 1)O(k3) and∑n

k=2 O(k3), respectively. Thus, the total time complexity of
the four generation methods are

TTang’s = n(n − 1)/2 + (n(n − 1)/2 − 1)O
(

n3
)

TFalcioni’s = (n/2)2 + O
(
(n/2)3

)

TNance’s =
n∑

k=3

(k − 1)O
(

k3
)

TWu’s = 2(n − 1) +
n∑

k=2

O
(

k3
)

respectively. As for the proposed method, the time complex-
ities of matrix entity addition, matrix entity multiplication,
and matrix multiplication are �n/2�, �n/2�, and O(n3), respec-
tively. So, its time complexity is

TProposed = 2�n/2� + O
(

n3
)
.

Table IV compares the time complexity of different meth-
ods. As can be seen, the proposed method has the time
complexity of order O(n3), which has the same order of mag-
nitude as Falcioni’s method and is less than Wu’s method by
one order of magnitude, and is less than Tang’s and Nance’s
methods by two orders of magnitude.
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TABLE V
MAXIMUM INFORMATION ENTROPY VALUES OF 3-D CAT MAPS GENERATED BY DIFFERENT METHODS WITH VARIOUS NUMBER OF FINITE STATES

C. Information Entropy

Information entropy is a widely used measure to test
randomness of a sequence of data, which is defined as

H = −
L∑

i=1

Pr(i) log2 Pr(i)

where L is the number of possible values and Pr(i) is the
probability of the ith possible value. For the n-D Cat map
defined in (1), its observation state x(t+1) = {x1(t+1), x2(t+
1), . . . , xn(t + 1)}T has n dimensions and N finite states.
Therefore, each dimension has N channels and the number
of possible values is L = Nn. A larger value of information
entropy indicates better randomness. The theoretical maxi-
mum information entropy Hmax = log2(N

n) = n log2 N when
Pr(i) = 1/Nn for ∀ i ∈ [1, Nn].

We designed two groups of experiments to test the ran-
domness of outputs of n-D Cat maps. The first group fixes
the dimension n = 3 and investigates the information entropy
value against the number of finite states in interval [3, 15].
For each generation method of HCM, we randomly gener-
ate 5N3 n-D Cat maps with M = N (MECs are restricted
to {1, 2, . . . , N}), and then calculate their information entropy
values with the initial value x(0) = 13×1 and iteration number
N4. Fig. 3(a) shows the average information entropy values
of 3-D Cat maps generated by different methods with dif-
ferent values of N. It displays that the proposed method can
generate 3-D Cat maps with much larger average information
entropy values than other eight existing methods. Table V lists
the maximum information entropy values of these 3-D Cat
maps generated by different methods. For different numbers
of finite states N, the 3-D Cat maps generated by the proposed
method can achieve the maximum values larger than that of
other methods, which means that they have better randomness.

The second group of experiments investigates the informa-
tion entropy values against different dimensions n by fixing
M = N = 3 (all MECs are restricted to {1, 2, 3}). For each
n-D Cat map generation method with n ∈ {3, 4, . . . , 10}, we
randomly generate 5n3 n-D Cat maps, and then calculate their
information entropy values with the initial value x(0) = 1n×1
and iteration number 3n+1. Fig. 3(b) shows the average infor-
mation entropy values of n-D Cat maps generated by those

Fig. 3. Average information entropy values of n-D Cat maps generated
by different methods. (a) Dimension n = 3 and the number of finite states
N ∈ {3, 4, . . . , 15}. (b) Number of finite states N = 3 and dimension
n ∈ {3, 4, . . . , 10}.

methods with different dimensions n. As can be seen from the
figure, when dimension n ≤ 6, the proposed method can gen-
erate n-D Cat maps with bigger average information entropy
values; when dimension n ≥ 7, both Wu’s method and the pro-
posed method can achieve bigger average information entropy
values than other methods. Table VI lists the maximum infor-
mation entropy values of n-D Cat maps achieved by different
methods and that can be obtained theoretically. The Wu’s
method and the proposed method can both approach theoret-
ical optimal performance very much and demonstrate much
better than other methods in the aspect. These further verify
that the proposed method can generate n-D Cat maps with
extremely good randomness.

D. Correlation Dimension

Correlation dimension describes the space dimensionality
of a set of points as a type of fractal dimension [48]. For a
dynamic system, its attractor strangeness or degrees of free-
dom can be measured by correlation dimension. For a set of
points S = {si | i = 1, 2, . . . , M} with a given embedding
dimension e, a new point set S = {st | t = 1, 2, . . .} can
be obtained, where st = (st, st+ξ , st+2ξ , . . . , st+(e−1)ξ ) and
t ∈ {1, 2, . . . , M − (e − 1)ξ}, ξ is the time delay (It is usually
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TABLE VI
MAXIMUM INFORMATION ENTROPY VALUES OF n-D CAT MAPS

GENERATED BY DIFFERENT METHODS WITH THE NUMBER OF

FINITE STATES N = 3 AND DIMENSION n ∈ {3, 4, . . . , 10}

set as 1). The correlation dimension d can be calculated as

d = lim
r→0

lim
M→∞

log Ce(r)

log r

where log Ce(r) is called the correlation integral defined by

Ce(r) = lim
M→∞

1

[M − (e − 1)ζ ][M − (e − 1)ζ − 1]

×
M−(e−1)ζ∑

i=1

M−(e−1)ζ∑
j=i+1

θ
(
r − |s̄i − s̄j|

)

where θ(ω) is a step function

θ(ω) =
{

0, if ω ≤ 0

1, if ω > 0.

If it exists, the correlation dimension d can be regarded as the
slope of log Ce(r) with respect to log r, defined by

d = lim
r→0

lim
M→∞

d(log Ce(r))/dr

d(log r)/dr
.

With a bigger correlation dimension value, the trajectory of a
dynamic system can occupy space of a larger dimensionality
and its attractors can achieve more complex strangeness.

In the experiment, we set the embedding dimension e = 2
and designed two groups of experiments. The first group
fixes n = 3 and investigates the correlation dimension val-
ues of n-D Cat maps against the number of finite states N
in (1). For each generation method with N ∈ {3, 4, . . . , 15},
5N2 n-D Cat maps are randomly generated with M =
N (all MECs are restricted to {1, 2, . . . , N}). The initial
value is set as x(0) = 13×1 and the observation state
x(t + 1) = {x1(t + 1), x2(t + 1), . . . , xn(t + 1)}T in every iter-
ation is scaled

xt+1 =
(

n∑
i=1

xi(t + 1)Ni−1

)
/Nn.

Fig. 4(a) shows the average correlation dimension values of
3-D Cat maps generated by different methods. As can be seen
from the figure, the 3-D Cat maps generated by the proposed
method have trajectories with higher correlation dimension
values than the other eight methods.

The second group of experiments is to investigate the corre-
lation dimension values of n-D Cat maps against the dimension

Fig. 4. Average correlation dimension values of n-D Cat maps gener-
ated by different methods. (a) Dimension n = 3 and the number of finite
states N ∈ {3, 4, . . . , 15}. (b) Number of finite states N = 3 and dimension
n ∈ {3, 4, . . . , 10}.

n ∈ {3, 4, . . . , 10}. For each generation method, 5n2 n-D Cat
maps are randomly generated by fixing N = 3 and M = 3
(all MECs are restricted to {1, 2, 3}). The correlation dimen-
sion values of these Cat maps are then calculated with initial
value x(0) = 1n×1. Fig. 4(b) depicts their average values. The
results further prove that the proposed method can generate
n-D Cat maps with bigger correlation dimensions and better
ergodicity.

VI. CONCLUSION

This paper has studied the inherent relation between the LEs
of the Cat map and its associated Cat matrix, and proposed
a simple but efficient model of constructing n-D HCMs with
�n/2� positive LEs. For an arbitrarily desired number of posi-
tive LEs, the proposed method allows users to produce a new
n-D HCM with expected complexity. To verify the effective-
ness of the proposed method and the inherent relation, two
numerical examples of HCMs, a 5-D HCM with two positive
LEs and a 10-D HCM with five positive LEs, were constructed.
Performance evaluations were performed in terms of LE, time
complexity, information entropy and correlation dimension.
Compared with existing HD Cat map generation methods, the
proposed method can generate n-D HCMs with a desired num-
ber of positive LEs and lower computation time complexity,
and the corresponding n-D Cat maps have better randomness
and ergodicity. This research will promote practical application
of digital Cat maps.

ACKNOWLEDGMENT

The authors would like to thank the anonymous review-
ers for their valuable comments and suggestions that greatly
contribute to improving the quality of this paper.

REFERENCES

[1] E. N. Lorenz, “Deterministic nonperiodic flow,” J. Atmos. Sci., vol. 20,
no. 2, pp. 130–141, 1963.

[2] R. Law, D. J. Murrell, and U. Dieckmann, “Population growth in
space and time: Spatial logistic equations,” Ecology, vol. 84, no. 1,
pp. 252–262, 2003.

[3] Z. Hua and Y. Zhou, “Dynamic parameter-control chaotic system,” IEEE
Trans. Cybern., vol. 46, no. 12, pp. 3330–3341, Dec. 2016.



472 IEEE TRANSACTIONS ON CYBERNETICS, VOL. 48, NO. 2, FEBRUARY 2018

[4] M. Shen, W.-N. Chen, J. Zhang, H. S.-H. Chung, and O. Kaynak,
“Optimal selection of parameters for nonuniform embedding of chaotic
time series using ant colony optimization,” IEEE Trans. Cybern., vol. 43,
no. 2, pp. 790–802, Apr. 2013.

[5] Y. Zhou, Z. Hua, C.-M. Pun, and C. L. P. Chen, “Cascade chaotic system
with applications,” IEEE Trans. Cybern., vol. 45, no. 9, pp. 2001–2012,
Sep. 2015.

[6] A. Wolf, J. B. Swift, H. L. Swinney, and J. A. Vastano, “Determining
Lyapunov exponents from a time series,” Phys. D Nonlin. Phenom.,
vol. 16, no. 3, pp. 285–317, 1985.

[7] J. M. Amigo, L. Kocarev, and J. Szczepanski, “Discrete Lyapunov expo-
nent and resistance to differential cryptanalysis,” IEEE Trans. Circuits
Syst. II, Exp. Briefs, vol. 54, no. 10, pp. 882–886, Oct. 2007.

[8] Z.-P. Wang and H.-N. Wu, “On fuzzy sampled-data control of chaotic
systems via a time-dependent Lyapunov functional approach,” IEEE
Trans. Cybern., vol. 45, no. 4, pp. 819–829, Apr. 2015.

[9] G. Grassi and D. A. Miller, “Theory and experimental realization of
observer-based discrete-time hyperchaos synchronization,” IEEE Trans.
Circuits Syst. I, Fundam. Theory Appl., vol. 49, no. 3, pp. 373–378,
Mar. 2002.

[10] C. Li, J. C. Sprott, W. Thio, and H. Zhu, “A new piecewise linear
hyperchaotic circuit,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 61,
no. 12, pp. 977–981, Dec. 2014.

[11] S. Yu, J. Lü, X. Yu, and G. Chen, “Design and implementation of grid
multiwing hyperchaotic Lorenz system family via switching control and
constructing super-heteroclinic loops,” IEEE Trans. Circuits Syst. I, Reg.
Papers, vol. 59, no. 5, pp. 1015–1028, May 2012.

[12] Z. Hua and Y. Zhou, “Image encryption using 2D logistic-adjusted-Sine
map,” Inf. Sci., vol. 339, pp. 237–253, Apr. 2016.

[13] C. Li, Y. Liu, T. Xie, and M. Z. Q. Chen, “Breaking a novel image
encryption scheme based on improved hyperchaotic sequences,” Nonlin.
Dyn., vol. 73, no. 3, pp. 2083–2089, 2013.

[14] H.-P. Ren, M. S. Baptista, and C. Grebogi, “Wireless communication
with chaos,” Phys. Rev. Lett., vol. 110, no. 18, 2013, Art. no. 184101.

[15] Y. Li, W. K. S. Tang, and G. Chen, “Generating hyperchaos via
state feedback control,” Int. J. Bifurcation Chaos, vol. 15, no. 10,
pp. 3367–3375, 2005.

[16] G. Hu, “Generating hyperchaotic attractors with three positive Lyapunov
exponents via state feedback control,” Int. J. Bifurcation Chaos, vol. 19,
no. 2, pp. 651–660, 2009.

[17] B. Cannas and S. Cincotti, “Hyperchaotic behaviour of two bi-
directionally coupled Chua’s circuits,” Int. J. Circuit Theory Appl.,
vol. 30, no. 6, pp. 625–637, 2002.

[18] D. Cafagna and G. Grassi, “Hyperchaotic coupled Chua circuits: An
approach for generating new n × m-scroll attractors,” Int. J. Bifurcation
Chaos, vol. 13, no. 9, pp. 2537–2550, 2003.

[19] Y. Li, G. Chen, and W. K. S. Tang, “Controlling a unified chaotic system
to hyperchaotic,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 52, no. 4,
pp. 204–207, Apr. 2005.

[20] C. Shen, S. Yu, J. Lü, and G. Chen, “A systematic methodology
for constructing hyperchaotic systems with multiple positive Lyapunov
exponents and circuit implementation,” IEEE Trans. Circuits Syst. I, Reg.
Papers, vol. 61, no. 3, pp. 854–864, Mar. 2014.

[21] C. Shen, S. Yu, J. Lü, and G. Chen, “Designing hyperchaotic systems
with any desired number of positive Lyapunov exponents via a sim-
ple model,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 61, no. 8,
pp. 2380–2389, Aug. 2014.

[22] Q. Wang et al., “Theoretical design and FPGA-based implementation of
higher-dimensional digital chaotic systems,” IEEE Trans. Circuits Syst.
I, Reg. Papers, vol. 63, no. 3, pp. 401–412, Mar. 2016.

[23] Q. Hong, Q. Xie, Y. Shen, and X. Wang, “Generating multi-double-
scroll attractors via nonautonomous approach,” Chaos, vol. 26, no. 8,
2016, Art. no. 083110.

[24] 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.

[25] G. Chen, Y. Mao, and C. K. Chui, “A symmetric image encryption
scheme based on 3D chaotic Cat maps,” Chaos Solitons Fractals, vol. 21,
no. 3, pp. 749–761, 2004.

[26] F. Chen, K.-W. Wong, X. Liao, and T. Xiang, “Period distribution of
the generalized discrete Arnold Cat map for N = 2e,” IEEE Trans. Inf.
Theory, vol. 59, no. 5, pp. 3249–3255, May 2013.

[27] J. Ford, G. Mantica, and G. H. Ristow, “The Arnol’d Cat: Failure of
the correspondence principle,” Phys. D Nonlin. Phenom., vol. 50, no. 3,
pp. 493–520, 1991.

[28] I. Antoniou, B. Qiao, and Z. Suchanecki, “Generalized spectral decom-
position and intrinsic irreversibility of the Arnold Cat map,” Chaos
Solitons Fractals, vol. 8, no. 1, pp. 77–90, 1997.

[29] F. Chen, K.-W. Wong, X. Liao, and T. Xiang, “Period distribution of
generalized discrete Arnold Cat map for N = pe,” IEEE Trans. Inf.
Theory, vol. 58, no. 1, pp. 445–452, Jan. 2012.

[30] B. J. Saha, K. K. Kabi, and C. Pradhan, “A new approach on color image
encryption using Arnold 4D Cat map,” in Computational Intelligence in
Data Mining. New Delhi, India: Springer, 2016, pp. 131–138.

[31] C. Li, “Cracking a hierarchical chaotic image encryption algorithm based
on permutation,” Signal Process., vol. 118, pp. 203–210, Jan. 2016.

[32] A. Kanso and M. Ghebleh, “A novel image encryption algorithm based
on a 3D chaotic map,” Commun. Nonlin. Sci. Numer. Simulat., vol. 17,
no. 7, pp. 2943–2959, 2012.

[33] M. Brindha and N. A. Gounden, “A chaos based image encryption and
lossless compression algorithm using hash table and Chinese remainder
theorem,” Appl. Soft Comput., vol. 40, pp. 379–390, Mar. 2016.

[34] D.-C. Lou and C.-H. Sung, “A steganographic scheme for secure com-
munications based on the chaos and Euler theorem,” IEEE Trans.
Multimedia, vol. 6, no. 3, pp. 501–509, Jun. 2004.

[35] Z. Lin, S. Yu, J. Lü, S. Cai, and G. Chen, “Design and ARM-embedded
implementation of a chaotic map-based real-time secure video commu-
nication system,” IEEE Trans. Circuits Syst. Video Technol., vol. 25,
no. 7, pp. 1203–1216, Jul. 2015.

[36] H. Liu, H. Wan, C. K. Tse, and J. Lü, “An encryption scheme based
on synchronization of two-layered complex dynamical networks,” IEEE
Trans. Circuits Syst. I, Reg. Papers, vol. 63, no. 11, pp. 2010–2021,
Nov. 2016.

[37] H. Liu, Z. Zhu, H. Jiang, and B. Wang, “A novel image encryption
algorithm based on improved 3D chaotic Cat map,” in Proc. IEEE 9th
Int. Conf. Young Comput. Sci., 2008, pp. 3016–3021.

[38] T. G. Pan and D. Y. Li, “A new algorithm of image encryption based
on 3D Arnold Cat,” Adv. Eng. Forum, vol. 1, pp. 183–187, Sep. 2011.

[39] M. Falcioni, L. Palatella, S. Pigolotti, and A. Vulpiani, “Properties mak-
ing a chaotic system a good pseudo random number generator,” Phys.
Rev. E, vol. 72, no. 1, 2005, Art. no. 016220.

[40] J. Nance, “Periods of the discretized Arnold Cat map and
its extension to n dimensions,” 2011. [Online]. Available:
http://arxiv.org/pdf/1111.2984v1.pdf

[41] Y. Wu, Z. Hua, and Y. Zhou, “n-dimensional discrete Cat map genera-
tion using Laplace expansions,” IEEE Trans. Cybern., vol. 46, no. 11,
pp. 2622–2633, Nov. 2016.

[42] S. Lian, Y. Mao, and Z. Wang, “3D extensions of some 2D chaotic maps
and their usage in data encryption,” in Proc. IEEE 4th Int. Conf. Control
Autom., Montreal, QC, Canada, 2003, pp. 819–823.

[43] U. Schwengelbeck and F. H. M. Faisal, “Definition of Lyapunov expo-
nents and KS entropy in quantum dynamics,” Phys. Lett. A, vol. 199,
nos. 5–6, pp. 281–286, 1995.

[44] E. W. Weisstein. (2002). Vieta’s Formulas. Accessed on
Dec. 12, 2016. [Online]. Available: http://mathworld.wolfram.com/
VietasFormulas.html

[45] K. W. Tang and W. K. S. Tang, “A chaos-based secure voice commu-
nication system,” in Proc. IEEE Int. Conf. Ind. Technol., Hong Kong,
2005, pp. 571–576.

[46] A. M. Davie and A. J. Stothers, “Improved bound for complexity of
matrix multiplication,” Proc. Roy. Soc. Edinburgh Section A Math.,
vol. 143, no. 2, pp. 351–369, 2013.

[47] J. A. Storer, An Introduction to Data Structures and Algorithms. Basel,
Switzerland: Springer, 2001.

[48] A. M. Albano, J. Muench, C. Schwartz, A. I. Mees, and P. E. Rapp,
“Singular-value decomposition and the Grassberger–Procaccia algo-
rithm,” Phys. Rev. A, vol. 38, no. 6, pp. 3017–3026, 1988.

Zhongyun Hua (S’14–M’16) received the B.S.
degree from Chongqing University, Chongqing,
China, in 2011, and the M.S. and Ph.D. degrees from
the University of Macau, Macau, China, in 2013 and
2016, respectively, all in software engineering.

He is currently an Assistant Professor with
the School of Computer Science and Technology,
Harbin Institute of Technology Shenzhen Graduate
School, Shenzhen, China. His current research inter-
ests include chaotic system, chaos-based applica-
tions, and multimedia security.

http://arxiv.org/pdf/1111.2984v1.pdf
http://mathworld.wolfram.com/VietasFormulas.html
http://mathworld.wolfram.com/VietasFormulas.html


HUA et al.: DESIGNING HCMs WITH ANY DESIRED NUMBER OF POSITIVE LEs 473

Shuang Yi (S’14) received the B.S. degree in
software engineering from Chongqing University,
Chongqing, China, in 2011. She is currently pur-
suing the Ph.D. degree with the Department of
Computer and Information Science, University of
Macau, Macau, China.

Her current research interests include multimedia
security, data hiding, and signal/image processing.

Yicong Zhou (M’07–SM’14) received the B.S.
degree from Hunan University, Changsha, China,
and the M.S. and Ph.D. degrees from Tufts
University, Medford, MA, USA, all in electrical
engineering.

He is currently an Associate Professor and
the Director of the Vision and Image Processing
Laboratory with the Department of Computer and
Information Science, University of Macau, Macau,
China. His current research interests include chaotic
systems, multimedia security, image processing and

understanding, and machine learning.
Dr. Zhou was a recipient of the Third Prize of Macau Natural Science Award

in 2014. He is an Associate Editor of the Journal of Visual Communication
and Image Representation, an Editorial Board Member of Neurocomputing,
and a Leading Co-Chair of Technical Committee on Cognitive Computing in
the IEEE Systems, Man, and Cybernetics Society.

Chengqing Li (M’07–SM’13) received the bach-
elor’s degree in mathematics from Xiangtan
University, Xiangtan, China, the M.Sc. degree
in applied mathematics from Zhejiang University,
Hangzhou, China, in 2005, and the Ph.D. degree in
electronic engineering from the City University of
Hong Kong, Hong Kong, in 2008.

He was a Post-Doctoral Fellow with the Hong
Kong Polytechnic University, Hong Kong, until
2010. Then, he joined the College of Information
Engineering, Xiangtan University, Xiangtan, China,

as an Associate Professor. From 2013 to 2014, he was with the University
of Konstanz, Konstanz, Germany, under the support of the Alexander von
Humboldt Foundation. He has published about 40 papers on the subject in
the past ten years, receiving over 1500 citations with an H-index of 21. His
current research interest includes security analysis of image and chaos-based
encryption schemes.

Dr. Li is serving as an Associate Editor for the International Journal of
Bifurcation and Chaos.

Yue Wu (S’08–M’12) received the Bachelor of
Engineering degree with the Huazhong University
of Science and Technology, Wuhan, China, in 2005,
the Master of Science degree with the University
of Toledo, Toledo, OH, USA, in 2008, and the
Ph.D. degree in electrical engineering from Tufts
University, Medford, MA, USA, in 2012. In his the-
sis work, he pioneered the data security techniques
using Sudoku arrays.

Since 2014, he has been a Research Scientist with
the Information Sciences Institute (ISI), University

of South California, Los Angeles, CA, USA, where he continued his research
in handwritten character recognition, but also started new research in face
recognition and media forensics. He was a summer intern with Raytheon
BBN Technologies, Cambridge, MA, USA, before graduation, and later joined
as a Research Scientist. He developed and used algorithms for handwritten
character recognition. His current research interests include automatic line
segmentation, image denoising, and document binarization.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /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 /LeaveColorUnchanged
  /DoThumbnails false
  /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 false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZapfChancery-MediumItalic
    /ZapfDingBats
    /ZapfDingbatsITCbyBT-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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 "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


