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Abstract: In this paper, we introduce a generalized complex discrete fractional-order cosine map.
Dynamical analysis of the proposed complex fractional order map is examined. The existence and
stability characteristics of the map’s fixed points are explored. The existence of fractal Mandelbrot sets
and Julia sets, as well as their fractal properties, are examined in detail. Several detailed simulations
illustrate the effects of the fractional-order parameter, as well as the values of the map constant and
exponent. In addition, complex domain controllers are constructed to control Julia sets produced
by the proposed map or to achieve synchronization of two Julia sets in master/slave configurations.
We identify the more realistic synchronization scenario in which the master map’s parameter values
are unknown. Finally, numerical simulations are employed to confirm theoretical results obtained
throughout the work.
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1. Introduction

Explaining the behavior of complex fractional-order maps is a huge challenge [1-3].
The complex maps that have been discovered to have fascinating and insightful constructs
in geometry are familiar as Julia and Mandelbrot fractal sets [4-10]. Dimensions of these
sets are known to be fractal and have a variety of intriguing applications, including electric
fields, electromagnetic fields, and secure communication [11-15]. The fractional generalized
Hénon map’s chaotic behavior was looked at in [16], whereas the presence of chaotic
behaviour in the fractional discrete memristor system was shown in [17].

In order to understand the dynamics of spatiotemporal systems in the presence of
memory, coupled fractional maps can be explored. Power-law memory systems can
be found in a variety of branches of physics, from electromagnetic waves in dielectric
media to adaptation through biological systems [18,19]. Discrete-time systems exhibiting
unusual complexity characteristics, such as hidden attractors [20], coexisting multiple
attractors [21], and hyperchaotic behavior, are also of great interest. In [22], the chaos,
0-1 test, Cy complexity, entropy, and control of discrete fractional Duffing systems are
examined. In [23], it is addressed how fractional-order discrete-time chaotic systems can be
synchronized and used for secure communication. In [24], a strategy for utilizing chaotic
behavior in fractional maps to be applied for image encryption was demonstrated as a recent

Mathematics 2023, 11, 727. https:/ /doi.org/10.3390/math11030727

https://www.mdpi.com/journal /mathematics


https://doi.org/10.3390/math11030727
https://doi.org/10.3390/math11030727
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0000-0002-5010-601X
https://orcid.org/0000-0001-7788-4578
https://orcid.org/0000-0001-7125-9675
https://doi.org/10.3390/math11030727
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/article/10.3390/math11030727?type=check_update&version=1

Mathematics 2023, 11, 727

2 of 21

example of fractional systems being applied to encryption. Researchers used fractional-
order maps to investigate image encryption in [25,26]. Scholars used a pseudo-random
number generator [27] to help them investigate the links between multiple fractional
chaotic systems.

A fractal is a geometric pattern that is self-similar at all scales and has a non-integer
constant Hausdorff dimension [28]. Since porous media, aquifers, turbulence, and other
media commonly display fractal properties, fractal theory, a compact part of nonlinear
physics, has considerable applicability in these areas [29,30]. In contrast, a fractional
operator is an expression of a fractional differentiation, since it describes the memory
and hereditary aspects of the phenomenon [31]. Complex systems are better modeled by
fractional-order equations than by integer order equations. Fractional-order systems are
used in various fields of engineering and science, including electromagnetics, viscoelasticity,
fluid mechanics, electrochemistry, biological population models, optics, and signal pro-
cessing [32-35]. Memory is a key characteristic of fractional-order differential and discrete
equations. Fractional-order differentiation of fractal geometry sets has limited results [36].
Fractional-order Mandelbrot sets and Julia sets have rarely been discussed [37,38]. There
are several complicated iterative equations that are related to the complex maps and the
related Julia set phenomena. Julia set control is one method for controlling and synchroniz-
ing the fractal properties of a complicated system. Thus, applying fractional calculus to
deterministic non-linear fractals such as Julia and Mandelbrot sets formed by fractional
maps yields an appealing and novel theory with applications in image and data compres-
sion, computer graphics, and encrypted communication. Consequently, the purpose of
this paper is to investigate this challenging task involving fractals and fractional calculus,
including theoretical and numerical features, as well as control and synchronization based
on the complex dynamics of a proposed fractional complex cosine map.

The purpose of this research is to investigate nonlinear dynamics and fractal features
of discrete fractional complex cosine maps that have not yet been examined in the literature.
According to the knowledge of the authors, this is the first attempt to introduce this complex
discrete fractional cosine map. The control and synchronization of fractal sets in integer
order complex maps is a very recent topic of research in the science of nonlinear dynamics.
In this paper, we investigate the problem of controlling and synchronizing discrete-time
fractional complex maps-based fractal sets. This paper’s primary purpose is an extensive
study into the complexity and dynamics of the discrete fractional complex cosine map. The
existence of several periodic and chaotic attractors is highlighted by means of bifurcation
diagrams, maximal Lyapunov exponents, and the 0-1 test.

The structure of this paper is as follows: in Section 2, mathematical basics are explained;
in Section 3, the proposed discrete fractional complex cosine map’s mathematical model is
shown; Section 4 looks at how the proposed map controls and synchronizes Julia sets; and
Section 5 contains the conclusion and final discussion.

2. Mathematical Basics

In this section, we introduce some preliminaries about fractional-order difference
calculus, as follows.

Definition 1 (See [28]). Let the order « > 0, & & N, the start point k € R, t € Ni 4,
and m = [a] + 1. Then the following a-order Caputo-like left delta difference of F(t) is written
as follows:

1 t—(m—a)
CA [ — _ (m—tx—l) m 1
AGE(t) : T(m—a) E;’( (t—o(s)) A"E(s), 1)
where 7(s) = s + 1 and t®) = %

From Refs. [39-41], we can directly obtain the following Theorem 1.
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Theorem 1. For the following nonlinear system with the a-order Caputo-like left delta difference
calculus:

CAX(H) =F(t+a—1,X(t+a—1)), ?
NX(k)=X;, j=0,...,n—1, n=[a]+1
The equivalent system of system (2) is:
1 t—u (€—1)
X(t) = Xo(t) + T Y (t—=o(s)) T VFGs+a—1,X(s+a—1)), tENL, ()
(a) s=k+n—a
where 0
n—1 (t _ k) ] .
Xo(t) = ) ~———NX(k).
From Theorem 1, we can directly obtain the following theorem.
Theorem 2. If the start point k = 0, we can simplify system (2) as
X(n) = X(0) 4 Ly LTI T i q)) nen @)
I'(w) = I(n—j+1) ’ :

For an N dimensional nonlinear system (2) with fractional-order « € (0,1) and fixed
point X, if X(t) = (Xq(t), Xa(t),---, Xn(t))T and F(t) = (Fi(t),Fx(t), -+, Fx(t))T are

continuously differentiable at X, and its Jacobian matrix has the following form:

oF(X)  9R(X) OF (X)

aXy Xy X,

IKH(X) B(X AR (X

T s e
J(X) = ox |l .7 )
X=X :

(X)) R(X) | R(EX)

90X, 90X, X,

then we can obtain the following theorem by using the linearization theorem.

Theorem 3 (See [39,40]). The N-dimensional system (2) is locally asymptotically stable if all
eigenvalues A;,i =1,2,--- N of ] (X) satisfy

A _ 4
Ai € {z eC:z| < (2cos ;gzan) and | Argz| > zxzn}/ )

where the symbol Argz means the argument of the complex value z.

3. The Discrete Fractional-Order Complex Cosine Map

We propose a new discrete fractional cosine map which appears as this:
CA%z(t) = cos[z(t +a —1)F 4 ¢, (6)

where z and g € C, whereas g takes positive real values greater than or equal to one. The
fixed points of the discrete fractional map (6) can be obtained by solving

cos[z" +4] =0,

which results in different scenarios for fixed points depending on the value of p as follows:
(1) For p = 1, the fixed point is z* = (2m + 1)% — g, where m € Z.
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(2) For p = 2, the fixed point is z* = [((2m + 1)% —qr)* + qiz]%[cos(%) +isin(%)],

[((2m + 1)% —qr)? + qiz]%[cos(m%) + isin(%527)], where g is assumed in the form
q = qr + ig; and 0* is the principal argument of (2m + 1)% — gy — ig;.

(3) For p = 3, the fixed point is z* = [((2m + 1)% —q:)? + qf]ﬂcos(%) +isin(%)],

7T 1 * .. * 7T 1

(@ +1)7 — g7 + g2} eos(U427) + isin(P527)] and. [(2m + 1) — )2 + g7}
[cos(E4T) + isin(£EAT)].

(4) In a general case for any value of p, the fixed point is z* = 17% [cos(%) +
isin(£225)], 5 = [(2m +1)7 — ¢ + 92} k€ Z.

Next, certain analytical results on the asymptotic stability of complex fractional map
fixed points (6) are provided.

3.1. Stability Analysis of Fixed Points

Theorem 4. The fractional complex cosine map (6) has a locally asymptotically stable fixed point

z* if and only if:

Arg((=1)"pz" ) -
2—ua

o7t

> > 7)

Arg((—1)"pz*" )

7T
)

(—1)"pz*" | < (2cos

Proof. Let §(t) = z(t) — z* and consider the following linearized map derived from
Equation (6):

CA%S(t) = —pz*%1 sin[z* +q]o(t+a — 1),
= (—l)mez*pq(S(t +a—1),
= AS(t +a —1). ®)

The real and imaginary parts of (8) are separated as follows
CA%S,(t) + iCA%5; (1) = (A +iA) (Or (E+ & — 1) 4+ i6;(t +a — 1)),
and hence the following two dimensional discrete fractional system is obtained

CALS (1) = Moy (b+a—1) — Aidi(t+a — 1),
CA%G (1) = Aidp(t 4+ — 1) + A0 (t+a — 1),

The above system can be expressed in the form
CAR(H) \ _ (A A S(t+a—1) ©)
CAZ‘(Sj(i’) Ai Ar (5i(t+ﬂé— 1) !

where the eigenvalues of the 2 x 2 coefficients matrix is found tobe A = A, + iA; = A, A.

Let
_ )\r _/\i
= ( A M >
with tr(B) = 2A, and det(B) = A2 + A? > 0, then the origin of (9) satisfies the following
conditions for asymptotic stability:

>DC7T
5

’cot_l(%) -7

2 2 1%
\/AZ 4+ A7 < (2cos - )4,

Equivalently,

M

1
co (/,\i

)
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-7
Arg((—l)m“pz*pfl) > %.

Arg((-1)1pz" )
2—« )

(—1)mHpz" ‘ < (2cos

In particular, satisfying the above conditions implies that [|6(t)|| = O(t™*) ast —
o0, i.e., the solutions J, and ¢; algebraically decay to zero in the way that z* is locally
asymptotically stable for the fractional complex map (6). O

_

Corollary 1. For p = 1 and m = 0, the fixed point z* = 7 — q is locally asymptotically stable
when 0 < o < 1.

1

Proof. Forp = 1and m = 0, weobtain (—1)"+1pz*’~" = —1,andso |Arg((—1)"*H1pz*' )| =

71. Thus the conditions (7) reduce to

o7r
1 2“/ A 7
< T > 5

which are satisfied at0 < & < 1. O

1 g 1 grion
Corollary 2. For p =2 and m = 0, the fixed points z* = | § — q|23197 and |5 — q|2319 7 gre

locally asymptotically stable when

T 3 PR o0* %4
E—qz<2"‘_1(cos72_‘Jé )%, 2+7T‘>2,
and
6*
T 3 R o0* a7t
2 a—1 a |V an
’2 < 2 (cos T )%, 2+27E’> >

- 1 g 1og
Proof. Forp = 2andm = 0,weobtain (—1)"1pz*" ™ = 2|3 - q|ze’(97+”),2|§ — q’ze’(%ﬂn)

and hence ‘Arg((—l)m“pz*H) = 62—* + |, 92—* + 27|, for the two fixed points, respec-
tively. Thus the conditions (7) reduce to
0*
T 2 2 R * o
N e R

for the first fixed point and for the second fixed point it follows that

9*

N ¥
2+7r7r

*
— +2
2+ n’>

o7t

1
2‘%—q‘2<(2cos >

14
2—uw )
O

The previous theoretical results are validated using numerical simulations. In the first
case, let p = 1,4 = 0.95,g = 2 — 1.5iand m = 0. Then the fixed point z* = —0.429204 + 1.5i
is locally asymptotically stable according to Corollary 2, see Figure 1a,b. Now, consider
the second case where p = 2,0 = 0.85, 4 = 1.2 — 0.2i and m = 0, and the fixed points are
0.629322 + 0.158901i and —0.629322 — 0.158901i. The conditions for asymptotic stability
indicate that the first fixed point 0.629322 + 0.158901i is asymptotically stable whereas the
second one is unstable, as shown in Figure 1c,d. In the third case, taking p = 2,2 = 0.7,
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g =14 0.3iand m = 0, the fixed points are found to be 0.7796 — 0.1924i and —0.779624 +
0.1924i. Stability conditions reveal that the first fixed point is asymptotically stable while
the second one is unstable. Numerical simulations in Figure 1e,f verify these predictions.

: 1.5
0.8} T
0.6} 1.4
S 3-‘;’ 313
g 0.2 I3
Eq2
“ 00
-0.2}- 1.4}
=04 : 1 1.0k
0 100 200 300 400 500 0 100 200 300 400 500
n n
@ (®)
0.6 7 0.25)
0.5, 0.20}-
<04 8015
9 0.3f = :
'4 =
0.10}-
0.2}
01} 0.05
0.0L 4 0.00 ]
0 100 200 300 400 500 0 100 200 300 400 500
n n
(9 (d)
0.8f 0.10f
06l 0.05}
—_ — 0.00
N 5
Yo4 £ -0.05;
o = -0.10
0.2 -0.15},
0.0 =020 ooomeeeee : .
"0 100 200 300 400 500 0 100 200 300 400 500

Figure 1. The time series solutions of the generalized fractional complex cosine map at (a,b) p =1,
x=09549g=2-15i(cd)p=2a=0854g=12—-02iand (ef) p =2,04 =07, =1+ 0.3i

3.2. The Fractional Cosine Map Generates Fractal Sets

We extend the ideas of Julia and Mandelbrot fractal sets to the more general case of

discrete fractional-order complex-valued maps. Consider the following fractional-order
map

Cafz(t) = f(z(t+a—1),9), (10)
where f : C — C and g € C, then the Julia set induced by (10) is defined as follows [9-11]:
Definition 2. The filled-in Julia set of discrete fractional map (10) is the set ¥ of initial points

z € C whose evolutions under (10) are limited. The boundary of ¥, i.e., 0¥, is referred to as the
Julia set of discrete fractional map (10) and it is denoted by ]J’i‘.
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The key properties of Julia set ]}‘ are listed below [9-11]:

1) ]}'}‘ # @, 1.e., itis a non-empty set.

2) ]J’}‘ is fully invariant with respect to (10) in both forward and backward directions
of iterations.

(3) Assume that the fractional map (10) has an attractive fixed point of period p at
some specific values of &, then [% contains the basin of attraction for this fixed point, namely,
9B} The same is true for infinity fixed point.

The Mandelbrot set, introduced by Benoit Mandelbrot in 1979 [9,10], is generalized to
our fractional case in the way that the Mandelbrot set CD? is composed of the set of points in
the plane of complex-valued parameter g at which the evolution from initial point z(0) = 0
is bounded at the specified fixed value of a.

The quantification of fractal properties of Julia and Mandelbrot sets can be carried
out by calculating the associated space filling capacity or dimension. The well-known
box-counting dimension is the most accessible among scientists and it can be defined
as follows:

Definition 3. For non-empty bounded subset () of R", consider the collections of boxes with side
lengths € required to cover Q). The Minkowski—-Bouligand dimension or the box-counting dimension
is defined as

... log(Ne)
dimq = 213(1) log(1/¢€)’

where Ne is the number of boxes to cover (). In addition, the lower box dimension (lower Minkowski
dimension) and the upper box dimension (Kolmogorov dimension) of Q) are also defined by
dimg, = limM, dimg = HM

e log(1/€) e—0log(1/€)’

respectively.

Numerical simulations are carried out to explore the generation of Mandelbrot and
Julia sets from the dynamics of the proposed generalized fractional cosine map. The results
for different values of the fractional order «, the constant g, and the exponent p are shown
in the next table. In addition, Table 1 provides the box-counting dimensions for the various
simulation scenarios investigated.

Table 1. Summary of cases considered in numerical simulations and the associated fractal dimensions.

Figure Fractal Set Parameters Fractal Dimension

Figure2  Mandelbrot sets « = 1, different values of p. 1.5244,1.582,1.6148,1.6594,1.5615,1.5442
Figure 3 Mandelbrot sets « = 0.9, different values of p. 1.8838,1.8836,1.8994,1.8893

Figure4 Mandelbrot sets « = 0.75, different values of p. 1.8643,1.8828,1.8748,1.909,1.8762,1.8967
Figure 5 Mandelbrot sets « = 0.5, different values of p. 1.633,1.6722,1.6782,1.6838,1.6857,1.6337,1.5536
Figure 6 Mandelbrot sets « = 0.3, different values of p. 1.8572,1.8908,1.8904, 1.5768

Figure 7 Julia sets « =1, different values of p and 4. 1.8426,1.8665,1.4931,1.5469

Figure 8 Julia sets « = 0.8, different values of p and g. 1.8765,1.489,1.8525,1.8503

Figure 9 Julia sets a = 0.5, different values of p and 4. 1.5016,1.8864,1.5078,1.4836,1.8021,1.8034
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(e) ()

Figure 2. The Mandelbrot sets generated by the generalized fractional cosine map at &« = 1, where
@p=20bB)p=25()p=3(dp=43,(e)p=5and(f)p="77.
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;L‘(r

%

e o -
B LRI

Figure 3. The Mandelbrot sets generated by the generalized fractional cosine map at @ = 0.9, where
@p=2Mb)p=25(c)p=3,and (d) p =43

Figure 4. Cont.
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(e) (f)

Figure 4. The Mandelbrot sets generated by the generalized fractional cosine map at « = 0.75, where
@p=20)p=25()p=3(dp=43(e)p=>5and(f)p=77

Figure 5. Cont.
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Figure 5. The Mandelbrot sets generated by the generalized fractional cosine map at « = 0.5, where
(@p=2,()p=25(c)p=3d)p=43(e) p=5and (f) p = 77.

Figure 6. Cont.
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Figure 6. The Mandelbrot sets generated by the generalized fractional cosine map at @ = 0.3, where
@p=2Mb)p=25(c)p=77and (d) p =11.3.

Figure 7. The Julia sets generated by the generalized fractional cosine map ata = 1and g = 0.5+ 0.52i,
where (a) p =2,(b) p =25,(c)p=43,and (d) p =7.7.
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() (d)

Figure 8. The Julia sets generated by the generalized fractional cosine map at « = 0.8 and
g = 1.9 —0.25i, where (a) p =2, (b) p =3.5,(c) p =5,and (d) p = 11.5.

Figure 9. Cont.
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() (d)

-0.30 -025 -0.20 -0.15 -0.10 -0.05

(e) €3}

Figure 9. (a—c) The Julia sets generated by the generalized fractional cosine map at « = 0.5 and
q = 0.41 4 0.65i, where (a) p = 1, (b) p = 2, (¢) p = 3.8. (d—f) The values of the parameters are « = 0.5
and g = —0.1 — 0.7i, where (d) p = 5.3,(e) p =7, (f) p = 11.5.

4. The Control and Synchronization of Julia Sets

This section examines the regulation and synchronization of Julia sets generated by
the fractional-order cosine map. This section begins with a brief mathematical overall view.

Consider two different fractional-order cosine maps The first is called the master
(driving) map and has the output z; (t) whereas the second map is referred to as the slave
(response) map and it gives the output z;(t).

Definition 4. The synchronization is said to be achieved between z1(t) and z(t) if zy — zq as
t — oo. Equivalently, it can be written as [11-13]

lim [2() — 21 (£)] = 0.

The synchronization of two solution trajectories indicates that their convergence and
divergence characteristics are identical. Let ]J’}‘l and ]}‘2 denote the Julia sets of fractional
master and fractional slave maps, respectively, where they have fractional order a. The
definition of synchronization between two Julia sets is as follows [11-14].
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Definition 5. The asymptotic synchronization of two Julia sets ]J’?l and | }‘2 is achieved if
EmUp Vg =I5 Np) = 2

4.1. Control of Julia Sets Generated by the Fractional Cosine Map

The Julia sets created by the fractional cosine map are controlled by varying the type
of stability of a particular fixed point on the map. The proposed form of the feedback
controller is

v(t) = —x(z(t) —z) — cos[z(t+a —1)F +¢], (11)
where Z is the target fixed point and the complex-valued controller gain ¥ = «, + ix; is

calculated as follows:

Theorem 5. Suppose that the feedback controller (11) satisfies the following conditions

ke >0, (/K2 +x2<2%,

subsequently, the unstable fixed point Z of controlled fractional-order cosine map
CA%2(t) = cos[z(t+a —1)P +q] +v(t+a —1),
is stabilized by changing the Julia set in its neighborhood.
Proof. Using control signal (11), the controlled fractional cosine map can be written as:
CA%z(t) = —x(z(t+a—1) —2). (12)
Let u(t) = z(t) — z, then (12) represents a structure
CA%u(t) = —xu(t +a—1),
and the associated real-valued two dimensional fractional map is obtained as

CA%u, (1) = —1uy (E+ 0 — 1) + i (E+a— 1),
CA%u;(t) = —kjup (t+ o — 1) — spu(t+a — 1).

]_ —Ky Ki
K —kr )’

and hence the eigenvalues of | are given by —«, =+ ix;. The sufficient conditions for local
asymptotic stability of k, > 0and y/x? +x? < 2% O

Define matrix | by

4.2. Synchronization of Julia Sets

Assume the driving system has the following configuration:
CA%2 (1) = cos[zy (t+a —1)P +q1], (13)
and take into account the following response system
CAfza(t) = coslza(t + & = 1) + o] + p(z1, 22, t + 0 = 1), (14)

where p(z1,2,t + « — 1) is an appropriate controller to be designed.
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Now, two different scenarios will be investigated in the following two theorems. The
first one involves the case where the values of the constants g1 and g, are known a priori.

Theorem 6. Suppose that the values of constants g1 and qy in the two fractional maps (13) and (14),
respectively, are known. Then, the following controller

p(z1,2, t+a—1) = cosl[z(t+a —1)P +q1] —cos[za(t +a — 1) + o] — y(z2(t+a—1) —z1(t +a — 1)), (15)
with gain v = 7y, + Iv; satisfying |y| < 2% and vy, > 0, can realize Julia set synchronization

between the driving system (13) and the response system (14) for any initial condition.

Proof. One can obtain the fractional error map by subtracting (13) from (14) which can be
written as

CA%(t) = cos[za(t +a — 1) +qa] — cos[z1(t +a — 1) +q1] +p(z1,22,t +a — 1),
E(t) = Zz(t) — Zl(t).
By substituting from (15) into the above error map, we get
CA%(t) = —ye(t+a—1),

or
CA(er () + ei(t)) = (—r — i) (er (E+ @ — 1) + ies(+ & — 1)),

which can be changed into the 2D system
CA%, (1) = —yrer(t+a—1) + yiei(t +a — 1),
CAfei(t) = —vie,(t+a—1) —yei(t+a—1),
The eigenvalues of the above system are found as —, £ i7y; which imply that the

asymptotic stability conditions are achieved if |y| < 2* and 7, > 0. O

The second scenario involves the case where the value of constant q; is unknown and,
therefore, an adaptive controller is to be designed along with complex-valued update laws
to realize the synchronization.

Theorem 7. Suppose that the value of constants qq in the fractional map (13) is unknown. Then,
the following controller
o(z1,20,t + a0 —1) = By(t+a — 1) cos(z1 (t +a —1)P) + Bo(t +a — 1) sin(z; (t +a« — 1))
—cos[za(t+a—1)P +go] — ye(t+a —1), (16)
along with the following update laws

R n(e(n+1)cos(zy(n)?) —e(n) cos(z1(n +1)F))

B )
Api(n) = — cos(z1(n + 1)P) cos(z1(n)P) ’ 17
) (e(n + 1) sin(z1 (n)?) — e(n) sin(z; (n + 1)P))
Apa(n) = 125" sin(212(11 i 1)) Sei:(zl(” Z‘}) - i

where B1, B are the estimates of cos(q1) and — sin(qy), respectively, and the complex-valued gains
v, 1 and 1 satisfying |y + 1 + 12| < 2% and vy + 1, + 12, > 0 can achieve Julia set synchro-
nization between the driving system (13) and the response system (14) for any initial condition.
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Proof. The proof is arranged in the following steps. First, the drive map is simplified to
the following form:

CA%z1(t) = cos(qy) cos(z1 (t + & — 1)P) — sin(q1) sin(z1 (£ + a — 1))
= B1cos(z1(t +a —1)F) + Bosin(zy (t +a —1)P),
p1 = cos(q1), P2 = —sin(q).

The fractional error map is then expressed as

CA%(t) = cos[za(t +a — 1)P +qo] — By cos(zy (t +a — 1)P) — Basin(zy (t +a — 1)P) + p(z1, 20, t +a — 1).

A

CAge(t)

Second, by substituting (16) into the fractional error map, we obtain

(Bi(t+a—1) — B1)cos(zy (t+a —1)P) + (Ba(t +a — 1) — Ba) sin(z1 (t + & — 1)P) — ye(t +a — 1),
Bi(t+a—1)cos(zy(t+a—1)F) 4+ Ba(t +a — 1) sin(zy (t +a — 1)P) — ye(t +a —1).

In addition, note that

ABy(n) = AB1(n), ABa(n) = ABa(n),

and hence the update laws (17)—(18) can be solve to give

Buln) = —— 1)y — - 2elt)_

~ cos(z1(n)P)’
Third, the error map is, therefore, reduced to
CAfe(t) = —(v+m +me(t+a—1),

which implies that the corresponding 2D fractional error map in R? has the eigenvalues
—(vr + 1y + 12r) £ i(7yi + 115 + 172;) at the zero fixed point. Therefore, the following
conditions are sufficient to confirm the fixed point stability

‘7+771+772| <20(, Yr+ 11 + 12r > 0.

O

To validate the theoretical results obtained in this section, numerical simulations
are now used. For p = 2,4 = 1.2 - 0.2iand « = 0.8, it can be found that the fixed
point —0.62932 — 0.1589012i is an unstable fixed point for the fractional cosine map (6).
Applying the controller (11) with Z = —0.62932 — 0.1589i and x = 1, the fixed point is
stabilized, as shown in Figure 10a,b. In a second example, consider a master system with
p =24 =12—-0.2iand a« = 0.9 while the slave system is supposed to have p = 2,
g2 = 0.433 — 0.55i and @ = 0.9. Using the adaptive controller (15) with v = 14 0.3],
the synchronization conditions are satisfied and the synchronization between the two
systems are achieved. The evolution of the synchronization error with time is illustrated in
Figure 10c,d for its real and imaginary parts. The third example involves the more realistic
case where the value of g; is unknown in the master system. The value of g, in the slave
system is set to 0.433 — 0.55i and the other shared values of parameters are p = 2 and
« = 0.85. The adaptive controller (16) along with update laws (17)—-(18) are employed to
achieve the synchronization between the two systems and estimate the unknown values of
cos(q1) and — sin(g7 ). In the simulations shown in Figure 11, the assigned values to cos(q; )
and sin(qp) are 0.369629 + 0.18765i and 0.950742 — 0.0729564i, respectively. Figure 11a—f
shows the real and imaginary parts of the synchronization error, 1 and ;. The Julia set
generated by the controlled map is affected by the stabilization of specific fixed points in
the fractional cosine map or the induced synchronization between master/slave systems.
For example, Figure 12 depicts the Julia sets generated by the slave fractional cosine map
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before and after attaining the synchronization state where it is clear that significant changes
in its structure are introduced.
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Figure 10. (a,b) Stabilization of fixed point Z = —0.62932 — 0.1589i of the generalized fractional cosine
map under the influence of the proposed controller (11) with ¥ = 1. (c,d) The real and imaginary parts
of the synchronization error between a master system with p = 2, g1 = 1.2 — 0.2i, « = 0.9 and a slave
system with p = 2, 4o = 0.433 — 0.55i and &« = 0.9 when the adaptive controller (15) is employed and
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Figure 11. The real and imaginary parts of the synchronization error, f; and B, where the value of
g1 is unknown in the master system, the value of g; in the slave system is set to 0.433 — 0.55i and
the other values of parameters are p = 2, « = 0.85, v = 0.3+ 0.3i, 1 = 0.2 and 17, = 0.2 (a,b). The
assigned values to cos(q1) and sin(gq7) are 0.369629 + 0.18765i (c,d) and 0.950742 — 0.072956i (e, f).

1.0¢

0.5}F

0of 4

-05¢

(@) (b)

Figure 12. The effects of synchronization on the Julia sets generated by the slave fractional cosine
map described in Figure 11 (a) before and (b) after attaining synchronization state.

5. Conclusions

This research introduces a framework for investigating the fractal and dynamic prop-
erties of an extended discrete fractional cosine map with complex values. The Mandelbrot
and Julia sets of the proposed map are investigated for a variety of parameters. Julia sets in
complex domains: control and synchronization issues discussed. In particular, an efficient
adaptive controller is constructed to achieve synchronization when there is an unknown
value of the parameter in driving (master system). The proposed map has promising
applications in the field of image encryption which can be conducted in future work.
Our findings can be used to create a reliable and efficient chaotic color/grayscale image
encrypting system. The next step in our future work is to apply the present discrete frac-
tional complex cosine map and examine/compare the performance of the corresponding
encryption schemes.
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