People's Democratic Republic of Algeria dbered

Ministry of Higher Education and Scientific M

:

Research
o ) . . g iyl gl il
s Larbi Tébessi University - Tébessa cr e A v
Faculty of Exact Sciences and Natural and Life Sciences
Department: Mathematics

End-of-study disseration for obtaining the master degree
Field: Mathematics
Option: Mathematics
Speciality: Dynamical Systems and Its Applications

Titled by :

4 o e : : N
Stabilization of Chaotic Fractional

Discrete Neural Networks Based on the

L Caputo -h- Difference Operator ,

Presented By:
ZOUAID SAIF EDDINE

Devant le jury :

Diab Zouhair M.CA Larbi Tébessi University — Président
Abd Elhakim Lamairia  M.CA Larbi Tébessi University Examine
Gasri_Ahlem Prof Larbi Tébessi University Supervisor

Academic Year: 2025/2026




Dedication

To my dear father,

the man who has always been my support in every step, who taught me that
strength is mot in words, but in patience, endurance, and rising again
no matter the circumstances.
You have always been the steady ground I return to, and the unwavering
support I rely on. I carry my deepest gratitude and love for you.
This achievement carries a great part of you.

To my beloved mother,

the heart that never grew tired of praying for me, the hand that wiped
away my exhaustion before I even spoke of it, and the soul that has
accompanied me since my first day at school until this very moment.
You were with me in every small success before the big ones, and in
every moment of weakness, fear, and fatigue.
No words can ever describe your right over me,
for some forms of giving are beyond expression.

To my dear grandfather,

who was like a second father to me, a fundamental part of my memories

and life, and whose hands I grew up under while learning countless things
without even realizing it.

Your presence in my life has been a great blessing that I can never repay.

To my beloved grandmother,

whose care and fear for me were pure love, and whose attention to every
detail of my life made me feel constantly surrounded by a family that
would never let life break me easily.
May God always protect you for me.

To my dear siblings,

thank you for being part of my days, my laughter, my stress, and my
academic journey, and for making everything lighter simply by being present.

To all my friends,

who shared with me a long journey filled with effort, pressure, and



beautiful moments, and who made the path lighter despite its difficulties.
University does not only teach knowledge; it teaches one how to survive
within chaos and maintain oneself as much as possible...
quite fitting for someone studying chaos itself.
A beautiful academic paradox indeed.

To everyone who supported me, even with a kind word or a sincere prayer,
I dedicate this humble work.

“I am not what happened to me, but I am what I choose to become.”
— Carl Gustav Jung

In conclusion, I find myself close to this idea; everything I have gone
through was never my definition, but only a path I walked through.
What I am today is shaped by what I chose despite the hardships,
and by what I never gave up on until the very end.



Acknowledgments

In the Name of Allah, the Most Gracious, the Most Merciful.

All praise is due to Allah for His countless blessings.

I would like to express my sincere gratitude to my supervisor, Professor Qasri Ahlam,
for her precise follow-up, valuable guidance, and patience throughout the completion of
this research work.

I would also like to extend my thanks to the staff of the Department of Mathematics
at the University of Cheikh Larbi Tebessi, for providing a serious academic environment
and the necessary support to accomplish this work.

A special tribute to my friend Abd El Bari, who played a major role in helping me
complete this thesis, and who was present with support and assistance during the most
difficult moments.

And to my friend Mohamed, who is not just a friend to me, but a true brother with
whom [ shared many aspects of life.



Abstract

The objective of this thesis is to present a general study of discrete fractional-order
dynamical systems, with a particular focus on chaotic fractional discrete neural networks,
stability theory, and chaotic behavior.

More specifically, we are interested in fractional difference systems, including Caputo
and h-fractional operators, where memory effects play a fundamental role in the system
dynamics.

The study investigates both linear and nonlinear discrete fractional models and dis-
cusses several stability concepts, including Mittag—Leffler stability, which is widely used
in the analysis of fractional systems. In addition, chaotic dynamics are examined through
mathematical tools such as Lyapunov exponents, bifurcation analysis, and fractal dimen-
sions, providing insight into the complex behavior of nonlinear discrete systems.

Furthermore, fractional-order discrete neural networks are considered as an important
application of these systems. Neural networks have demonstrated remarkable capabilities
in various tasks, including pattern recognition, image classification, natural language
processing, and regression analysis. They have found applications in diverse fields such
as finance, healthcare, marketing, robotics, and autonomous vehicles, among others.

Keywords: Chaotic fractional discrete neural networks; Caputo h-difference oper-
ator; Fractional difference equations; Stabilization; Mittag-Lefler stability; Lyapunov
exponents; Bifurcation analysis; Chaos.



Resumé

L’objectif de cette these est de présenter une étude générale des systemes dynamiques
discrets d’ordre fractionnaire, avec un intérét particulier porté aux réseaux de neurones
discrets fractionnaires chaotiques, a la théorie de la stabilité et au comportement chao-
tique.

Plus précisément, nous nous intéressons aux systemes aux différences fractionnaires,
notamment ceux basés sur les opérateurs de Caputo et h-fractionnaires, dans lesquels les
effets de mémoire jouent un role fondamental dans la dynamique du systeme.

Cette étude examine a la fois des modeles discrets fractionnaires linéaires et non
linéaires et discute plusieurs concepts de stabilité, notamment la stabilité de type Mittag—
Leffler, largement utilisée dans I'analyse des systémes fractionnaires. En outre, les dy-
namiques chaotiques sont étudiées a ’aide d’outils mathématiques tels que les exposants
de Lyapunov, I’analyse des bifurcations et les dimensions fractales, offrant ainsi un apercu
du comportement complexe des systémes discrets non linéaires.

Par ailleurs, les réseaux de neurones discrets d’ordre fractionnaire sont considérés
comme une application importante de ces systemes. Les réseaux de neurones ont dé-
montré des capacités remarquables dans diverses taches, notamment la reconnaissance
de formes, la classification d’images, le traitement du langage naturel et ’analyse de ré-
gression. Ils trouvent des applications dans divers domaines tels que la finance, la santé,
le marketing, la robotique et les véhicules autonomes, entre autres.

Mots-clés : Systemes dynamiques fractionnaires discrets ; Opérateur de différence h
de Caputo ; Réseaux de neurones fractionnaires chaotiques ; Stabilité de Mittag-Leffler ;
Exposants de Lyapunov ; Chaos.
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Introduction

The study of discrete fractional-order dynamical systems has become an important field
in modern applied mathematics due to its ability to model complex systems with memory
and nonlocal behavior. Unlike classical integer-order models, fractional systems incorpo-
rate the entire history of the process, which leads to more accurate representations of
real-world phenomena.

Discrete fractional calculus extends classical difference equations by introducing frac-
tional sum and difference operators, such as the Caputo fractional difference operator
and the h-fractional difference operator. These operators allow the description of sys-
tems where past states influence current dynamics.

Stability analysis is a central topic in the study of dynamical systems. In the fractional
discrete setting, classical stability concepts are generalized, leading to notions such as
Mittag—Leffler stability, which is widely used to describe the asymptotic behavior of
fractional systems.

In addition, chaotic behavior in discrete fractional systems has attracted significant
attention. This behavior is characterized by sensitivity to initial conditions, bifurca-
tions, and complex geometric structures, which are studied using tools such as Lyapunov
exponents and fractal dimensions.

Finally, fractional-order discrete neural networks provide a powerful framework for
modeling nonlinear dynamical systems with memory effects, combining neural computa-
tion with fractional dynamics.

Stability analysis of neural networks is crucial for assessing their behavior under dif-
ferent conditions and ensuring their robustness and reliability in real-world applications.
It involves examining how small perturbations or changes in the network parameters
affect their performance and stability over time. Understanding the stability properties of
neural networks is essential for designing efficient learning algorithms, optimizing network
architectures, and deploying neural networks in safety-critical systems.

This thesis is organized into four chapters. The first chapter introduces discrete
fractional calculus and stability theory. The second chapter focuses on chaos in fractional
discrete systems. The third chapter presents fractional-order neural networks. The fourth
chapter studies stabilization of chaotic fractional discrete neural networks based on the
Caputo h-difference operator.

11



Chapter 1

Discrete Fractional Calculus and
Stability Theory

This chapter establishes the theoretical foundations for discrete fractional calculus and
the stability analysis of fractional-order discrete systems. It introduces fractional sum and
difference operators, Caputo and Riemann—Liouville types, the generalized h-difference
operator, and stability notions such as Lyapunov and Mittag—LefHler stability. These
preliminaries are essential for the study of chaotic fractional discrete neural networks in
later chapters.

1.1 Preliminaries and Notation

This section recalls standard discrete calculus operations and sets the notation used
throughout the thesis.

Definition 1.1 (Gamma function). [1] The Gamma function, denoted by I'(z), is
defined by

F(z):/ e 5" s,
0

for all z € C with (z) > 0. It admits a meromorphic extension to C\ {0,—1,-2,...}.

Definition 1.2 (Falling factorial). [1] For ¢t € R and n € Ny, the falling h-factorial of
order n is defined by

tE=t{t—h)(t—2h)---(t— (n—1)h), tp=1.

Example (Falling h-factorial). [1] We compute tgn) for several concrete values.
For h=1,t=5n=3:
5% =5.4-3 = 60.

This coincides with the classical falling factorial % = (tf—!n)!, which can be verified: g—: = 60.

For h=0.5,t=2n=4:
200 —2.15.1.0-05=15.
For h =1, t = 3, n = 0, the convention gives 350) = 1, regardless of t.

For h=2,t=8,n=3:
8 =8.6-4=192.

12



These cases illustrate that the falling h-factorial starts at ¢ and descends in steps of
size h, stopping after n factors. This finite product structure generalizes to non-integer
orders a € R via the Gamma function ratio

t
F(ﬁqtl)
- |
F<E+1 —oz)

which recovers the product above when o = n € Nj.

Definition 1.3 (Generalized falling factorial). [1] For a € R, the generalized falling
factorial is defined by

I(£f+1
I(f+1-a)
Definition 1.4 (Binomial coefficient). [2] For n,k € Ny with k£ < n, the binomial
coefficient is defined by

&= po

k

(Z) - ]ﬂ!(nni o hkrgch+ 1)

Definition 1.5 (Generalized binomial coefficient). [2] For 2,y € R, the generalized
binomial coefficient is defined by

(x) _ F(z+1)
Yy Fy+ )Nz —y+1)

whenever the Gamma functions are finite.

Definition 1.6 (Discrete time domains). [1] Let
No={0,1,2,...}, N=1{1,2,3,...}.

For h > 0, define
hNo ={0,h,2h,...}.

For a € R, define
(hN), = {a,a + h,a+ 2h,...}.

For a < b with (b — a)/h € Ny, define
[a,b], = {a,a+ h,a+2h,... b}

Definition 1.7 (Forward and backward difference operators). [2] Let z : (hN), —
R. The forward (delta) difference operator is

Apz(t) =ax(t+h) —x(t), t,t+he (hN),,
and the backward (nabla) difference operator is
Viz(t) =x(t) —x(t —h), t,t—he (hN),.

Remark. When h = 1, we recover Az(n) = z(n+1)—2z(n) and Vz(n) = z(n) —z(n—1).

13



Definition 1.8 (Shift operators). [2]| Define
Uh(t) =1+ h7 ph(t) =1- h7 te (hN)a

Then
Apz(t) = z(on(t)) — z(t), Vipx(t) = z(t) — z(pa(t)).

Definition 1.9 (Rising factorial). [1] For ¢t € R and n € Ny, define
—t(t+Rh)(t+2R)-- (t+ (n—1)h), 2 =1
Definition 1.10 (Generalized rising factorial). [1] For a € R, define
I'(f+a)
L)

Definition 1.11 (Kernel functions for fractional sums). [2] Define For a > 0,
define

ty = h"

ka(t,s) = (t — on(s))E=,  t € (hN)g, s € [a,t — Al

Definition 1.12 (Convolution of sequences). [6] Let f,¢: (hN), — R. The discrete
convolution is

(fxg)t)= Y f(s)g(t—s), te (hN),.

s€la,t]n

Definition 1.13 (Sequence spaces). [6] The space of bounded sequences:

(2((hN)a) = {z : (hN)g = R: [lzfloc <00}, 2]l = sup |a(t)].
te(hN)q

The space of finitely supported sequences:
coo((AN),) = {z € £=° : z(t) = 0 for all but finitely many ¢}.
For 1 <p < oc:

1/p
P((hN),) = {z : (hN), = R : ||z][, < 00}, z||, = (Z |z(a + kh)| ) :

Definition 1.14 (Vector-valued sequences). [6] Let = : (hN), — R™. Then

o 1/p
], = (Z |z(a + kh)l|p> o N2/l = sup [lz(a + kR)|,
k=0 k=0

where || - || denotes a norm on R"™.

1.2 Fractional Sum and Difference Operators

We define fractional sums and differences as generalizations of integer-order operators,
introducing memory into discrete systems.

14



1.2.1 Fractional Sum Operator

Definition 1.15 (Left fractional h-sum [1]). Let = : (hN), — R and a > 0. The left
fractional h-sum of order « starting at a is defined by

(aA, %) (t) = % Z(t —on(a+kh)y " z(a+kh), t€a,a+nhl,, neN,.

Definition 1.16 (Right fractional h-sum [6]). Let z : (hN), — R and o > 0. The
right fractional h-sum of order a ending at b is

(hA;® = z:mb—kh—walw—km,tew—mmﬂmmeN@

h m
['(«) —

Definition 1.17 (Kernel functions [5]). The kernel of the left fractional h-sum is
ko(t,s) = (t—on(s)t, s €lat— hl.
For the right fractional sum, the kernel is

ka(t,s) = (pn(s) —)07Y, s € [t+ h, bl

Definition 1.18 (Fractional convolution). [5] For sequences f,g : (hN), — R, the
fractional convolution is

t—h

(f *a 9)(t) = Z ka(t,s) g(s), t € (hN),.

S=a

Then the left fractional h-sum can be written as
al, %z =x %, 1, 1(s) = 1.

Example (Left fractional h-sum of a constant function). We apply the left fractional
h-sum operator aA, * to the constant function z(¢) =1 for a =0, h = 1, a = 0.5, and
compute the first few values explicitly.

By Definition:

n

F%5§:(t—a®hﬁfum%h% t=a+nh.

Since x(kh) =1 for all k, h =1, a = 0, and o(kh) = (k + 1)h, this reduces to:

() (1) =

(0A1—0.5 1)(n) = ﬁ (n — k)g—olas)'

Recall that I'(0.5) = /7 and the generalized falling factorial is:

_ I'n—Fk+1)
o (-05)
(n = k) T(n—Fk+15)

Computing term by term for n = 0,1, 2:

15



For n = 0:

(0AT**1)(0) = % % = % % = % ~ 0.637
Forn =1:
05 _ L (@ rmy_ L2
(AT 1)(1) = NG (F(2.5) + F(1.5)) - <¥ + ﬁ) 0.910.
For n = 2:

(AT 1)(2) = — ( r) T T

V7 \I['(35) ' I'(25) ' TI(1.5)

The sequence of values (0.637, 0.910, 1.128, ...) is increasing, as expected: the
fractional sum of the constant function x = 1 accumulates past values with power-law
weights (n — k)gail), producing a growing sequence that generalizes the classical partial

sum » ,_,1 =n+1 corresponding to a = 1.

) ~ 1.128.

Theorem 1.1 (Linearity of fractional sums). [3/ Let z,y : (hN), — R and a > 0.
For any scalars ¢y, co € R,

al, (a1 + coy)(t) = cp al,“x(t) + coaN, “y(t), t € [a,a+ nh],.
Proof. By the definition of the fractional sum,

n

aly*(a1w + cay)(t) = La Z(t — on(a+kh)); ' (c1z(a + kh) + coy(a + kh))

M) iz
=c by (t — on(a+kh)S ' 2(a + kh)
- 1F(a) s h h

+ C2F<ha) Z(t — O'h((l + /{Zh))z‘ 1y(a -+ kh)

= 10, “z(t) + coaA, “y(1).
This proves the linearity. ]

Theorem 1.2 (Semigroup property of fractional sums). [2/ Let z : (hN), — R
and o, 3 > 0. Then

al, () = ady (al,P2) (1), € [a,a+ nhl.
Proof. Follows from the discrete convolution property:

aA};a(aﬁlzﬂ;p) = (m *g 1) x,1l=u ot B 1= CLA;(OH—B)Z‘.

Remark. For o = 1, the left fractional sum reduces to the classical forward sum:
al; tz(t) = hz z(a+ kh), t=a+nh.
k=0

Definition 1.19 (Domain of fractional sums). The left fractional sum aA,“x is
defined for ¢ € [a,a + nh], such that o,(a + kh) < t for all summation indices k. The
right fractional sum hA, “z is defined for ¢ € [b — mh, b}, such that p,(b— kh) >t for all
summation indices k.
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1.2.2 Fractional Difference Operator

Definition 1.20 (Left Riemann—Liouville fractional h-difference [6]). Let
z: (hN), - Rand a > 0 with m — 1 < a < m, m € N. The left Riemann-Liouville
fractional h-difference of order « starting at a is defined by

(aAg2)(t) = AT (aA, " Y2)(t), ¢ € a+ (m— a)h,oo),
where A} is the m-fold forward difference.

Definition 1.21 (Right Riemann—Liouville fractional h-difference [6]). Let
z:(hN)y, > Rand a > 0, m — 1 < a < m. The right Riemann-Liouville fractional
h-difference of order o ending at b is

(hAg)(t) = (—1)"V (hA, ™ 2) (1), t € (—o00,b— (m — a)hly.

Definition 1.22 (Caputo fractional h-difference [3]). Let
z:(hN), = Rand a > 0, m — 1 < o < m. The left Caputo fractional h-difference is

(a®A%z)(t) = aA;(m_a) (Apz)(t), te€[a+ (m—a)h,o0).

Remark. The Caputo fractional difference allows initial conditions to be expressed in
terms of integer-order differences:

Afx(a), k=0,1,...,m—1.

Theorem 1.3 (Relation between Riemann-Liouville and Caputo). Let x : (hN), — R
and a >0, m—1<a <m. Then

ml ka

a®Alx(t) = aASx(t) Z o

—Oé—l—l) Afz(a), t€la+ (m—a)h,oo),.

Proof. From the definitions,

ml k:a

aC A = at, " (AR) = A (0, " r ) 0

Ay (a),

k=0

where the second term arises from the discrete fractional integration by parts formula.
This proves the relation. Il

Definition 1.23 (Domain of fractional differences). [6]

o Left Riemann-Liouville and Caputo differences are defined for ¢ € [a + (m —
a)h, 00)p,.

 Right Riemann-Liouville differences are defined for t € (—o0,b — (m — a)h]p.

Remark. For integer a = m, the Caputo and Riemann—Liouville differences reduce to
the standard m-fold forward or backward differences:

a®ATx(t) = ATx(t), aATx(t) = ATx(t).
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1.3 Caputo Fractional Difference Operator

Focuses on the Caputo fractional difference, which allows integer-order initial conditions
while preserving fractional memory.

1.3.1 Definition and Basic Properties

Definition 1.24. [8] [Caputo fractional h-difference [4]] Let z : (hN), — R, a > 0, and
m—1<a<m, m e N. The left Caputo fractional h-difference of order « is defined by

(@A) (t) = alr, " (AP2)(E), t € [a+ (m—a)h,o0),.
Remark. Initial conditions can be expressed using integer-order differences:
Afx(a), k=0,...,m—1.

The operator inherits the memory effect from the fractional sum: each value depends on
all previous points of x.

Theorem 1.4 (Linearity). [8] Let x,y: (hN), — R and ¢;,¢co € R. Then
a® A (crx + coy) (1) = c1a® Agx(t) + coa® Afy(t).
Proof. [8] By definition:
a® A (cratesy) = al;, T AT (atery) = al, T (e APz AY) = c1a® Alr+eaC ALy,
[

Theorem 1.5 (Composition with fractional sums — semigroup property). [5] Let o, 5 >
0, > 3. Then

al;(aCAyz)(t) = al,“Va(t), t € [a+ (m— B)h, o)
Proof.
0l (aCAjz) = al;*(ad, "D AT ) = a T AP = an, e,
O

Remark. If a« = m is an integer, the Caputo fractional difference reduces to the standard
m-th order difference:
a®ATx(t) = ATx(t).

It allows specifying initial values in terms of integer-order differences, unlike Riemann—
Liouville type operators.
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1.3.2 Comparison with Riemann—Liouville Type Operators
Definition 1.25 (Riemann-Liouville fractional h-difference). [7]
alpx(t) = A (al, (m—e) z)(t), m—-1<a<m.

Theorem 1.6 (Relation between Caputo and Riemann—Liouville). [7/

m— 1

a®ASx(t) = aASx Ak (a).

— F —04+ 1)

Proof. [7] Follows directly from the definitions and the discrete fractional integration
by parts formula. The sum accounts for the difference between starting from fractional
vs integer-order initial conditions. O]

Remark. Caputo type: initial conditions are expressed in integer differences.
Riemann—Liouville type: initial conditions involve fractional sums.
Both coincide when @ = m € N.

1.4 Fractional A-Difference Operator

Extends Caputo operators to uniform-step h-differences for practical discrete modeling.

1.4.1 Definition and Memory Effect

Definition 1.26. [7] [General fractional h-difference operator| Let z : (AN), — R, a > 0,
m—1< a <m. Then

Aga(t) = AP (an, ™ V) (1), t € [a+ (m— a)h, o0

Remark (Memory effect).
Apx(t) chxa+kh t=a+nh, cp#0VEk,

showing dependence on all past values of z.

Theorem 1.7 (Linearity). For z,y : (hN), — R and scalars ¢y, cy:
AR (crz + cy)(t) = 1 Afx(t) + coAjy(t).

Proof. Follows from linearity of A7 and aA,:(m_a). O

1.4.2 Caputo-Type h-Difference Operator
Definition 1.27. [7] [Caputo-type fractional h-difference]

aCAfx(t) = a;, " (APL)(t), tE [a+ (m—a)h,o0),.
Theorem 1.8 (Semigroup property). Let o, 8 > 0, a > f3:
alA;(aCAlz)(t) = al, V().
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Proof.
GAE“(aCAﬁx) = aAfLO‘(aA;(mfﬁ) mr) = GA;L(Mme) my = aA;(af,B)x.
]

Remark. For integer-order o = m, a® A™x(t) = Ax(t). The operator preserves the
memory effect and allows specifying initial conditions in integer differences, useful in
discrete fractional neural network models.

1.5 Notion of Stability

This section presents stability concepts for discrete systems, including Lyapunov and
Mittag—Leffler stability, forming the theoretical backbone for later analysis.

1.5.1 Basic Definitions of Stability
Definition 1.28. [29] [Stability in the sense of Lyapunov] Consider the discrete system

z(t+h) = f(t,z(t)), x=(t)eR"
An equilibrium point z* is stable if for every € > 0 there exists 6 > 0 such that
|x(to) — x| <6 = |x(t)—2"|| <e Vt>to.

Definition 1.29 (Asymptotic stability). The equilibrium z* is asymptotically stable if it
is stable and
lim z(t) = z*.
t—o0

Definition 1.30 (Exponential stability). The equilibrium z* is ezponentially stable if
there exist constants M > 0 and A > 0 such that

l(t) — 2|} < Me T la(to) — 2™, t 2 to.

Theorem 1.9 (Lyapunov direct method — discrete version). [10] Let V : R™ — R be a
positive definite function and

AV (@(t)) = V(a(t + b)) — V(x(t))

satisfy ApV(x) < 0. Then z* is stable. If AV (z) < 0 for all x # z*, then z* is
asymptotically stable.

Proof. [10] Follows from discrete Lyapunov theory: the non-increasing nature of V' (z(t))
guarantees boundedness within a neighborhood of x*, and strict decrease ensures conver-
gence to x*. ]

Remark. In discrete fractional systems, the Lyapunov function can be adapted to ac-
count for memory effects.
For linear systems z(t + h) = Ax(t), eigenvalues |\;| < 1 ensure asymptotic stability.
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1.5.2 Mittag—Leffler Stability in Discrete Fractional Systems

Definition 1.31. [16] [Mittag-LefHer function| The discrete Mittag—LefHler function £, (A, t)

is defined by

Ea(\ t):im th =t/h, a> 0.
a\’\y kZOF(Ckk’—Q—l), )

Definition 1.32 (Mittag—LefHler stability). An equilibrium z* of a discrete fractional

system
a“Afx(t) = f(t (1))

is Mittag—Leffler stable if there exist constants C' > 0, A > 0 such that

l2(t) — " < CEa(=At = to)[lx(to) — ™[, ¢ = to.

Figure 1.1: Decay of the Mittag-Leffler function E,(—t%) for a € {0.5, 0.7, 0.9, 1.0}.
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Theorem 1.10 (Stability criterion for linear Caputo fractional discrete systems). Con-
sider

a®Asx(t) = Ax(t), x(to) = xo.

If all eigenvalues \; of A satisfy |arg(\;)| > am/2, then the system is Mittag—Leffler
stable.

Proof. The solution can be expressed as
fﬂ(t) = EQ(A,t — to)ﬂ?o,

where FE,(A,t — ty) is the matrix Mittag—Leffler function. Convergence of this series
requires | arg(\;)| > an /2, ensuring ||z(t)|] — 0 as t — oc. O

Remark. Mittag-Leffler stability generalizes exponential stability to fractional-order dis-
crete systems.

For a = 1, it reduces to classical exponential stability.

Lyapunov methods can also be extended for nonlinear fractional discrete systems
using fractional differences of Lyapunov functions.

1.6 Stability of Integer-Order Difference Systems

We review classical stability results for linear and nonlinear integer-order discrete systems,
providing a reference for fractional extensions.

1.6.1 Stability of Linear Difference Systems
Definition 1.33. [29] [Linear discrete system| A linear discrete system is given by
z(t+h) = Az(t), z(t) eR", AecR™".

Definition 1.34 (Equilibrium point). An equilibrium point x* satisfies z* = Ax*. For
homogeneous linear systems, x* = 0.

Theorem 1.11 (Stability criterion for linear systems). The zero equilibrium of
x(t+ h) = Az(t) is asymptotically stable if and only if all eigenvalues \; of A satisfy

Proof. Let z(y be the initial state. The solution is
x(t) = A"xg, t=to+ nh.

If |\;| <1, then A" — 0 as n — oo, hence z(t) — 0. Conversely, if any |\;| > 1, z(t)
does not converge to zero. ]

Remark. If all |)\;| <1 and repeated eigenvalues have full rank, the system is stable but
not asymptotically stable.

Linear systems form the foundation for analyzing stability of fractional and nonlinear
systems.
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1.6.2 Stability of Nonlinear Difference Systems

Definition 1.35. [21] [Nonlinear discrete system| A nonlinear discrete system is given
by
z(t+h) = f(z(t), [f:R"—R"

Definition 1.36 (Equilibrium point). An equilibrium z* satisfies x* = f(z*).

Theorem 1.12 (Linearization stability — discrete Lyapunov). Let x* be an equilibrium
of x(t + h) = f(x(t)) and J = %‘ the Jacobian. If all eigenvalues \; of J satisfy
|Ai| <1, then x* is locally asymptot?gglly stable.

Proof. The system can be linearized near x*:
z(t+h) —a* = J(x(t) — ) + o(||z(t) — =*|).

For small ||z(t) — 2*||, the higher-order term is negligible. By the linear system theorem,
Ni| <1 = x(t) = =™ O

Theorem 1.13 (Lyapunov direct method — nonlinear case). [22] Let V : R" — R be a
positive definite function. If the discrete difference

ApV(x(t)) = V(f(z@)) - V(2(@) <0,
then x* is stable. If ARV (x(t)) <0 for x # x*, then x* is asymptotically stable.

Proof. Analogous to the linear case in Section 1.6.1: the non-increasing Lyapunov func-
tion guarantees boundedness near x*, and strict decrease ensures convergence to z*. [

Remark. For nonlinear discrete systems, stability analysis often requires constructing
suitable Lyapunov functions.

Linearization provides local stability, whereas Lyapunov methods can provide global
results if a global Lyapunov function exists.

1.7 Stability of Caputo Fractional-Order Difference
Systems

This section extends stability analysis to Caputo fractional-order discrete systems.

1.7.1 Linear Caputo Fractional-Order Discrete Systems

Definition 1.37. [14] [Linear Caputo fractional discrete system| A linear Caputo frac-
tional discrete system of order a € (0, 1] is defined as

acAﬁx(t) = Ax(t), x(to) =z, tE€E [a,00)n,

where A € R™" and a® A% is the Caputo h-difference operator.

Theorem 1.14 (Solution of linear Caputo fractional discrete system). The solution is
given by
.Qi(t) = EQ(A,t — to)l?o,

where Eo(A,t — 1) is the matriz discrete Mittag—Leffler function.
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Figure 1.2: Solution of ¢ A%z (t) = Ax(t), with initial condition z(0) = (1, —0.8)".

Proof. Applying the discrete Laplace transform for Caputo h-differences and using the
definition of the Mittag—Lefller function, the solution series is

N et to)Rt
x(t) = ;Akmxo.

]

Theorem 1.15 (Stability criterion). The zero equilibrium x* = 0 is Mittag—Leffler stable
if all eigenvalues \; of A satisfy

am
Proof. Each term in x(t) = E,(A,t—tg)xo decays to zero as t — oo under the eigenvalue
condition, ensuring asymptotic convergence. O

Remark. For a = 1, the criterion reduces to |\;| < 1, recovering classical linear discrete
stability.
The Mittag—Leffler function generalizes exponential decay for integer-order systems.

1.7.2 Nonlinear Caputo Fractional-Order Discrete Systems

Definition 1.38. [14] [Nonlinear Caputo fractional discrete system] A nonlinear Caputo
fractional discrete system is given by

aAja(t) = f(z(t), x(to) = o,
where f : R" — R™ is nonlinear and « € (0, 1].
Definition 1.39 (Equilibrium point). An equilibrium z* satisfies
fa) =o0.

Theorem 1.16 (Linearization for local stability). Let J = %
If all eigenvalues \; of J satisfy

o+ e the Jacobian at x*.

Jarg(\)] > T

then x* is locally Mittag—Leffler stable.
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Proof. Linearize near x*:
a®Afe(t) = Je(t), e(t)=z(t) —a*.

By Theorem 1.8.1, the linear system is Mittag—Leffler stable, and nonlinear terms are
negligible near the equilibrium. ]

Theorem 1.17 (Lyapunov method for nonlinear Caputo fractional discrete systems).
Let V : R™ — R be positive definite. If the Caputo fractional difference satisfies

a®ApV (x(t)) <0, x#a",
then x* is stable. If
a® ASV (z(t)) < 0,
then x* is asymptotically stable.

Proof. The discrete fractional Lyapunov theorem guarantees that V' (z(t)) decreases
along trajectories, ensuring convergence to x*. O

Remark. Lyapunov functions in fractional discrete systems must account for the memory
effect of the Caputo difference.
For o — 1, results recover classical nonlinear discrete system stability.

1.8 Stability of h-Discrete Fractional-Order Systems

We generalize previous results to Delta h-fractional systems, providing definitions and
stability criteria suitable for uniform-step discrete models.

1.8.1 Delta h-Fractional Difference Systems

Definition 1.40. [15] [Delta h-fractional difference| Let
xz:(hN), = R, @ >0, m — 1 < o < m. The left Delta h-fractional difference is defined
by

Aga(t) = AP (al, " Va) (1), t € [a+ (m —a)h, o),

)

where A}" is the standard integer-order forward difference and aA,;(mfa is the fractional

h-sum.

Remark (Memory effect). Afz(t) depends on all previous states:

n

Apx(t) =Y cpx(a+kh), t=a+nh, c#0.
k=0

This captures the long-term memory effect inherent to fractional dynamics.
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Figure 1.3: Hlustrative figure: Delta h-fractional difference and the memory effect

1.8.2 Stability Definitions
Definition 1.41 (Equilibrium point). An equilibrium z* of the Delta h-fractional system
Ayx(t) = f(x(t))
satisfies
fa*) = 0.

Definition 1.42 (Mittag—LefHler stability). An equilibrium x* is Mittag—Leffler stable if
there exist constants C' > 0, A > 0 such that

[2(t) = 27| < CEL(=At —to)|lz(to) — 2™, & = to,
where F, is the discrete Mittag—Leffler function.

1.8.3 Linear Delta h-Fractional Systems
Definition 1.43. [15] [Linear Delta h-fractional system)]
Ajx(t) = Az(t), x(to) = xo.
Theorem 1.18 (Solution representation). The solution is
x(t) = Eo (At — tg)xo.

Proof. Use the series expansion of the discrete Mittag-Lefller function:

gk (E—to)i
x(t) = % A mxo.
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Theorem 1.19 (Stability criterion). The zero equilibrium x* = 0 is Mittag—Leffler stable
if all eigenvalues \; of A satisfy

T

larg(\;)| > -
Proof. Follows from the convergence properties of the Mittag—Leffler function, ensuring
z(t) > 0ast — 0. O

1.8.4 Nonlinear Delta h-Fractional Systems
Definition 1.44. [15] [Nonlinear Delta h-fractional system]

ne(t) = fz(t)),  x(to) = zo.
Theorem 1.20 (Linearization stability). Let J = %‘m:x*. If all eigenvalues of J satisfy
Jarg(A)] > T
then x* is locally Mittag—Leffler stable.

Proof. Linearize near x*:
Ape(t) = Je(t), e(t) =z(t) —a".
Apply the linear Delta h-fractional stability theorem. ]
Theorem 1.21 (Lyapunov method). Let V : R™ — R be positive definite. If
ARV (2(t) <0, @ # ",

then x* is stable. If
ATV ((t) < 0,

then x* is asymptotically stable.

Proof. The decreasing Lyapunov function ensures boundedness and convergence to the
equilibrium, accounting for memory effects via the fractional difference. O

Remark. Delta h-fractional systems generalize Caputo fractional systems.

They are useful in modeling discrete fractional neural networks with uniform time
steps.

Mittag—Leffler stability reduces to classical exponential stability for a = 1.

1.9 Conclusion

In this chapter, we established the mathematical foundations of discrete fractional cal-
culus, focusing on Caputo and Delta h-fractional difference operators. We introduced
fundamental definitions, linear and nonlinear stability concepts, and Mittag—LefHer sta-
bility for fractional discrete systems. The connections between integer-order, Caputo
fractional, and Delta h-fractional systems were highlighted, providing a smooth transi-
tion from classical discrete dynamics to memory-dependent fractional systems.

These results form an essential toolbox for analyzing discrete fractional neural networks.
Fractional differences naturally capture the memory effects of neurons, while Lyapunov
and Mittag—Leffler stability criteria provide rigorous methods for assessing network sta-
bility. The properties and theorems presented in this chapter will be extensively used in
subsequent chapters to study chaotic behavior, synchronization, and control strategies in
fractional-order discrete neural networks.
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Chapter 2

Chaos in Fractional-Order Discrete
Dynamical Systems

This chapter develops a rigorous analysis of chaos in fractional-order discrete dynam-
ical systems, emphasizing the fundamental role of memory in shaping system behav-
ior. It begins by introducing discrete systems with memory through fractional difference
equations, highlighting their non-Markovian nature and infinite-dimensional phase-space
structure. The notion of chaos is then formulated in the fractional setting using sensitiv-
ity to initial histories, topological transitivity, and dense periodic orbits, followed by the
study of fractional-order chaotic maps and attractors. Lyapunov exponents are extended
from classical discrete systems to memory-dependent dynamics to quantify perturbation
growth and characterize chaos. Finally, bifurcation phenomena and parameter sensitivity
are examined, with particular attention to the influence of the fractional order o and step
size h on the transition between regular and chaotic behavior.

2.1 Discrete Dynamical Systems with Memory

(Classical discrete dynamical systems are Markovian: the future state depends only on
the present state. In contrast, fractional-order discrete systems possess memory, meaning
that the evolution at time k depends on a weighted history of previous states. This
fundamental difference modifies the phase-space structure, stability properties, and the
mechanisms that may lead to chaos.

Let us consider a Caputo-type fractional difference equation of order 0 < ar < 1:

“Aw(k) = f(k,x(k)),

with initial condition z(0) = zo.
Using the discrete fractional sum operator, this equation can be written in the equiv-
alent integral (summation) form:

T
L

2(k) = o + ﬁ (k=1 5", 2(j)).

<
Il
o

This representation clearly shows the memory effect: the present state depends on all
previous states through a power-law kernel.
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2.1.1 Fractional State Representation

In integer-order systems
2k +1) = F(a(k)),

the state at time k completely determines the future. However, for fractional systems,
the dynamics are inherently nonlocal in time.

Definition 2.1. [16] [Fractional Discrete Dynamical System| A fractional discrete dy-
namical system of order 0 < o < 1 is defined by

“A%2(k) = F(k, z(k)),

or equivalently

el
|
—_

£(k) = 2o + ﬁ >k~ 1= )" ()

J

I
=)

The system is said to possess memory of power-law type.

Proposition (Non-Markovian Property). A fractional discrete system of order 0 < a < 1
is non-Markovian.

Proof. From the equivalent summation form,

kol

-1

2(k) = o+ ﬁ > (k= 1= )" ()

J

I
=)

Thus z(k) depends on all past states (x(0),x(1),...,z(k—1)). Therefore, knowledge of
x(k —1) alone is insufficient to determine z(k). Hence, the system is non-Markovian. [

Remark. When o — 1, the kernel (k—1— 7)1 approaches 1, and the fractional system
reduces to the classical first-order difference equation. Thus integer-order systems appear
as a limiting case of fractional ones.

2.1.2 Phase Space Structure and Non-Markovian Dynamics

Because of memory, fractional discrete systems do not evolve in a finite-dimensional phase
space in the classical sense.

Definition 2.2. [16] [Extended State Vector] Define the history vector

The fractional system can be reformulated as an infinite-dimensional dynamical sys-
tem

Xip1 = F(Xp).

Thus, fractional discrete dynamics naturally evolve in an infinite-dimensional phase
space.

Theorem 2.1 (Infinite-Dimensional Embedding). Every fractional discrete dynamical
system of order 0 < a < 1 can be embedded into an infinite-dimensional Markovian
system.
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Proof. Since the evolution of z(k) depends on all previous states, define the state vector
Xi = (x(k),z(k —1),z(k —2),...).
Then the evolution rule is
Xir1 = (x(k+1),z(k),z(k —1),...).

The first component is determined by the fractional summation formula, while the
remaining components are shifts of previous entries. Therefore, the system becomes
Markovian in the infinite-dimensional space of sequences. ]

Remark. This infinite-dimensional nature explains why fractional systems often exhibit
richer dynamical behavior than integer-order systems of the same apparent dimension.

Example 2.1 (Fractional Logistic-Type Map)
Consider the Caputo fractional difference equation
“Ax(k) =re(k)(1 —z(k), 0<a<l.

Its equivalent summation form is

T
L

[a) 4

z(k) = xo + (k= 1= )" "e()(1 - 2()).

<
Il
o

For certain values of r and «, this system exhibits complex oscillations and chaotic-
like behavior. The fractional order a modifies both amplitude and stability compared to
the classical logistic map.

Remark. The presence of the fractional memory term alters bifurcation thresholds and
can delay or suppress chaos depending on the value of a. In subsequent sections, we
formalize chaos in this fractional setting and introduce appropriate Lyapunov exponents
adapted to memory-dependent systems.

2.2 Chaos in Fractional Discrete Systems

Fractional discrete systems combine nonlinear dynamics with long-term memory. This
interaction produces complex behaviors that differ from classical discrete chaos. In this
section, chaos is defined in the fractional setting, and the existence of chaotic attractors
in fractional-order maps is described.

2.2.1 Mathematical Definitions of Chaos

Consider a fractional discrete system of order 0 < o < 1:
“Ax(k) = F(x(k)).

Let the equivalent memory form be

x>
|
—

2(k) = o + ﬁ (k= 1= ) Fa()))

J

Il
o

Chaos in fractional systems must account for sensitivity to initial conditions together
with the influence of memory.
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Definition 2.3. [16] [Sensitive Dependence on Initial Conditions] The system exhibits
sensitive dependence on initial conditions if there exist two initial histories X, and X
such that

| Xo — Xo| is small

but for some k > 0,
[x(k) — 2(k)| > €,

for a fixed € > 0.

Definition 2.4 (Topological Transitivity). A fractional discrete system is topologically
transitive if, for any two nonempty open sets U,V in the state space, there exists an
integer £ > 0 such that

PFUYNV £,

where ®* denotes the k-step evolution operator.

Definition 2.5 (Density of Periodic Orbits). The system has dense periodic orbits if for
every point z in the state space and every neighborhood N(z), there exists a periodic
point p € N(z).

Definition 2.6 (Chaos in the Sense of Devaney). A fractional discrete system is chaotic
if:

1. It is topologically transitive,
2. Periodic points are dense,
3. It exhibits sensitive dependence on initial conditions.

Remark. In fractional systems, sensitivity to initial conditions depends not only on the
initial state x(0) but on the entire initial history. Therefore, chaos is influenced by both
nonlinearity and memory depth.

2.2.2 Characteristics of Chaos

Chaos refers to the occurrence of behavior in a deterministic system that appears random
and unpredictable. In fractional discrete systems, chaos arises from the interplay between
nonlinearity and memory effects. The main characteristics of chaotic behavior can be
summarized as follows[21]

1. Sensitivity to Initial Conditions. A chaotic system exhibits extreme sensitivity
to its initial conditions. Small differences in the initial state or initial history may
lead to significantly different trajectories over time. This phenomenon is commonly
referred to as the butterfly effect, where minor perturbations can produce large and
unpredictable consequences.

2. Phase Space Representation. The phase space is a mathematical framework
used to describe the evolution of a dynamical system. Each point in the phase
space represents a possible state of the system at a given time. As time evolves,
the system traces a trajectory in this space. The geometry of this trajectory pro-
vides important information about the system’s behavior, particularly whether it
is regular or chaotic.
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3. Fractal Dimension. Chaotic systems often exhibit fractal structures. A fractal is
a geometric object that displays self-similarity at different scales. The complexity
of a chaotic attractor can be quantified using its fractal dimension, which provides
a measure of how detailed the structure is across scales.

4. Lyapunov Exponents. Lyapunov exponents measure the rate of separation of
nearby trajectories. They provide a quantitative criterion for chaos. In particular:

o If the largest Lyapunov exponent is negative, trajectories converge to a fixed
point.

o If it is zero, the system exhibits periodic behavior.
o If it is positive, the system exhibits chaotic behavior.
For example, the classical Lorenz system exhibits chaos for certain parameter values,

such as ¢ = 10, f = %, and p = 28, where the largest Lyapunov exponent is
approximately 0.9.

5. Strange Attractors. Chaotic systems often possess strange attractors, which are
invariant sets with complex, non-periodic structures. These attractors typically ex-
hibit fractal properties and are highly sensitive to initial conditions, distinguishing
them from simple periodic attractors.

2.2.3 Fractional-Order Chaotic Maps

Fractional discrete chaos often appears in nonlinear maps modified by fractional difference
operators.

Definition 2.7. [21] [Fractional Logistic Map] A fractional logistic-type system is defined
by
A% (k) = rz(k)(1 —2(k), 0<a<l.

In summation form,

T
L

r

Ry Dok =1 =92 ()(1 ~2()

l’(k) =y +

<
Il
o

Theorem 2.2 (Boundedness of Solutions). Assume 0 < r <4 and zo € [0,1]. Then the
solution of the fractional logistic system remains bounded for all k > 0.

Proof. Since z(j) € [0, 1] implies

. , 1
0< ()1 -2()) =3,
the summation term is finite:
- k-1
kE—1—5)* z()(1 - E—1-—
T@OE:( )2 (1 —z(4)) 7)°
Jj=0 j:0
Since v — 1 > —1, the sum is finite for each k. Hence z(k) remains bounded. ]

Remark. Compared with the classical logistic map, the fractional version accumulates
past nonlinear interactions, which can either enhance or suppress chaotic oscillations
depending on the order a.
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2.2.4 Chaotic Attractors

The long-term behavior of fractional chaotic systems is characterized by attractors influ-
enced by memory.

Definition 2.8. [21] [Fractional Chaotic Attractor] A set A C R” is called a chaotic
attractor if:

1. It is invariant under the system dynamics,
2. It attracts nearby trajectories,
3. The motion on A is chaotic.

Theorem 2.3 (Existence of Attracting Sets). Assume the nonlinear function F(x) is
continuous and bounded, and the fractional system is dissipative. Then there exists a
compact attracting set A.

Proof. Since the system is dissipative, trajectories eventually enter a bounded region
B C R". From the boundedness result, solutions remain bounded. The fractional evolu-
tion operator is continuous due to the continuity of F. Therefore, the limit set

A= J®(B)
k>0 j>k
is compact, invariant, and attracts all trajectories starting in B. Il

Remark. In fractional systems, attractors often have smoother geometry and slower
convergence due to memory effects. The approach to the attractor depends on the entire
past trajectory.

Example (Fractional Chaotic Behavior). Consider
“A%2(k) = ra(k)(1 — 2(k)),

withr =39 and 0 < a < 1.

For values of « close to 1, the system exhibits oscillatory and chaotic-like behavior
similar to the classical logistic map. For smaller o, memory may delay the onset of chaos
and modify the attractor structure.

Remark. The interplay between nonlinearity and memory produces new routes to chaos
that do not appear in integer-order systems. This motivates the need for quantitative
measures such as Lyapunov exponents, which will be introduced in the next section.
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2.3 Lyapunov Exponents for Fractional Discrete Sys-
tems

Lyapunov exponents quantify the average exponential rate of divergence (or convergence)

of nearby trajectories. In classical discrete maps, they provide a precise numerical indi-

cator of chaos. In fractional discrete systems, however, the presence of memory modifies

the growth of perturbations, requiring a generalized formulation.

We begin with the classical integer-order case and then extend the concept to frac-
tional discrete dynamics.

2.3.1 Lyapunov Exponents in Integer-Order Discrete Maps

Consider the discrete system
z(k+1)=F(z(k)), zeR™

Let z(k) be a trajectory and dz(k) a small perturbation satisfying the linearized
equation
dx(k+1) = DF(x(k)) ox(k),

where DF (z(k)) is the Jacobian matrix.

Definition 2.9. [27] [Lyapunov Exponent| The maximal Lyapunov exponent (MLE) is
defined by

1 |sx(k)]
A= lim —1
koo ko 02(0)]

provided the limit exists.
o If A <0, trajectories converge.
o If A =0, neutral behavior occurs.
o If A > 0, the system exhibits sensitive dependence and possible chaos.

Theorem 2.4 (Lyapunov Criterion for Chaos). If a discrete map admits a positive maz-
imal Lyapunov exponent, then it exhibits sensitive dependence on initial conditions.

Proof. If A > 0, then for sufficiently large k,
|62 (k)| = [02(0)|e*.

Thus arbitrarily small perturbations grow exponentially, implying sensitive dependence
on initial conditions. O

Remark. In one-dimensional maps,

w(k+1) = f(x(k)),

the Lyapunov exponent simplifies to

k—o0

1 k—1
A= lim -S|/ ())]
§=0
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2.3.2 Fractional Lyapunov Exponents

Consider a fractional discrete system
“A°x(k) = F(z(k)), 0<a<l,

with equivalent memory form

el
|
—

2(k) = o + ﬁ > (k= 1= ) Fa()))

J

Il
=)

Let 6x(k) be a perturbation. The linearized fractional system becomes

E

(k) = ﬁ (k- 1 ) D)) 62 ().

I
)

Definition 2.10. [27] [Fractional Lyapunov Exponent] The fractional maximal Lyapunov

exponent is defined as
. 1. [ox(k)|
Ao =1 —In—F+.
Yoo K 162(0)]

If A\, > 0, the fractional system is said to exhibit chaotic behavior.

Theorem 2.5 (Memory-Modified Growth Rate). In fractional discrete systems with 0 <
a < 1, perturbation growth is sub-exponential for sufficiently small «, even when the
corresponding integer-order system is chaotic.

Proof. Since the perturbation satisfies a convolution-type relation

N
—_

(k) = ey Dok =1 =) DF () ba(5),

J

Il
=)

the kernel (k — 1 — j)*! decreases for @ < 1. Thus, recent perturbations dominate older
ones, but with a slower accumulation compared to the exponential iteration in integer-
order maps. This weighted summation slows the effective divergence rate, potentially
modifying or suppressing chaos. []

Remark. As a — 1, the fractional Lyapunov exponent converges to the classical Lya-
punov exponent.

Remark. Lyapunov exponents provide a quantitative bridge between theory and sim-
ulation. In the next section, we investigate how bifurcation structures and parameter
variations—including the fractional order o and the step size h—affect the transition to
chaos.
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2.4 Fractal Dimension in Fractional Chaotic Systems

Let A C R"™ be a bounded invariant set generated by a fractional-order discrete dynamical

system
A%x(k) = F(z(k+a—1)), 0<ac<l, (2.1)

or equivalently,
Tr+1 = G(.Tk, Tp—1y--- 7330)7 (22)

where the evolution depends on the complete trajectory history through the fractional
difference operator.

The attractor A is called fractal if its geometric scaling cannot be characterized by an
integer-valued Euclidean dimension. The complexity of A is quantified through a fractal
dimension obtained from the asymptotic scaling law

N(g) ~e P, e — 0, (2.3)

where N (g) denotes the minimum number of sets of diameter at most ¢ required to cover
A.

Hence,

In N (e
D = lim 2V (E) (2.4)
e=0 In(1/¢e)

whenever the limit exists.

The quantity D measures the scaling rate of geometric complexity under resolution
refinement. For smooth manifolds,

D eN, (2.5)

whereas chaotic attractors generally satisfy
D ¢ N. (2.6)

For dissipative fractional systems, trajectories contract toward invariant compact sub-
sets of phase space. Simultaneously, nonlinear instability produces exponential separation
of nearby trajectories. The competition between contraction and stretching generates in-
variant sets with noninteger scaling exponents.

Let
denote the discrete fractional evolution operator. If the Jacobian matrix satisfies
[ Dy (x)]| > 1 (2.8)
along unstable directions and
| D@k ()| < 1 (2.9)

along stable directions, repeated stretching and folding mechanisms produce a geometri-
cally irregular attractor.
The fractal dimension is closely related to entropy production and Lyapunov insta-
bility. If
M > > >N\, (2.10)

are the Lyapunov exponents of the system, the Kaplan—Yorke dimension is defined by

71/\'
Dgy = j+ ==
[Ajtl

(2.11)
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where j is the largest integer satisfying

i&- >0, Y M<O. (2.12)
=1

i=1

For fractional chaotic systems, the fractional order o modifies both the Lyapunov
spectrum and the attractor geometry. Since the fractional difference operator introduces
long-range temporal dependence,

k 4
1 I'k—j5+«
Tgy1 = To + E F( ! )F(xj), (2.13)

the present state depends on weighted contributions of all previous states.

The memory kernel
I'k—j+a
W) 2 HEZ it o) (2.14)
I'k—j+1)
changes the contraction-expansion balance of the dynamics and therefore modifies the
fractal scaling properties of the attractor.

For many fractional maps, decreasing « reduces local instability while increasing tra-
jectory correlation. Consequently, the attractor dimension may either decrease due to
enhanced dissipation or increase due to additional geometric complexity induced by mem-
ory effects.

2.4.1 Geometrical Interpretation of Fractal Dimension

Consider a bounded set A C R". Let
N(e) (2.15)
be the smallest number of balls of radius € required to cover A. If
N(e) ~ Ce™, (2.16)

for some constant C' > 0, then

(2.17)

defines the scaling dimension of A.
For FEuclidean objects:

N(g) xe™? (2.18)
for curves,

N(e) x &2 (2.19)
for surfaces, and

N(e) xe? (2.20)

for volumes.
Chaotic attractors satisfy intermediate scaling laws:

el < N(e)<e?, (2.21)
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yielding
1<D<2 (2.22)

or more generally,
m<D<m+1, m € N. (2.23)

The noninteger value of D measures partial occupation of phase space.
For self-similar sets, suppose the attractor is decomposed into N copies of itself, each
scaled by a factor . Then
NrP =1. (2.24)

Hence,
D = : (2.25)

For the Cantor set:

1
N =2, r=3 (2.26)
thus 2
n
= —. 2.27
In3 ( )
For the Sierpinski triangle:
1
N = 3, r = 5, (228)
thus n3
n
= —. 2.29
In 2 ( )

In chaotic dynamics, the attractor is generally not exactly self-similar. However,
statistical self-similarity persists asymptotically:

N(e) = Ce™P. (2.30)

Let

be a dissipative chaotic map with Jacobian matrix J(x). If
|det J(z)| < 1, (2.32)
phase-space volumes contract:
Vier1 == | det J(xg)|Vi. (2.33)
Simultaneously, positive Lyapunov exponents imply exponential divergence:
|6k || ~ 1|00l A> 0. (2.34)

The coexistence of contraction and stretching produces repeated folding of trajecto-
ries, generating invariant sets with arbitrarily fine geometric structure.
For fractional-order systems, the evolution operator becomes nonlocal:

k
T = )W F (), (2.35)
j=0
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where
W~ (k= 5)* (2.36)

Therefore, the geometry of the attractor depends not only on instantaneous defor-
mation but also on accumulated historical interactions. The resulting attractors may
exhibit:

D(«a) # D(1), (2.37)

indicating that the fractal dimension varies with the fractional order.
Thus, the fractal dimension acts as a quantitative invariant describing

complexity, space-filling capacity, multiscale structure,

and the influence of memory effects on fractional chaotic attractors.

2.4.2 Hausdorff and Box-Counting Dimensions

Let A C R™ be a bounded set. The Hausdorff dimension provides a rigorous measure-
theoretic characterization of the geometric scaling properties of A.
For § > 0, consider a countable §-covering

Aclui,  diam(U;) <.
i=1
For s > 0, define the s-dimensional Hausdorff measure by
H3(A) = inf{Z(diam(Ui))s} : (2.38)

=1

where the infimum is taken over all possible d-coverings of A.
The Hausdorff measure is obtained by taking the limit

HE(A) = lim Hi(A). (2.39)

0—0

There exists a critical value Dy such that
H*(A) = oo, s < Dy,

and
H*(A) =0, s> Dpy.

The quantity Dy is called the Hausdorff dimension of A:
Dy =inf{s > 0: H*(A) =0}. (2.40)
The Hausdorff dimension satisfies
dimy(A) < Dy <n, (2.41)

where dimy(A) denotes the topological dimension.

Although the Hausdorff dimension provides a mathematically rigorous description
of fractality, its direct computation is generally difficult for chaotic attractors generated
numerically. Consequently, the box-counting dimension is commonly used in applications.
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Let N(e) denote the minimum number of cubes of side length ¢ required to cover A.
The box-counting dimension is defined by

In N(e)
Dp =lim ————= 2.42
5= 0 m(1/e) (2.42)
provided the limit exists.
Equivalently,
N(e) ~eP5. (2.43)
For self-similar sets generated by N copies scaled by a factor r,
NrP =1, (2.44)
hence e
n
D=——. 2.45
In(1/7) (245)
The Hausdorff and box-counting dimensions satisfy
Dy < Dgp. (2.46)

For smooth manifolds,
Dy =Dg € N,

whereas chaotic attractors generally satisfy
Dy,Dgp ¢ N.
Consider a discrete chaotic orbit
O = {z 1, CR™,

Partition the phase space into cubes of side length . If N(e) denotes the number of

occupied cubes, then plotting
In N(e)

against
In(1/e)

produces approximately a straight line whose slope estimates Dp:

_AlnN(e)

D~ ey

(2.47)

For fractional-order chaotic systems, the attractor geometry depends on the fractional

order ae. Thus,
DB:DB(Oé), DH:DH(OJ) (248)

Since the fractional memory operator modifies trajectory correlations and phase-space
contraction rates, the resulting dimensions may vary continuously with «.
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2.4.3 Fractal Dimension of Fractional Chaotic Attractors

Consider the fractional logistic map
A%z(k) = ra(k) (1 — z(k)), 0<ac<l, (2.49)

where r is the bifurcation parameter.
Using the fractional sum representation, the solution may be written as

k :
1 I'k—j+a)
L1 = To + o g T , rei(l— ;). (2.50)

The memory kernel

(2.51)

introduces long-range temporal dependence into the dynamics.
Let
Aq

denote the attractor corresponding to the fractional order a. The fractal dimension of
A, is determined from the scaling law

N,(g) ~ e P, (2.52)

Hence,

D(«) = lim M
e=0 In(1/e)
For integer-order systems (o = 1), the attractor dimension depends primarily on the
nonlinear stretching mechanism. In contrast, fractional systems involve both nonlinear
instability and memory-induced correlations.
Suppose the Lyapunov spectrum satisfies

(2.53)

AL > Ag > >\, (2.54)
Then the Kaplan—Yorke dimension of the fractional attractor is

5:1 Ai(a)

Dicy(a) = j + =128,
xv(@) Posi(a)]

(2.55)

where
J Jj+1
X)) =0, D N(a) <0, (2.56)
i=1 i=1
The dependence of the Lyapunov exponents on « implies that

DKY = DKy(C(>. (257)

For many fractional maps, decreasing o modifies the attractor geometry through two
competing mechanisms:

1. enhanced trajectory correlation due to memory effects,
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2. increased dissipation caused by fractional accumulation.

If dissipation dominates, trajectories become more localized and
D(a) < D(1). (2.58)

If memory-induced stretching dominates, additional geometric complexity may ap-
pear, yielding
D(«a) > D(1). (2.59)

Let
61%

be the perturbation between nearby trajectories. In fractional systems,

k
0Tpt1 = Zw,(i)jDF(:cj)(ij, (2.60)

Jj=0

where DF(z;) is the Jacobian matrix of the nonlinear map.

Unlike integer-order systems, perturbation growth depends on the entire trajectory
history. Consequently, the attractor geometry is determined by nonlocal interactions in
time.

For chaotic fractional attractors, one generally observes:

Dy < D < n, (261)

where n is the embedding dimension.
Moreover, numerical simulations often reveal continuous deformation of the attractor
as « varies:

Aal # AQQ, (07] # Q9. (262)

Therefore, the fractal dimension serves as a quantitative descriptor of:
memory effects, phase-space occupation, multiscale geometry,

and the complexity of fractional chaotic attractors.

2.4.4 Relationship Between Fractal Dimension and Chaos

The emergence of chaos in nonlinear dynamical systems is characterized by sensitivity
to initial conditions, exponential divergence of nearby trajectories, and the formation
of geometrically irregular invariant sets. The fractal dimension provides a quantitative
description of the geometric complexity of these invariant sets and establishes a direct
connection between the geometry of attractors and the dynamics of chaos.

Let

Tpy1 = F(l'k)

be a dissipative discrete dynamical system with attractor
A CR"
Assume that two nearby trajectories satisfy

(Sl'k = T — fk
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If the system is chaotic, then
62k ]| ~ X [[owoll, A >0, (2.63)

where A\ denotes the maximal Lyapunov exponent.
Positive Lyapunov exponents produce exponential stretching of phase-space trajecto-
ries. Since the system is dissipative, phase-space volumes simultaneously contract:

Vk+1 = | det J(CEk)“/}c, (264)

where J(zy,) is the Jacobian matrix of the map.
If
| det J(xy)| < 1, (2.65)

the dynamics remain confined to a compact invariant set. The repeated coexistence of
stretching and contraction generates folding mechanisms that produce fractal attractors.
Consequently, chaotic attractors satisfy

D ¢N, (2.66)

where D denotes the fractal dimension.
The connection between Lyapunov instability and fractal geometry becomes explicit
through the Kaplan—Yorke conjecture. Let

A=A > 2>\, (2.67)

be the Lyapunov spectrum of the system. Define the integer j such that

55&20, D> A< (2.68)
=1 ;

The Kaplan—Yorke dimension is then given by

DY
Dgy = j + &=

. 2.69
Moo (2:69)

This relation demonstrates that the fractal dimension is directly determined by the
balance between phase-space expansion and contraction rates.
For conservative systems,

zn: A =0, (2.70)
=1

and no volume contraction occurs. In dissipative chaotic systems,

> A<, (2.71)
=1

which implies the existence of lower-dimensional attractors possessing fractal geometry.
The complexity of the attractor increases as the positive Lyapunov exponents increase.

Consequently,
Amax T = D 1. (2.72)

43



For periodic dynamics,

Amax < 0, (2.73)

and trajectories converge toward regular invariant sets with integer dimension.
At the transition to chaos,
Amax = 0, (2.74)

corresponding to bifurcation points and critical states where the attractor undergoes
geometric transformation.
For fractional-order systems,

A%x(k) = F(z(k+a—1)), 0<a<l, (2.75)

the relationship between fractal dimension and chaos becomes more intricate due to
memory effects.
Using the fractional summation representation,

K ‘
1 I'k—j5+«
Tpp1 = Lo + > F( ! )F(xj), (2.76)

the present state depends on the complete trajectory history.
The perturbation dynamics become nonlocal:

k
0Tpi1 = Zw,goi)jDF(xj)éxj, (2.77)
j=0
where Ik )
(a) —J)to
= J 7 2.78
wkfg F(k . ] 4 1) ( )
Therefore, both Lyapunov exponents and fractal dimensions depend explicitly on the
fractional order:

The memory effect modifies the stretching-folding mechanism responsible for chaotic
attractor formation. In particular, decreasing o may:

1. reduce local instability through enhanced damping,

2. increase long-range trajectory correlation,

3. alter the topology of the attractor,

4. modify the scaling properties of phase-space occupation.

As a consequence, the fractal dimension may vary continuously with the fractional

order:
dD

- ) 2.80
= (2.80)

In many fractional chaotic maps, one observes:
« \L = Amax \l/, (281)

leading to reduced chaotic intensity and smaller attractor dimensions.
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However, certain systems exhibit memory-induced complexity where temporal nonlo-
cality generates additional multiscale structures:

D(a) > D(1). (2.82)

Hence, the fractal dimension acts as a geometric indicator of chaos intensity and
reflects the combined effects of:

instability, dissipation, memory, multiscale structure.
For fractional chaotic systems, the simultaneous analysis of:
Amaxa -DH) DB7 -DKY7

provides a complete characterization of both the dynamical and geometrical properties
of the attractor.

2.5 Bifurcation and Parameter Sensitivity Analysis

Fractional discrete systems exhibit rich bifurcation structures due to the combination of
nonlinearity and memory effects. Understanding how parameters influence the transition
from regular to chaotic behavior is crucial for both analysis and control design. In this
section, we examine routes to chaos and the effect of fractional order and step size (h)
on system dynamics [13]

2.5.1 Routes to Chaos
Consider a fractional discrete system
A% (k) = F(x(k), p),
where p is a bifurcation parameter. As u varies, the system may undergo:

1. Period-doubling bifurcations: Successive doubling of the period leading to
chaos.

2. Saddle-node bifurcations: Creation or annihilation of fixed points.

3. Hopf-like bifurcations: Emergence of quasi-periodic orbits in higher-dimensional
fractional systems.

Definition 2.11. [13] [Bifurcation Point] A value p = p,. is called a bifurcation point if
a small change in p qualitatively changes the asymptotic dynamics of the system.

2.5.2 Effect of Fractional Order on Bifurcations

Theorem 2.6. [13] [Bifurcation Induced by Fractional Order] Let 0 < oy < ag < 1. For

a fized p, the system
“Aw(k) = F(x(k), n)

may transition from periodic to chaotic behavior as o decreases.
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Proof. 1. The fractional summation kernel
(k—1—j5)°"
weights past states differently depending on «a.

2. Smaller « increases the memory effect of earlier states, effectively coupling more
past states into the dynamics.

3. This can destabilize previously periodic orbits and produce bifurcations leading to

chaos.
O]

2.5.3 Effect of Fractional Order and Step Size (h)

Fractional discrete systems may also depend on the step size h if formulated using the
h-difference operator:

CAga(k) = F(a(k), p).

e Smaller h: increases the resolution of memory accumulation, which may delay
bifurcations and suppress chaos.

o Larger h: reduces memory resolution, possibly triggering early onset of irregular
behavior.

Remark. [13] Both the fractional order v and the step size h serve as bifurcation param-
eters. Varying them allows tuning of system dynamics, which is particularly useful when
designing fractional discrete neural networks with desired stability or chaotic properties.

2.6 Use of Chaos

For many scientists, chaos theory represents the first step toward the unification of sci-
ences. Indeed, it is a theory whose applications extend to virtually all scientific fields. In
this section, we present some practical applications of chaos[13]

2.6.1 In Communication Systems

The image of a chaotic model is structured around a skeleton composed of a set of unstable
periodic orbits (UPOs). The set of these UPOs, dense within the attractor, as well as
the orbits transitioning between them, form the chaotic attractor.

The idea of using chaos in secure multi-user communications is often based on the
control and proper utilization of UPOs. The main idea is to use the skeleton of a chaotic
attractor as a reservoir of potential communication waves. In this way, each user is
provided with a unique code within the same channel.
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The advantage of multi-scroll attractors lies in their ability to generate shorter orbits
(through more complex chaos), resulting in faster message transmission and improved

communication security.

Figure 2.1: Maximal Lyapunov Exponent of the Fractional Logistic Map

2.6.2 In Biology

Chaos theory in biology helps explain differences in animal populations and brain oscil-
lations (electroencephalograms, that is, graphical recordings of the electrical activity of
the brain using electrodes placed on the scalp) through strange attractors[13]

Figure 2.2: Attractor of a brain model representing electrical activity.
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Figure 2.3: Phase space of the heart model in the regular case (left) and chaotic case

(right).

Likewise, the arrhythmias typical of many heart diseases can also be explained by
chaos theory. In a normal heart, electrical impulses travel uniformly through muscle
fibers, forcing the cardiac ventricle to contract and pump blood. Once contracted, the
fibers become insensitive to electrical signals; this is known as the refractory period.

Thus, differences in the duration of the refractory period from one region of the
ventricle to another may cause spasmodic contractility, which can lead to a heart attack.

2.6.3 In Economics

In economics, commercial movements, financial markets, and economic cycles can partly
be explained by chaos theory, where fractals are closely linked to randomness and there-
fore allow the modeling of complex random phenomena. This explains their use in finance
to model fluctuations in stock market prices[13]

2.6.4 In Computer Science

In computer science, image compression methods have been developed using fractals.
Synthetic images in cinema and video games are becoming increasingly realistic thanks
to fractals. Indeed, objects provided by Euclidean geometry are unlikely to faithfully
represent the real world: do we often see perfect circles or cubes in nature? No, the
shapes found in nature correspond much more closely to fractal forms|[13].
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2.6.5 In Art

Even in the field of art, since the 1980s, the beauty of fractals has been widely appreci-
ated and exploited, leading to a proliferation of exhibitions centered on these fascinating
images. Fractal images possess a certain aesthetic appeal, but one may wonder whether
they have other uses. We can observe several remarkable functions of fractals in differ-
ent domains. Fractals are geometric figures with a property of self-similarity. Thus, we
observe similar patterns in a fractal design regardless of the scale at which we examine
it.

A famous example is the Sierpinski triangle, composed of an equilateral triangle di-
vided into smaller equilateral triangles, which are themselves subdivided into equilateral
triangles, and so on[13].

Figure 2.4: The Spierinski Triangle : An Example of a Fractal.
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Example : Fractional Logistic-Type Map
Consider the Caputo fractional difference equation|13]
“A°(k) =ra(k)(1—z(k), 0<a<l
e Fix h =1 and vary « from 0.6 to 1.0.
o Observe period-doubling bifurcations as « decreases.
o For a = 1, the system behaves similarly to the classical logistic map.

o For smaller «, long-term memory alters the bifurcation thresholds and modifies the
route to chaos.

Step 1: Equivalent Summation Form.

The equivalent summation form of the equation is:

B
—

r

Ia) 4

z(k) = xo + (k—1=7)"" ()1 = =(j)).

<
Il
o

This form explicitly reveals the memory effect: the current state xz(k) depends on the
entire past trajectory {x(0),z(1),...,z(k — 1)}, weighted by the power-law kernel (k —
1—j)h

Step 2: Effect of Memory on Trajectories.

We compare two cases under the same initial condition z(0) = 0.2, A = 3.7:

Figure 2.5: Fractional Logistic Map: Effect of Memory on Trajectories

o a =1 (classical logistic map, no memory): the future state depends only on the
present state; no memory dynamics.
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o a = 0.7 (fractional logistic map, with memory): the future state depends on a
weighted history of all past states; the power-law kernel smooths and delays the
dynamics.

Remark. The presence of the fractional memory term alters bifurcation thresholds and
can delay or suppress chaos depending on the value of a. In subsequent sections, we
formalize chaos in this fractional setting and introduce appropriate Lyapunov exponents
adapted to memory-dependent systems.

For certain values of r and «, this system exhibits complex oscillations and chaotic-like
behavior. The fractional order o modifies both amplitude and stability compared to the
classical logistic map.

Step 3: Sensitive Dependence on Initial Conditions.

A key signature of chaos is the butterfly effect: two trajectories starting from very close
initial conditions xy = 0.5 and zy = 0.5001 (with r = 3.95, @ = 0.8) remain nearly
identical for a short time, then diverge rapidly and become completely uncorrelated. The
log of separation logy, |z, — yn| grows with a positive average slope, confirming sensitive
dependence on initial conditions.

Figure 2.6: Divergence of Two Trajectories in a Fractional Discrete Map
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Step 4: Chaotic Attractor and Lyapunov Exponent Analysis.

The maximal Lyapunov exponent \q quantifies the average exponential rate of separation
of nearby trajectories. Three regimes are identified:

e )y < 0: Convergent behavior — fixed point or periodic orbit (stable).
e )\o = 0: Onset of chaos — transition/bifurcation point.

e )y > 0: Chaotic behavior — sensitive dependence on initial conditions; existence
of a chaotic attractor.

Figure 2.7: Maximal Lyapunov Exponent of the Fractional Logistic Map

As « decreases, the onset of chaos shifts to larger values of r and the range of chaotic
behavior narrows, demonstrating that memory delays and suppresses the transition to
chaos.
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Step 5: Bifurcation Diagram and Parameter Sensitivity.

We plot the bifurcation diagram of x; versus the fractional order «, with fixed r = 3.9,
to trace the transition from stable to chaotic behavior:

e «a€[0.1, 0.4]: stable fixed point (convergent behavior).
e « € [0.4, 0.6]: period-doubling bifurcations begin.

e «a € 0.6, 0.85]: complex dynamics.

a — 1: chaos with periodic windows; structure resembles the classical logistic
map.

Figure 2.8: Bifurcation Diagram of the Fractional Logistic Map

Remark. Parameter sensitivity analysis highlights the importance of memory effects in
fractional discrete systems. Both a and A influence attractor geometry, Lyapunov ex-
ponents, and bifurcation diagrams. These effects are critical when applying fractional
discrete models to neural networks, where control and stabilization strategies must ac-
count for memory-induced delays and enhanced sensitivity.
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Example: A Three-Dimensional Fractional-Order Chaotic Sys-
tem

To illustrate the theoretical concepts developed in this chapter — including chaotic at-
tractors, Lyapunov exponents, fractal dimension, and bifurcation — we consider a con-
crete three-dimensional fractional-order dynamical system. This example demonstrates
how memory effects, introduced through the Caputo fractional derivative, modify the
qualitative behaviour of a nonlinear system and give rise to chaotic dynamics[24].
System Description
We consider the fractional-order system defined by the Caputo derivative:

CDo(t) = axy + bxy + cxy a3,

CDQJTQ(t) = d$2 — I X3, (283)

CD%5(t) = —ex3 + 1 7o,

where 0 < o <1 is the fractional order and the system parameters are

a=-—10, b=28, c=-1, d=-1, e=

w00

The initial conditions are taken as (z1(0), z2(0), 3(0)) = (0.1, 0.1, 0.1).

This system is a fractional-order analogue of the classical Lorenz system. Using
the Caputo fractional difference operator, the present state depends on the entire past
trajectory through a power-law weighted kernel, which is the fundamental memory effect
introduced in Section[24].

Fixed Points and Stability Analysis

The equilibrium points are found by setting the right-hand side of (2.83) equal to zero.
A straightforward calculation yields three fixed points:

Eo = (0, 0, 0),
E. :(\/E, Vbe, d), E :(—\/%, —be, d).

To study the local stability of £, and E_, we compute the Jacobian matrix of system
(2.83) at a generic equilibrium point z* = (x7, z3, z3):

a b cxj
J(@*)=|—25 d —=a

* *

According to the fractional stability criterion, an equilibrium is unstable whenever at
least one eigenvalue \; of J satisfies

am
Numerical computation confirms that this condition holds for all three fixed points with
the given parameters and « close to 1, so all equilibria are unstable. This instability is a

necessary condition for the existence of a chaotic attractor.

54



Dissipativity
For system (2.83), the divergence of the vector field is

oF, O0F, O0F3 8 41
F= —atd—e=—-104+(-1)-8=_-4 9
v 0x; * Oxs + Oxs @t © (1) =3 3

Therefore, the system is dissipative: phase-space volumes contract exponentially at the
rate V - F'. This guarantees that all trajectories eventually enter a compact invariant set
— the chaotic attractor — as formalised in Theorem 2.3.

Minimum Fractional Order for Chaos

A necessary condition for a fractional-order system to exhibit chaotic behaviour is that
the eigenvalues of the Jacobian at an unstable equilibrium must lie in the unstable sector
of the fractional complex plane, i.e.
arm
larg(\;)| > —.
2
Using the eigenvalues computed at F,, one determines that chaotic behaviour is sustained
for
> Opin ~ 0.89.

For a below this threshold, the memory effect suppresses the instability and the system
transitions to periodic or quasi-periodic behaviour. This is consistent with Theorem 2.6
and the bifurcation analysis of Section 2.5.2, where decreasing a was shown to shift the
onset of chaos to larger parameter values.

Lyapunov Exponents and Kaplan—Yorke Dimension

For a = 0.95 and the parameter values above, numerical computation of the fractional
Lyapunov spectrum yields:

M ~091, Ma0, A3~ —14.57.

Since the largest Lyapunov exponent A\; > 0, the system exhibits sensitive dependence
on initial conditions and chaotic behaviour (Theorem 2.4). The zero exponent A, reflects
the neutral direction along the flow, while the large negative exponent A3 confirms strong
dissipation.

The Kaplan—Yorke dimension of the attractor is computed using formula[24]:

Ao 0.91
Dy =24+ 22022 o U9 60,
W a7

This non-integer value confirms the fractal nature of the chaotic attractor, as discussed
in Section 2.4. The attractor occupies slightly more than a two-dimensional surface in
phase space, which is characteristic of dissipative chaotic systems.
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Bifurcation Analysis

To analyse the effect of the fractional order on the dynamics, we vary « from 0.5 to 1.0
while keeping all other parameters fixed. The bifurcation diagram of x; as a function of
a reveals the following regimes:

e «a € (0.50, 0.75): the system converges to a stable fixed point.

e «a € (0.75, 0.89): period-doubling bifurcations appear and quasi-periodic windows
emerge.

e a € (0.89, 1.00): fully developed chaotic attractor, consistent with a positive max-
imal Lyapunov exponent.

This transition from order to chaos as « increases is a direct manifestation of the role
of memory in fractional systems: a smaller fractional order introduces stronger histor-
ical damping, which stabilises the trajectories, while &« — 1 recovers the integer-order
dynamics where chaos is fully developed.

Remark. This example illustrates the complete interplay between the theoretical con-
cepts of this chapter. The non-integer dimension of the attractor reflects its fractal ge-
ometry (Section 2.4); the positive Lyapunov exponent quantifies chaos (Section 2.3); the
bifurcation diagram shows how « controls the transition to chaos (Section 2.5); and the
power-law memory kernel connects all these phenomena to the non-Markovian dynamics
introduced in Section 2.1.

2.7 Conclusion

In this chapter, we explored the dynamics of fractional-order discrete systems with a
focus on chaos. Unlike classical discrete systems, fractional systems possess memory
effects, meaning the current state depends on the entire history of the system. This non-
Markovian property significantly enriches the dynamics and leads to new behaviors not
observed in integer-order systems. We introduced fractional discrete dynamical systems,
formalized the concept of memory via the Caputo fractional difference operator, and dis-
cussed the extended phase-space representation to account for the infinite-dimensional
nature of these systems. The section on chaos provided rigorous definitions adapted to
fractional systems, including sensitive dependence on initial conditions, topological tran-
sitivity, and the existence of chaotic attractors. Examples, such as the fractional logistic
map, illustrated how memory alters the onset and structure of chaos. The Lyapunov ex-
ponent analysis was extended to fractional systems, demonstrating how the accumulation
of past states modifies perturbation growth and can suppress or enhance chaotic behav-
ior. Finally, the bifurcation and parameter sensitivity analysis highlighted the influence
of the fractional order («) and step size (h) on the transition from periodic to chaotic
dynamics. These parameters serve as powerful tools for controlling or tuning system be-
havior and are particularly relevant for the design and stabilization of fractional discrete
neural networks, which will be the focus of the next chapter.
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Chapter 3

An Overview on Fractional-Order
Neural Networks

This chapter presents an overview of fractional-order neural networks and their role in
modeling nonlinear dynamical systems with memory and hereditary effects. It begins with
biological and artificial neural networks, then introduces continuous-time fractional-order
neural network models, their dynamical behavior, and their main applications. Finally,
it discusses recent advances in different fractional neural network models and the discrete
fractional-order neural networks that will be used in later chapters.

3.1 Biological Neural Networks

This section introduces biological neural networks and highlights how fractional-order
models naturally capture memory effects observed in neural activity[24]

Figure 3.1: Biological Neuron and Signal Transmission
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Definition 3.1 (Continuous-time biological neuron model). [24] A biological neu-
ron can be abstracted as a dynamical system whose state variable represents the mem-
brane potential or firing rate. A standard continuous-time rate model is given by

dxcz-t(t) = —awi(t) + Z wid(x;()) + I(1), (3.1)

where z;(t) denotes the state of neuron i, a; > 0 is the decay rate, w;; is the synap-
tic weight from neuron j to neuron i, ¢(-) is a nonlinear activation function, and I;(t)
represents an external stimulus.

Remark. [24] This model captures the instantaneous dynamics of the neuron, but it
does not explicitly incorporate long-term memory or hereditary effects that are often
observed in biological neural systems.

Definition 3.2 (Fractional-order biological neuron model). [24] To account for
memory effects, the integer-order derivative can be replaced by a Caputo fractional deriva-
tive. The resulting fractional-order neuron model is

Dix(t) = —axi(t) + iwij¢($j(t)) +I(t), 0<a<l, (3.2)

where Df* denotes the Caputo fractional derivative of order a.

Remark. The parameter o controls the memory intensity of the model. When o = 1,
the classical neuron model is recovered. For 0 < v < 1, the current state depends on the
whole past history of the neuron.

Definition 3.3 (Hebbian learning rule). [24] A general Hebbian learning rule for
synaptic adaptation is given by

dt

where 7 is the learning rate and v represents the decay of synaptic strength.

= na;(t)a;(t) = ywi; (1), (3:3)

Definition 3.4 (Fractional-order Hebbian learning rule). [18] A fractional-order
extension of the Hebbian rule is defined by

Djwi(t) = nai(t)z;(t) — ywy(t), 0<B<1, (3.4)
where D/ denotes a fractional derivative of order 3.

Remark. [18] The fractional-order learning rule introduces memory-dependent synaptic
adaptation and provides a mathematical framework consistent with long-term potentia-
tion and long-term depression phenomena observed in neural systems.

Definition 3.5 (Matrix form of biological neural dynamics). [19] Let x(¢) =

[21(t),...,2.(t)]" be the state vector of a biological neural network. Its dynamics can be
written as

x(t) = —Ax(t) + Wo(x(t)) + 1(¢), (3.5)
where A = diag(as,...,a,), W = [w;] is the adjacency or synaptic weight matrix, ®(x)

applies the activation function componentwise, and I(¢) is the external input vector.
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Remark. [19] Fractional-order extensions replace x(t) by D{x(t), thereby allowing the
network topology and past states to jointly influence the present dynamics. This leads
to richer transient and oscillatory responses.

Remark. [19] Biological observations motivating fractional-order neural modeling in-
clude:

1. Power-law adaptation: neural responses often decay according to power laws
rather than exponential laws.

2. Persistent memory effects: neural activity depends on inputs over long temporal
intervals.

3. Robustness to perturbations: fractional-order systems often exhibit smoother
transients and intrinsic damping.

These features motivate the use of fractional-order neural networks in computational
neuroscience and in the design of artificial models with memory.

3.2 Artificial Neural Networks

This section reviews artificial neural networks as computational systems inspired by bi-
ological neurons and introduces their basic mathematical models.

Figure 3.2: Artifitial Neuron Model
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3.2.1 The Neuron Models

Definition 3.6 (Artificial neuron). An artificial neuron receives an input vector x =
[x1,72,...,2,]", combines it with synaptic weights, and produces an output through a
nonlinear activation function:

y=0o (Z w;w; + b) : (3.6)

where w; are the synaptic weights, b is a bias term, and ¢(-) is the activation function.

Definition 3.7 (Continuous-time dynamic neuron). A dynamic continuous-time
neuron can be modeled as

szilgf) =—y(t) +¢ (Z w;z;(t) + b) ) (3.7)

where 7 is a time constant describing the response speed of the neuron.

Definition 3.8 (Discrete-time dynamic neuron). A discrete-time neuron updates
its state iteratively according to

ylk+1] = ¢ (Zn: w;x; k] + b) . (3.8)

Remark. The discrete-time formulation is particularly suitable for digital implementa-
tion and numerical simulation, while the continuous-time formulation is often preferred
for dynamical systems analysis.

3.2.2 Activation Function

Definition 3.9 (Common activation functions [20]). Typical activation functions
used in artificial neural networks include:

1. Sigmoid function:

o) = T—— (39)
2. Hyperbolic tangent:
¢(z) = tanh(x). (3.10)
3. Rectified Linear Unit (ReLU):
o(r) = max(0, x). (3.11)
4. Leaky ReLU:
x, x>0,
olz) = {a:v, z < 0. (312)
5. Softmax function:
bi(x) = — i=1,...,n (3.13)

Remark. Activation functions introduce nonlinearity into the network and determine,
to a large extent, the expressive power and training behavior of the model.
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Figure 3.3: Common Activation Functions

3.2.3 General Properties of The Neural Networks

Definition 3.10. [20] [Feedforward artificial neural network| A feedforward neural
network with L layers is described by

y® = g (mea—l) i b(l))) 1=1,2,...,L, (3.14)

where y(© = x is the input vector, W® is the weight matrix, b®) is the bias vector, and
WY is the activation function of layer I.

Remark. Artificial neural networks are usually organized into input, hidden, and output
layers. Hidden layers perform nonlinear transformations, while the output layer produces
the final prediction or decision.

Definition 3.11 (Gradient-based learning rule). The weights of an artificial neural
network are adjusted to minimize a loss function L’(y(L),t), where t denotes the target
output. A standard gradient-based update is

oL

@ (O
WY «— W n@W(l)’

(3.15)

where 7) is the learning rate.

Definition 3.12 (Fractional-order learning rule). A fractional-order generalization
of the learning dynamics can be written as

oL

D?W(l) (t) = _aW(l) )

0<a<l. (3.16)
Remark. Fractional-order learning rules allow the training dynamics to depend on past

gradients and past updates, thereby introducing memory effects that may improve con-
vergence patterns and learning robustness.
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3.3 Fractional-Order Neural Networks

This section introduces continuous-time fractional-order neural networks and describes
their main dynamical properties, including chaos, bifurcation, and stability[31].

3.3.1 Dynamic Analysis of Fractional Order Neural Networks

Definition 3.13. [31] [Continuous-time fractional-order neural network| An n-
dimensional continuous-time fractional-order neural network is defined by

CD?.TZ(t) = —Cll'l(t) + Z aijfj(xj(t)) + Ih 1= 1, 2, coe,n, (317)
j=1

where © D¢ denotes the Caputo fractional derivative of order a € (0, 1], z;(t) is the state
of the i-th neuron, ¢; > 0 is the self-regulation coefficient, a,; are the connection weights,
f; is the activation function, and I; is a constant external input.

Remark. Compared with integer-order neural networks, fractional-order neural networks
possess nonlocal dynamics and can capture long-term dependencies, slow transients, and
complex oscillatory behavior more effectively.

3.3.1.1 Chaos of Fractional Order Neural Networks

Definition 3.14. [30] [Fractional-order three-neuron ring network]| A representa-
tive fractional-order neural network exhibiting chaotic behavior is the three-neuron ring
system

CDez(t) = —axy(t) + Tysin(xy(t)) + Ty sin(zo(t)) + Ty sin(as(t)),
CDeay(t) = —axo(t) + Ty sin(zy(t)) + Tosin(wy(t)) + T sin(zs(t)), (3.18)
ODay(t) = —axs(t) + Tysin(zy (1)) + Tosin(aa(t)) + Ty sin(z3(t)).

Remark. The above system may exhibit chaotic oscillations depending on the fractional
order o and the coupling parameters 7Tj, 17, T5. Chaos is usually investigated numerically
by using phase portraits, Lyapunov exponents, and bifurcation diagrams.

3.3.1.2 Limit Cycle and Hopf Bifurcation of Fractional Order Neural Net-
works

Definition 3.15. [30] [Linearized fractional-order system] Let X be an equilibrium
point of a fractional-order neural network. Its linearization is

“Dox(t) = J(x)x(t), (3.19)
where J(X) is the Jacobian matrix evaluated at the equilibrium.

Theorem 3.1 (Fractional Hopf-type bifurcation condition). [30] A Hopf-type
bifurcation in a fractional-order neural network occurs when a pair of complex conjugate
eigenvalues \; of the Jacobian satisfies

QT d)\l

arg(\;) = 5 Al =1, o

£ 0, (3.20)

where (1 is the bifurcation parameter.
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Figure 3.4: Chaotic Attractor of Fractional-Order three-Neuron Ring Network

Figure 3.5: Hopf Bifurcation Induced by Variation of the Fractional Order.
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Proof. [30] The proof follows from the fractional-order linear stability boundary. In
fractional systems, the stability sector is determined by the angle ar/2. When a pair of
eigenvalues crosses this critical boundary transversally as the parameter p varies, oscil-
latory solutions emerge, giving rise to a Hopf-type bifurcation. ]

Remark. In autonomous fractional-order neural networks, exact periodic solutions may
not always exist in the classical sense. Consequently, the observed oscillations in simula-
tions are often quasi-periodic, approximate, or pseudo-limit cycles.

3.3.1.3 Stability of Fractional Order Neural Networks

This subsection presents the two main approaches used in the stability analysis of fractional-
order neural networks[29].

Theorem 3.2 (Linearized stability criterion). [29] Consider the linear fractional-
order system
“Dox(t) = Dx(t), 0<a<?2, DeR™™, (3.21)

Then the system is asymptotically stable if and only if

| arg(\)| > % YA € o(D), (3.22)

where o(D) denotes the set of eigenvalues of D.

Figure 3.6: Stability Region in the Complex Plane
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Proof. The solution of the linear fractional-order system is expressed in terms of Mittag—
Leffler functions. Each modal component evolves like E,(\;t%). The decay of these
terms is guaranteed precisely when all eigenvalues lie outside the sector |arg();)| <
am/2. Hence, the stated spectral condition is necessary and sufficient for asymptotic
stability. ]

Theorem 3.3 (Mittag—Leffler stability criterion). [31] Consider the nonlinear

fractional-order system
“Dox(t) = f(x(t)) (3.23)

with equilibrium at X = 0. Let V(x) be a continuously differentiable Lyapunov function.
If there exist constants v1,7v2,v3 > 0 and p > 0 such that

nlxllP < V(x) < pllxl?,  “DV(x) < —ylx|P, (3.24)

then the system is globally Mittag—Leffler stable, and its trajectories satisfy

[x()|| < m(x0) Ea(—At"), (3.25)
where .
-3 o2n

m(xo) s locally Lipschitz, and X\ > 0.

Proof. [31] The proof is based on the fractional Lyapunov direct method. The in-
equalities imposed on V(x) provide lower and upper bounds in terms of ||x||”, while the
negativity of the fractional derivative ensures decay along trajectories. By applying a
comparison principle for fractional systems, one obtains the Mittag—Leffler estimate. [

Remark. The fractional order « strongly affects both local and global stability. As « de-
creases from 1, convergence becomes slower and memory effects become more pronounced,
often resulting in delayed chaos, pseudo-limit cycles, or long transient oscillations.

3.3.2 Application of Fractional Neural Networks

This subsection highlights some important applications of fractional-order neural net-
works in science and engineering[29].

3.3.2.1 Digital Image Processing

Definition 3.16. [29] [Fractional-order image processing model| Let an image be
represented by a matrix I € RM*YN and let z;; denote the pixel intensity at location
(7,7). A fractional-order neural model for image processing is

“Daii(t) = —caij(t) + Z i f(zra(t)) + L, (3.27)
(k,1)ENG;

where N;; denotes the neighborhood of pixel (i, 7).
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Definition 3.17 (Fractional-order denoising cost functional). A cost functional
for image denoising can be defined as

1 o 2 . .
/= 2 Z (zi; V- xij(t)) +A Z Z ‘th zi;(t) — “D; xkl(t)‘ : (3.28)
b i (kD)EN:;
where ) is a regularization parameter balancing fidelity and smoothness.

Remark. Fractional-order models in image processing are particularly effective for adap-
tive smoothing and edge preservation, often outperforming integer-order approaches in
nonstationary or noisy settings.

3.3.2.2 Biomedical Engineering

Definition 3.18. [29] [Fractional-order biomedical signal model] Let s(¢) be a
biomedical input signal such as an ECG. A fractional-order recurrent neural network for
biomedical signal processing can be written as

“Dox(t) = —Cx(t) + W f(x(t)) + Vs(t), (3.29)
where C' is a diagonal self-feedback matrix, W is the recurrent weight matrix, and V' is
the input connection matrix.

Remark. The memory property of fractional derivatives makes these models well suited
for biomedical time series, since physiological data often contain long-range temporal
correlations.

3.3.2.3 Finance

Definition 3.19. [29] [Fractional-order financial forecasting model] A fractional-
order neural network for forecasting a financial variable y(¢) may be defined by

“DMy(t) = —cy(t) + sz (t—m)) +e(t), (3.30)

where 7; are time delays and €(t) is a noise term.

Remark. Fractional-order dynamics are useful in financial modeling because many fi-
nancial time series exhibit persistence, long memory, and heavy-tailed fluctuations.

3.3.2.4 Controller

Definition 3.20. [29] [Fractional-order plant] A fractional-order plant can be repre-
sented as

“Dly(t) = gly(t),u(t), 0<pB <1, (3.31)
where y(t) is the plant output and u(t) is the control input.

Definition 3.21 (Fractional-order neural controller). A fractional-order neural con-
troller can be written as

= sz‘f(xi(t)), “Deai(t) = —cimi(t) + e(t), (3.32)

where e(t) = yt(t) — y(t) is the tracking error.

Remark. Fractional-order neural controllers often provide smoother responses and en-
hanced robustness in the presence of uncertainty, delays, and nonlinearities.
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3.3.2.5 System Identification

Definition 3.22. [29] [Fractional-order system identification model| Suppose the
original system is described by

“D/y(t) = h(y(t), u(t)). (3.33)

A fractional-order neural approximation of this system is

n

“DrG(t) = —ch(t) + Y wifi(y(t), u(t)), (3.34)

i=1
where g(t) is the network output approximating the true system output y(t).

Definition 3.23 (Identification cost functional). A corresponding training objective
is

7= / (y(t) — ()2 dt. (3.35)

Remark. Fractional-order neural models can represent hereditary and memory-dependent
behavior more accurately than classical integer-order models, which makes them attrac-
tive in system identification.

3.3.3 Recent Advances in Different Fractional Neural Network
Models

This subsection summarizes some recent architectures that extend classical neural models
by incorporating fractional-order dynamics.

3.3.3.1 Fractional-Order Hopfield Neural Networks

Definition 3.24. [26] [Fractional-order Hopfield neural network| A fractional-order
Hopfield neural network with n neurons is described by

CDpai(t) = —aimi(t) + Y wif(; () + L, i=12,...n, (3.36)
j=1

where a; > 0 is the self-inhibition coefficient, w;; are synaptic weights, and I; is an
external input.

Definition 3.25 (Energy function of a fractional-order Hopfield network). An
associated energy function can be written as

zi(t)
B() = =3 Sl @O @)+ Y [ are)as =Y Lfn). 630

Remark. The fractional-order extension enriches the convergence behavior of Hopfield
networks and may reduce the occurrence of spurious minima in associative memory tasks.
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3.3.3.2 Fractional-Order Cellular Neural Network

Definition 3.26. [26] [Fractional-order cellular neural network| Let (7, j) denote a
cell in an M x N grid. A fractional-order cellular neural network is defined by

CD?ZL’ij (t) = —l‘ij (t) + Z aijklf(xkl(t)) + Z bijklukl (t) + ]ij> (338)
(k,l)ENij (k,l)EMj

where N;; is the neighborhood of cell (4, 7), a;jr and b;;x are feedback and control tem-
plates, and u(t) is the input.

Remark. Fractional-order cellular neural networks are effective in image processing,
dynamic filtering, and pattern recognition because they combine local interactions with
global memory effects.

3.3.3.3 Fractional-Order Memristor-Based Neural Networks

Definition 3.27. [26] [Fractional-order memristor-based neural network]| A fractional-
order memristor-based neural network is modeled by

“Djwi(t) = —ciwi(t) + Z Gij(t,z; () f(x;(1)) + Li(1), (3.39)

where G;;(t,z;(t)) denotes the memductance of the memristive synapse.

Remark. These networks combine the physical memory of memristive devices with the
hereditary effects of fractional dynamics, which can improve memory retention and tran-
sient behavior.

3.3.3.4 Fractional-Order Complex Valued Neural Networks

Definition 3.28. [26][Fractional-order complex-valued neural network]| A complex-
valued fractional-order neural network is described by

CD?Z,(t) = —c,zz(t) + zn: wmf(z](t)) + Ii, Zi(t) € C, (340)

where z;(t) = x;(t) 4+ iy;(t) and f: C — C is a complex-valued activation function.

Remark. Fractional-order complex-valued neural networks are especially useful for pro-
cessing oscillatory, wave-based, or phase-sensitive signals such as those arising in com-
munications, radar, and image analysis.

3.4 Discrete Fractional-Order Neural Networks

This section introduces discrete fractional-order neural networks and discusses their sta-
bility and chaotic behavior.
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3.4.1 Stability in Discrete Fractional-Order Neural Networks

Definition 3.29. [23] [Discrete fractional-order neural network]| Let z[k] € R"
denote the state vector of a discrete-time fractional-order neural network with order
0 < a < 1. A general discrete fractional-order neural network is written as

A%zlk + 1) = —Ax[k] + W f(z[k]) + I[K], (3.41)

where A“ is a Caputo-like fractional difference operator, A € R"*" is a diagonal matrix of
self-inhibition coefficients, W € R™ ™ is the synaptic weight matrix, f(-) is the activation
function, and I[k] is an external input vector.

Remark (Memory effect). The fractional difference operator makes the current state
depend on the whole previous trajectory. Hence, discrete fractional-order neural networks
inherit the long-memory effect characteristic of fractional dynamical systems.

3.4.1.1 Stability via Mittag—LefHler Functions

Definition 3.30. [23] [Linear discrete fractional-order neural network| A linear
discrete fractional-order neural network is given by

A%zlk + 1] = Az[k]. (3.42)

Theorem 3.4 (Formal solution representation). [22] The solution of the linear
discrete fractional-order neural network can be formally expressed as

k
k )
o[k = (]) Alz[0] = E.(AkY)z[0], (3.43)
j=0 N/
where (I;)a denotes the fractional binomial coefficient and E,(-) is the Mittag—Leffler
function.

Proof. [22] The representation follows from the discrete fractional analogue of the
variation-of-constants formula and the power-series expansion of the Mittag-Leffler func-
tion. The fractional binomial coefficients encode the memory contribution of all previous
states. [l

Theorem 3.5 (Spectral stability criterion). The linear discrete fractional-order neu-
ral network is stable if

lim [|Eq(AE®)] = 0, (3.44)
k—o0

which is ensured when the eigenvalues \; of A satisfy

am
Proof. The asymptotic behavior of the solution is governed by the discrete Mittag—
Leffler matrix function. Under the stated spectral condition, this function decays to zero,
which implies convergence of all trajectories to the equilibrium. O
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3.4.1.2 Uniform Stability

Definition 3.31. [23] [Uniform stability] A discrete fractional-order neural network is
uniformly stable if for every initial perturbation z[0] there exists a constant M > 0 such
that

[k} < M|[z[0]]], ¥k = 0. (3.46)

Remark. Uniform stability guarantees boundedness of all trajectories independently
of the initial time and is important in digital implementations and signal processing
applications.

3.4.1.3 Asymptotic Stability

Definition 3.32. [27] [Asymptotic stability] A discrete fractional-order neural net-
work is asymptotically stable if
klim zlk] =0 (3.47)
—00

for zero external input.

Definition 3.33 (Discrete fractional Lyapunov condition). If there exists a Lya-
punov function V[k| such that

AVIE] <0, VI > o0, (3.48)

then the trajectories remain bounded and may converge to the equilibrium under suitable
additional conditions.

3.4.1.4 Stability within Finite Time

Definition 3.34 (Finite-time stability [27]). A discrete fractional-order neural net-
work is finite-time stable if there exists K > 0 such that

z[k]| <e, VO<k<K, (3.49)
where € > 0 is a prescribed tolerance.

Remark. Finite-time stability is especially relevant in real-time control and computation,
where convergence within a limited number of steps is required.

3.4.1.5 Exponential Stability

Definition 3.35. [27] [Fractional exponential stability] A discrete fractional-order
neural network is exponentially stable in the fractional sense if

l=[&]ll < Cp* [lz[0]ll, 0<p<1, C>0. (3.50)

Remark. This notion generalizes the classical exponential decay of integer-order discrete
systems by incorporating the fractional-order parameter « into the decay rate.
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3.4.2 Chaos in Discrete Fractional-Order Neural Networks

This subsection illustrates how discrete fractional-order neural networks can generate
chaotic behavior.

Definition 3.36. [24] [Scalar chaotic discrete fractional model| A scalar fractional
neural-type map can be written as

A%zlk + 1] = re[k](1 — z[k]), (3.51)
which is a fractional-order generalization of the logistic map.

Remark. For suitable values of the parameter r and the fractional order «, the above
system exhibits aperiodic oscillations, bifurcations, and attractors with fractal-like struc-
ture.

Remark. Chaotic behavior in discrete fractional-order neural networks can be detected
through:

e positive Lyapunov exponents,
o Dbifurcation diagrams under parameter variation,

» phase-space reconstruction and strange attractors.

The coexistence of nonlinearity, discretization, and memory makes these systems rich and
suitable for applications such as signal processing, secure communications, and chaos-
based computation.

Example : (Ulam—Hyers Stability of Discrete Fractional Multiple-
Order Neural Networks)

Definition 3.37 (Ulam-Hyers Stability). [24] We define the system to be Ulam-Hyers
stable if there exists a constant ¢ > 0 such that for every ¢ > 0, whenever x € R satisfies

HgAakx(t) + Ax(t + agh) — Dg(z(t + aih))|| <, (3.52)

(2%}

for
t € (hN)tkH-(l—Otk)hJ 0<ap <1, k=0,....,m-—1,

then there exists a solution y of system (6.1) such that
() = y(@)]| < ce.
Initially, we establish the following lemma.

Theorem 3.6. [24] If x satisfies Equation (3.52), then

o) = alt) + Y s D (- ol Aa(sn) - Dyfa(si)
n=1 o s:t(n%)urlfan_l
+ ﬁ > (t — o(sh))y™ " [Az(sh) — Dg(xz(sh))]|| < de,  (3.53)
s= Ll
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where

m—1 t—i— an 1—1)h+t(n 1)l)an 1
1+an—1)

n=1

(3.54)

t+ (o1 — Dh+tmy) "
N sup (t+ (cm-1 = Dh + tem-1y),
tE{t(m—1)1t R bt } I'(1 4 1)

Proof. [24] Suppose that x(t) satisfies Equation (3.52). Then there exists a function f(t)
such that

FAG () + An(t + axh) — Dg(a(t + axh)) = (1),
for

te{tkl+h,...,t(k+1)l}, E=0,1,....m
This implies

CAMT(t) + Azt + agh) — Dg(x(t + agh)) = f(t), t € {to+h,...,t},
fAfll:z:(t) + Az(t + anh) — Dg(z(t + arh)) = f(t), te{ti+h,... o},

C A Qm—1

Y At(m_l)lx(t) + Az(t + cprh) — Dg(a(t + am—ih)) = f(t), t € {tgmory+ ..t}

Using the fractional summation formula, we obtain

o) =alo)+ X gy X (= otk [As(sh) = Dy(a(sh)
n=1 nl s:t(n%)urlfan,l
T f (6= osh) [ Ax(sm) ~ DyCa(sm)
F(ah S ok k)
n=1 n—1 _tn— 1)l+1 a1
+ # Z (t — o(sh);™ 7" f(sh). (3.55)
m—1 M+1 -

Taking norms on both sides yields

w(t) — x(to) + -+ || < dI|f]
Since || f]| < e, it follows that
x(t) —x(to) + - -+ || < de.

Hence, the proof is complete.
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A novel theorem is now presented to establish the Ulam—Hyers stability of the variable-
order fractional discrete neural network.

Theorem 3.7. [23] Under assumptions (A1) and (Az), the system exhibits Ulam—Hyers
stability.

Proof. 23] Let y be a solution of system. Then

t
m—1 BT On—1
h

v =alt) + 3 g D (= olsh) ™ [Ay(sh) — Dyly(sh))]

n=1 S:t("%)l+1,an_1
h F—Qm—1 L
T T am ) ) (t = a(sh))y" " '[Ay(sh) — Dg(y(sh))].  (3.56)
m— szmn%erlfam,l

Therefore,

J(t) —y(t)]| < de

m—1

(¢ + (@t = D+ i),
F(l —+ Oénfl)

+ [MA+ LMD] (

=1

3

t+ (Oém,1 — 1)]1 + t(m—l)l Gt
+ sup ( T )i lz(t) = y(O)]-
t€{t(m—1y1+hsetmi} (1+ ay_1)
(3.57)
Consequently,
d
Jo(t) = y(0)]| < e < ee,
where
d
c=——.
1-M
Thus, the system satisfies the Ulam—Hyers stability property. ]
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Exercise [24]

Consider the discrete fractional multiple-order neural network described by system (6.1).

1. Show that system (6.1) is Ulam-Hyers stable if there exists a constant ¢ > 0 such
that for every € > 0, whenever a function z(t) satisfies

1§ A (t) + Ax(t + agh) — Dg(a(t + axh))|| < e, (3.58)

ta

for
t e (hN>tkl+(1—ak)ha 0<a <1, k=0,....,m—1,

then there exists an exact solution y(t) of system (6.1) such that
() = y(B)]] < ce.

2. Assume that x(t) satisfies Equation (3.58). Prove that there exists a perturbation
function f(t) satisfying

AR (t) + Aw(t + aph) — Dgla(t + axh)) = f(t),

tt

with
If@) <e

3. Using the fractional summation formula, derive the relation

— a(t) + 2} Mo ) Z — o(sh))" M Az(sh) — Dg(xz(sh))]

F(a}; 1) > (t—o(sh)ym " [Ax(sh) — Dg(x(sh))]
-y Ry 2 = o (h) = (o) + % S — o(sh))pm 7 f(sh).
" (3.59)
4. Show that
x(t) — z(tg) + < de,
where
m_l (t —+ (Oén_l — 1)h =+ t(n_l)l)an_l (t + (am_1 — 1)h + t(m_l)l)am_l
” (2 Mo 0 T )

5. Assume that conditions (A;) and (As) hold. Prove that system (6.1) is Ulam—Hyers
stable.
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Solution [24]

Step 1. Definition of Ulam—Hyers Stability
System (6.1) is said to be Ulam—Hyers stable if there exists a constant ¢ > 0 such
that for every ¢ > 0, whenever a function z(t) satisfies

| Az (t) + Az(t + axh) — Dg(z(t + ayh))|| < e,

(2%}

then there exists an exact solution y(t) satisfying

l2(t) = y(D)] < ce.

Step 2. Introduction of the Perturbation Function
Since z(t) satisfies Equation (3.58), there exists a function f(t) such that

CAM () + Azt + aph) — Dg(z(t + agh)) = f(t),

tri
where

IF@I <e

Step 3. Fractional Summation Representation
Applying the discrete fractional summation operator yields

o(t) = alto) + Y s S0 = o{sh))i [Au(sh) = Dy(a(sh)]
+ T 0= (s As(sh) — Dy(a(sh)]
“ h ap—1—1 h Am—1—1
=3 oy o= o T 6+ s S = o sh) o)
(3.60)
Step 4. Norm Estimation
Taking norms on both sides, we obtain
Pt (e — D+ tgy) "
x(t) — x(to) + -+ S(; (¢ + (a . 4_)@:1; 1),
t me1 — Dh 4 tam_1y) "
Since
Il <e

we conclude that

z(t) —x(ty) + -+ || < de.
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Step 5. Proof of Ulam—Hyers Stability
Let y(t) be the exact solution of system (6.1). Then

y@)—x@w—%E:IY;z1)§:@-—a@h»$llﬂAywh)—llﬂy@hD]
- r<a]fnl) > _(t=o(sh));™ " [Ay(sh) — Dg(y(sh))). (3.62)

Subtracting the equations corresponding to z(t) and y(t) gives

l2(8) = y(®)I| < de + || D_[~A(z(sh) — y(sh)]|| +

jzjl?(g(x(sh))—-g(y(sh))wk

Using the Lipschitz condition

lg() = gl < Lz —yl,

we obtain
|z(t) —y@®)|| < de+ [MA+ LMD]||z(t) — y(?)]]-
Let
M =[MA+ LMD].
If M <1, then
(1= M)|lz(t) —y(@®)] < de.

Hence,

Ja(t) - y(t)] < —2

T Yy <o MG'
Setting

. d
C1-M

we conclude that
|z(t) —y@)| < ce.

Therefore, system (6.1) is Ulam—Hyers stable
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Numerical Simulation [24)]

Example. Let us explore a two-dimensional fractional discrete-time neural network given

by

CAEP(t) = —Ar(t+agh)+Qsin(r(tragh)), 0<op <1, t € (AN)jii—(1—ag, k=0,1,2,3.
(6.6)

where
sin(r(t)) = (sin(ry(t)), sin(ry(t)))".

Suppose that
r(0) = (1,-1)7, (q, a1, g, a3) = (0.5,0.4,0.3,0.2), h =1.3, m = 4.

The matrices are given by

4 [0046 0 q_ [0:0003 0
“| 0 0.046] = |—0.0004 0.0001]

We can investigate the stability analysis across various time domains, ensuring that
the parameters satisfy all conditions stated in Theorems (3.6) and (3.7). Since

M =0.9858 < 1,

the required conditions are satisfied, and consequently the stability of the system can be
examined as illustrated in Figure 3.7.

Figure 3.7: The numerical solution of neural network

77



3.5 Conclusion

In this chapter, we presented an overview of fractional-order neural networks and their
importance in modeling complex dynamical systems with memory and hereditary proper-
ties. We first introduced the biological neural networks and the artificial neural networks,
including neuron models, activation functions, and the general properties of neural sys-
tems.

After that, we focused on fractional-order neural networks and discussed their dynamic
behavior, applications, and recent developments in different fractional neural network
models. The use of fractional calculus provides more flexibility and accuracy in describing
nonlinear phenomena compared to classical integer-order models.

Furthermore, we studied discrete fractional-order neural networks, emphasizing im-
portant concepts such as stability and chaotic behavior. In particular, the Ulam—Hyers
stability of discrete fractional multiple-order neural networks was investigated through a
detailed mathematical example.

Finally, numerical simulations were presented to illustrate the theoretical results and
to confirm the effectiveness of the proposed analysis. The obtained results demonstrate
that fractional discrete neural networks constitute a powerful framework for analyzing
complex systems and provide promising perspectives for future research in mathematics,
engineering, and applied sciences.
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Chapter 4

Stabilization of Chaotic Fractional
Discrete Neural Networks Based on
the Caputo h-Difference Operator

4.1 Introduction

Discrete fractional calculus provides a nonlocal difference framework with memory. For
neural network models, this permits the present state to depend on a weighted discrete
history. The Caputo h-difference operator is suitable for such systems since it generates
a discrete-time dynamics with hereditary effects and admits a Lyapunov analysis for
stability.

In this chapter, a three-dimensional fractional discrete neural network is considered.
The model is defined by means of the Caputo h-difference operator and a hyperbolic
tangent activation law. For suitable fractional orders, the network exhibits chaotic dy-
namics. A sign-based feedback law is then constructed in order to stabilize the chaotic
trajectories at the origin. Finally, a variable-order extension is introduced by replacing
the constant fractional order with an interval-dependent order.

4.2 Fractional Discrete Neural Network Based on the
h-Fractional Difference

Let[9] h > 0, a € R, and 0 < v < 1. The forward h-difference operator is defined by

z(s+h)— x(s)

Apz(s) = . (4.1)

The h-falling factorial function is given by

r¢s+1
s = LG (4.2)
I(£+1-v)
The h-fractional sum of order v is
I s/h—v

L572() = 55 Z/ (s —o(kh))) "V a(kh),  o(kh)=(k+1)h  (43)
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For 0 < v <1, the Caputo-like h-difference operator is defined by

CAV(s) = A, ARx(s), s € (MN)arown- (4.4)

4.2.1 Model

Consider the three-dimensional fractional discrete neural network|9]

CAVz1(s) = —x1(s + vh) + ay; tanh(xy (s + vh)) + ajp tanh(xs(s + vh)),

OAY1y(s) = — x2(s + vh) 4 ag; tanh (21 (s + vh)) + ag tanh(zy(s 4 vh)) (4.5)
+ agg tanh(z3(s + vh)),
CAVx3(s) = —x3(s + vh) + az; tanh(xy (s + vh)) + azz tanh(xs(s + vh))

for s € (hN)aJr(l,l,)h.
The parameter matrix is

aj;; a0 2 -12 0
A= ag1 Q922 G923 = 2 1.71 1.15]. (46)
asq 0 33 —4.75 0 1.1

The activation function is the hyperbolic tangent function tanh(-). The numerical
experiments are generated from the initial data

(21(0), 22(0), z3(0)) = (0.02,0.5,0.8), (4.7)
(21(0), 22(0), 23(0)) = (—=0.02,-0.5, —0.8), (4.8)

and
(21(0), 22(0), 23(0)) = (0.02,—0.5,0.8). (4.9)

Applying the h-fractional sum operator to (4.5) yields a discrete Volterra-type repre-
sentation, which is used in the predictor-corrector numerical procedure. For each com-
ponent, one obtains a formula of the form

h)E:@—awnﬁﬂfxﬂxu+umy i=1,2,3, (4.10)

xi(s) = zi(a) + W

where F; denotes the right-hand side of the i-th equation in (4.5).

4.2.2 Chaotic Behavior

For the parameter matrix (4.6), the network (4.5) exhibits chaotic behavior when the
fractional order is sufficiently large. The reported numerical analysis shows that chaotic
dynamics arise for[9]

v>0.7. (4.11)

In particular, chaotic attractors are observed for the integer-order case
v=1 (4.12)

and for the fractional-order case
v =0.9. (4.13)



Figure 4.1: Bifurcation Diagram and Lyapunov Exponents

Figure 4.2: Chaotic Attractor at v =1
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Figure 4.3: Chaotic Attractor at v = 0.9

The transition to chaos is detected numerically by means of bifurcation diagrams and
the largest Lyapunov exponent. A positive largest Lyapunov exponent indicates chaotic
evolution. Hence, the memory generated by the Caputo h-difference operator does not
suppress chaos; rather, it modifies the geometry of the attractor and the discrete temporal
evolution.

The estimate

| tanh(z)| < ||, z € R, (4.14)

will be used in the stabilization analysis.

4.3 Stabilization

The stabilization problem consists in constructing a feedback law such that the origin
becomes an asymptotically stable equilibrium of the controlled system[11].
A basic inequality for the Caputo h-difference operator is

YAY2?(s) < 2x(s 4+ vh) § AV (s), 0<v<1. (4.15)
Consider now the controlled neural network

CAVzy(s) = —x1(s + vh) + ay; tanh(z1(s + vh)) + aro tanh(za(s + vh)) + Cy(s),

CAY1o(s) = — x5(s + vh) 4 ag tanh (21 (s + vh)) + ags tanh(zy(s + vh))
+ ag3 tanh(zs(s + vh)) + Ca(s),
CAVrs(s) = —w3(s + vh) + az tanh(z,(s + vh)) + asz tanh(ws(s + vh)) + Cs(s)
(4.16)
The control law is chosen as

Ci(s) = —sgn(w1(s)) (lan| + [a2]),
Cy(s) = —sgn(wa(s)) (laa1| + ag| + |az]) (4.17)
Cs(s) = —sgn(ws(s)) (lasi| + [ass]),
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where

1, x>0,
sgn(z) =<0, a=0, (4.18)
-1, z<0.

Figure 4.4: Stabilization of Chaotic States Using a Control Law

Figure 4.5: Phase Space After Control
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Theorem 4.1. [22] The h-fractional neural network (4.5) is asymptotically stabilized at
the origin under the feedback law (4.17).

Proof. [22] Consider the Lyapunov function

V(s) = % (2(s) + 23(s) + 22(s)) . (4.19)

The function V' is positive definite and radially unbounded.
Using (4.15), one obtains

gAZV(s) < z1(s + vh) gAZ:cl(s) + xo(s + vh) gAZxQ(s) + x3(s + vh) gAng(s). (4.20)

Substituting (4.16) into (4.20) gives

YAV (s) < —ai(s+vh) — 23(s + vh) — xi(s + vh)
+ a1 (s + vh) tanh(zq (s + vh)) + apz1 (s + vh) tanh(zo(s + vh))
+ ag1w9(s + vh) tanh(zq (s + vh)) + aswa(s + vh) tanh(za(s + vh))
+ aggwo(s + vh) tanh(xs(s + vh)) + ag1z3(s + vh) tanh(z1 (s + vh))
+ assxs(s + vh) tanh(xs(s + vh)) + x1(s + vh)Ci(s)
+ zo(s + vh)Cy(s) + x3(s + vh)Cs(s). (4.21)

By (4.14),

|z tanh(z;)| < ;] [75].

Hence the nonlinear coupling terms are bounded above by the corresponding parameter
moduli. By the choice of the controllers in (4.17), these terms are dominated componen-
twise. Therefore,

YAV (s) < —a2(s +vh) — x3(s + vh) — x3(s +vh) <0 (4.22)
for every nonzero state. It follows that the zero equilibrium is asymptotically stable. [

For the numerical verification of stabilization, the same parameter values as in (4.6)
are used with
v =0.8. (4.23)

The controlled trajectories converge to the origin, and the associated phase portrait
collapses to the equilibrium point.
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4.4 Variable-Order Fractional Discrete Neural Net-
work Based on the Caputo h-Difference Operator

The previous model is extended by replacing the constant order v with an interval-
dependent order ;. Let the time axis be partitioned into m intervals of equal length [,
and define[25]

sp = ki, k=0,1,...,m—1.
On each interval, the order is taken to be constant and equal to vy, with
0 <y <1, E=0,1,....,m—1. (4.24)
The variable-order fractional discrete neural network is
(A% x1(s) = —a1(s + vxh) + arg tanh(z1 (s + vxh)) + ai2 tanh(za(s + vih)),

CAVE 19(8) = —w9(s 4+ vgh) + ag tanh(zy (s 4+ vph)) + age tanh(as(s + vih))

i (4.25)
+ ags tanh(zs(s 4+ vxh)),
\gA::lxg(s) = —x3(s + vxh) + ag tanh(z1(s + vxh)) + ass tanh(xs(s + vih)),
for
S € (hN)Skl"‘(l_Vk)h' (4.26)

The parameter values remain

app = 2, 19 = —12, 91 = 2, 99 = 17]_, 93 = 115, agy = —475, as3z = 1.1.

(4.27)
The initial condition used in the numerical simulation is
x1(0) = 0.02, z9(0) = —0.5, z3(0) = 0.8, (4.28)
and the interval length is
[ = 800. (4.29)
A piecewise-constant order law may be written as
v(s) = vk, $ € [Skts S(kt1)1)5 (4.30)
where typical values reported in the numerical study are
v=20.09, v =08, v=0.7, v=0.5. (4.31)

Applying the h-fractional sum operator on each interval to (4.25) yields the corre-
sponding numerical formula, which is the variable-order analogue of the constant-order
Volterra-type representation. The memory kernel therefore changes from one interval to
another.
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Figure 4.6: Chaotic Attractors of the Variable-Order Network

The numerical simulations show that different choices of the order generate different
chaotic attractors. In particular, the system remains chaotic for

v=05 (4.32)

on the interval

[800, 4800]. (4.33)

Thus, the variable-order network preserves a rich dynamical structure under order vari-
ation.

4.5 Conclusion

A three-dimensional fractional discrete neural network based on the Caputo h-difference
operator has been studied. The model exhibits chaotic behavior for the parameter matrix
(4.6), with chaotic regimes detected for sufficiently large fractional order, in particular
for v > 0.7.

A stabilization law based on the sign function has been constructed. With the Lya-
punov function (4.19), the controlled system satisfies

WALV (s) < —lla(s +vh)|?,

which implies asymptotic stability of the origin.

A variable-order extension has also been considered. The model (4.25) shows that non-
trivial and chaotic dynamics persist under interval-dependent order variation. Therefore,
variable-order fractional discrete neural networks defined through the Caputo h-difference
operator constitute a mathematically relevant class of memory-dependent discrete dynam-
ical systems.
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General Conclusion

This dissertation has presented a comprehensive study of discrete fractional-order dy-
namical systems, starting from the foundational concepts of discrete fractional calculus
and progressing toward advanced topics in stability theory, chaos analysis, and neural
network modeling.

The results highlight that fractional-order systems exhibit richer and more complex
dynamics compared to classical integer-order systems, mainly due to the presence of mem-
ory effects. These effects significantly influence stability properties and system evolution
over time.

The study of stability revealed that classical notions must be extended in the fractional
context, with Mittag—LefHer stability playing a central role in describing asymptotic
behavior of solutions in discrete fractional systems.

Furthermore, chaotic behavior in fractional discrete systems was shown to depend
strongly on system parameters and fractional order, with tools such as Lyapunov expo-
nents and fractal dimensions providing a rigorous framework for analysis.

Finally, fractional-order discrete neural networks were shown to be effective models
for nonlinear dynamical behavior, combining the adaptability of neural networks with
the memory properties of fractional calculus. The presented example on Ulam-Hyers
stability illustrates the theoretical results in a concrete setting.

Overall, discrete fractional-order systems constitute a powerful framework for model-
ing complex dynamical phenomena, with promising applications in science and engineer-
ing.
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