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Abstract: This research explores the complex dynamics of a Novel Four-Dimensional Fractional
Supply Chain System (NFDFSCS) that integrates a quadratic interaction term involving the actual
demand of customers and the inventory level of distributors. The introduction of the quadratic term
results in significantly larger maximal Lyapunov exponents (MLE) compared to the original model,
indicating increased system complexity. The existence, uniqueness, and Ulam-Hyers stability of
the proposed system are verified. Additionally, we establish the global Mittag-Leffler attractive set
(MLAS) and Mittag-Leffler positive invariant set (MLPIS) for the system. Numerical simulations
and MATLAB phase portraits demonstrate the chaotic nature of the proposed system. Furthermore,
a dynamical analysis achieves verification via the Lyapunov exponents, a bifurcation diagram, a
0-1 test, and a complexity analysis. A new numerical approximation method is proposed to solve
non-linear fractional differential equations, utilizing fractional differentiation with a non-singular
and non-local kernel. These numerical simulations illustrate the primary findings, showing that
both external and internal factors can accelerate the process. Furthermore, a robust control scheme
is designed to stabilize the system in finite time, effectively suppressing chaotic behaviors. The
theoretical findings are supported by the numerical results, highlighting the effectiveness of the
control strategy and its potential application in real-world supply chain management (SCM).

Keywords: chaos theory; supply chain dynamics; control strategies; finite-time control; fractional
order; Lyapunov exponents; Mittag-Leffler stability

1. Introduction

Fractional calculus, the extension of traditional calculus to non-integer orders, has
found application across various fields due to its ability to model systems with mem-
ory and hereditary properties [1-3]. In control systems, fractional-order controllers like

Fractal Fract. 2024, 8, 462. https:/ /doi.org/10.3390/ fractalfract8080462

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


https://doi.org/10.3390/fractalfract8080462
https://doi.org/10.3390/fractalfract8080462
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fractalfract
https://www.mdpi.com
https://orcid.org/0000-0002-2051-0695
https://orcid.org/0000-0002-1623-0770
https://orcid.org/0000-0001-7616-0500
https://orcid.org/0000-0003-4696-908X
https://orcid.org/0000-0003-2382-4435
https://orcid.org/0000-0002-4008-4910
https://orcid.org/0000-0001-5678-7699
https://doi.org/10.3390/fractalfract8080462
https://www.mdpi.com/journal/fractalfract
https://www.mdpi.com/article/10.3390/fractalfract8080462?type=check_update&version=1

Fractal Fract. 2024, 8, 462

2 0f 23

the fractional PID provide enhanced performance and robustness, especially in complex
dynamic systems [4]. Signal processing benefits from fractional Fourier transforms for
time-frequency analysis, while biomedical engineering utilizes fractional calculus to model
blood flow dynamics, tissue viscoelasticity, and drug delivery systems [5-7]. Material
science and physics leverage fractional calculus to study viscoelastic materials, anomalous
diffusion, and wave propagation in complex media, offering more accurate representations
of these phenomena [8-10].

In economics, fractional calculus plays a crucial role in modeling and analyzing finan-
cial systems that exhibit memory and long-term dependencies [10,11]. It is used to model
stock market dynamics and option pricing, accounting for the persistent and irregular
behavior observed in financial time series [12-14]. Fractional Brownian motion provides
a more accurate description of asset price movements, enhancing risk assessment and
derivative pricing models [15,16]. Additionally, fractional calculus helps in understanding
economic cycles, consumer behavior, and the diffusion of innovation over time, offering
a comprehensive framework for the analysis of complex economic phenomena [17,18].
Its application extends to the modeling of interest rates, market volatility, and portfolio
optimization, providing valuable insights for economists and financial analysts [19,20].

In recent years, the field of fractional calculus has seen significant development, partic-
ularly in its application to complex systems with memory effects and non-local boundaries.
Notable studies include Al Fahel et al.’s [21] exploration of quadratic and cubic logistic
models involving the Caputo—Fabrizio operator and Hegade and Bhalekar’s stability anal-
ysis of Hilfer fractional-order differential equations [22], both of which underscore the
relevance of fractional calculus in dynamic systems modeling. Additionally, Rahman et al.
provided valuable insights into the modeling and analysis of implicit fractional-order differ-
ential equations with multiple first-order fractional derivatives [23]. Fractal theory further
facilitates contemporary research, illustrating both theoretical advancements and practical
applications across various scientific and engineering disciplines [24-26]. These recent
contributions highlight the transformative potential of fractional calculus in providing
sophisticated mathematical tools for the accurate description of complex phenomena.

In recent years, the study of supply chain dynamics has increasingly recognized the
importance of incorporating chaos theory to understand and manage the inherent com-
plexities and unpredictability within supply chain systems [27-29]. Traditional models
often fall short in capturing the non-linear and dynamic nature of real-world supply chains,
leading to inefficiencies and vulnerabilities [30]. In the context of supply chains, fractional
calculus can capture the long-term dependencies and interactions between different compo-
nents of the supply chain, which are often overlooked by integer-order models [31,32]. He
etal. [33] developed a fractional-order digital manufacturing supply chain system using the
Adomian decomposition method and explored its chaotic behavior through dynamical and
complexity analyses. Yan et al. [34] created a mathematical model for a 4D supply chain
incorporating a computer-aided digital manufacturing process and designed a stabilizing
linear feedback controller for two dynamic scenarios within the supply chain. Xu et al. [35]
introduced an adaptive fractional-order sliding mode controller to achieve chaos synchro-
nization in supply chain systems facing market disruptions, significantly enhancing the
understanding of chaotic supply chain networks and optimizing the management strategies.
Cuong et al. [36] investigated the dynamical analysis and efficient management strategies
of supply chain systems using a four-stage hyperchaotic Lorenz-Stenflo equation under
disruptive conditions, demonstrating that their novel decision-making strategy provides
valuable insights for the effective management of digital supply chain networks amid
market volatility. However, four-dimensional supply chain models introduce another layer
of complexity as they must account for the dynamic interactions between various intercon-
nected elements within the system. This often demands more intensive computation and
detailed data for model validation, posing significant challenges in both research and prac-
tical implementation. Therefore, despite its substantial potential for better understanding
and management, these challenges have made research in this area relatively scarce.
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Based on this issue above, this paper builds on the foundation laid by Xu et al. [35], who
introduced a four-dimensional (4D) integrated chaotic supply chain model. The Xu model
provided significant insights into the chaotic behavior of supply chains, demonstrating
the potential for improved management strategies through chaos theory. However, there
remains a need to further enhance the model to better reflect the complexities of supply
chain interactions and to develop robust control mechanisms.

The main contributions and novelties of this paper are as follows.

e  This work integrates a novel quadratic interaction term involving the actual customer
demand and distributor inventory levels into the NFDFSCS. This addition signifi-
cantly enhances the chaotic behavior and complexity of the SCM, as evidenced by the
increased MLE compared to existing models.

e  This study rigorously verifies the existence, uniqueness, and Ulam-Hyers stability of
the proposed NFDFSCS. This theoretical validation ensures that the model is robust
and reliable in capturing the complex dynamics of the NFDFSCS.

e  This work establishes the MLAS and MLPIS for the NFDFSCS. These sets provide a
comprehensive framework for understanding the long-term behavior and stability of
the system.

e This work employs sophisticated dynamical analysis tools such as Lyapunov ex-
ponents, bifurcation diagrams, 0-1 tests, and complexity analysis. These methods
demonstrate the chaotic nature of the system and provide deeper insights into the
dynamic interactions within the supply chain model.

e A new numerical approximation method is proposed to solve non-linear fractional
differential equations using fractional differentiation with a non-singular and non-local
kernel. Additionally, a robust control scheme is designed to stabilize the NFDFSCS
in finite time, effectively suppressing chaotic behaviors. The theoretical findings,
supported by the numerical results, highlight the practical applicability of this control
strategy in the NFDFSCS.

2. Basic Definition

Several important and useful discoveries regarding non-linear dynamics and contem-
porary calculus were described in [37].

Definition 1. Given that «(t) is continuous and differentiable on the function L'([0, T], R), the
Riemann-Liouville integral of fractional order q € (0,1) is defined as

S0 = s [ -0 e

where the integral on the right-hand side is pointwise defined on (0, o).

Definition 2. Given that «y(t) is continuous on the function [0, T], the Caputo derivative of 7(t)
is defined as

0
FDI1(0) = g | ) -0 e

where T'(.) represents a Gamma function. When 6 = 1, the above equation reduces to

1 t .
S0 = g | [, -0 @)

0

The integral of the y(t) Caputo operator of fractional order q € (0,1) can be defined as

) = oy -0 e
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Definition 3 ([38]). Consider the Lyapunov function Vo (t) = Vo (x(t)) with @ > 0, and if there
exist constants Ly > 0, 7o > 0and xg € R™ such that

Vo(t) = Lo < (Vo(to) — Lo)Eq(—To(t — o)),

fort > ty, Vo(ty) > Lo, Vo (t) > Lo, then the set ¥ = {x(t) € R™ |Vio(x(t)) < Lo} is said
to be a global MLAS of the system. If, for any t > to, x(t, to, x0) € Yo, t > to, or X9 € Yo, then
Y, is said to be an MLPIS, where x(t) = (x1,%2, -+, xm)", x0 = x(to).

3. Modeling and Dynamics of the NFDFSCS

Xu et al. [35] described a 4D Chaotic Supply Chain Model (4DCSCM) via the following

differential equations:

y1 = —(y2+ny1)

Yo =mys — (n+1)ya+cy 1)

Y3 =1Y2 = Y3 — 2l

Yo = Y23 — (1= K)ya
where the state variables y1, 2, 3, y4 are the actual demand of the customers, the retailer’s
demand order, the inventory level of the distributor, and the quantity produced by the man-
ufacturer, respectively. Withc = 1.5,m = 3.5,n = 0.2, v = 26, and k = 0.3, Xu et al. [35] ob-
served a chaotic attractor for the 4DCSCM (1) for the initial state Yo = (0.02,0.02,0.02,0.02).
For this case, the Lyapunov exponents of the Xu 4DCSCM (1) are obtained as

Ly =0.1730, L, = 0, L3 = —0.5006, Ly = —2.7728 )

In this research work, we propose a new 4DCSCM by introducing a quadratic inter-
action term involving the actual demand of the customers (1) and the inventory level of
the distributor (y3) in the second differential equation describing the rate of change in the
retailer’s demand order. Thus, we propose the new 4DCSCM given by

¥y = —(y2+ny1)

Y = mys — (n+1)y2 — pyiys +cn -
Y3 =T1Y2 — Y3 — Y2Y4

Yy =y2ys — (1 —k)ya

We consider the values of the new 4DCSCM parameters asc = 1.6, m = 3.6, n = 2,
r =27,k =0.3,and p = 0.2. We take the initial state as Yy = (0.02,0.02,0.02,0.02). For this
case, the Lyapunov exponents of the new 4DCSCM (3) are obtained as

L1 =04920,L, =0, L3 = —2.5271, L4 = —4.6654 4)

These results show that the new 4DCSCM (3) is chaotic and dissipative.

It is easy to see that the maximal Lyapunov exponent (MLE) of the new 4DCSCM (3)
is significantly larger than the MLE of the Xu chaotic supply chain model (1). Hence, the
proposed 4DCSCM (3) has greater complexity than the Xu 4DCSCM (1).

In Figure 1, the phase portraits of the proposed new 4DCSCM are shown. The inclusion
of the novel quadratic interaction term involving the actual customer demand () and the
inventory level of the distributor (y3) significantly enhances the chaotic behavior of the
system. This is evident from the phase portraits, where the complex dynamic interactions
are vividly illustrated. Comparing these results to the model proposed by Xu et al. [35],
there are notable differences in the complexity and chaotic nature of the systems. Xu
et al. [35] introduced a 4D integrated chaotic supply chain model and observed chaotic
attractors, which were used to improve the management strategies through chaos theory.
However, the maximal Lyapunov exponents (MLE) of the new 4DCSCM (3) in our study
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15

are significantly larger than those of the Xu model. This indicates the higher degree of
complexity and chaos in our system.

20
15

10

Figure 1. Phase portrait of the new 4DCSC system (3) using MATLAB: (a) y; — y» plane, (b) y2 — y3
plane, (¢) y3 — y4 plane, and (d) y; — y4 plane.

The enhanced chaotic behavior in our model can be attributed to the introduction of
the quadratic interaction term, which was not present in the Xu et al. [35] model. This term
intensifies the non-linear interactions between the state variables, leading to more complex
dynamical behavior. The phase portraits in Figure 1 demonstrate this increased complexity,
showing more intricate and dense trajectories compared to the simpler chaotic attractors
observed by Xu et al. [35]. In summary, while both models exhibit chaotic behavior,
the proposed 4DCSCM with the quadratic interaction term presents a higher degree of
complexity and more pronounced chaotic dynamics than the model of Xu et al. [35]. This
enhancement can potentially lead to better insights and more effective strategies for the
management and optimization of supply chain systems.

This complexity serves to enhance our understanding of the chaotic dynamics within
the supply chain rather than directly improving the predictive accuracy. The increased
complexity highlights the need for robust and adaptive management strategies to effectively
navigate the inherent unpredictability of the supply chain system.
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By introducing the Caputo differential definition, the fractional order form of the
dimensionless equation for the above circuit can be written as

“Dly1 = —(y2 + ny1),
CD?yZ =mys — (n+1)y2 — py1ys + cy1, 5)
CD?}/S =TY2 — Y3 — Y2lY4,
“Dlys = yays — (1 — k)ya.

This study rigorously verifies the existence, uniqueness, and Ulam-Hyers stability of
the proposed system. These theoretical validations ensure that the model is robust and
reliable in capturing the complex dynamics of supply chains. The global MLAS and MLPIS
established for the system provide a comprehensive framework for understanding the
long-term behavior and stability of the model.

3.1. Existence of the NFDFSCS (5)

We start by demonstrating that our problem has a solution. We apply fixed point
theory for this. Let us define the Banach space Y = A* for our qualitative analysis, where
A = A(U, R) with

[INIly = {1, 2,3, 4}, (6)
|IN|ly = max{|T(t)| : t € U}, (7)

given that |[N| = |y1|+ |y2| + |y3| + |ya|. The right side of the fractal fractional new
4DCSCM system is rewritten as

Wi(t,N) = —(y2 +ny1),
Wa(t,N) = mys — (n+1)y2 — py1ys +cy1, ®)
Ws(t,N) = ry2 — y3 — yaya,
Wa(t, N) = yays — (1 = k)ya.

In this instance, the following system replaces the fractal fractional new 4DCSCM system
“Dly; = 7 'Wi(t,N), )

and i = 1,2, 3,4 for all compartments. We rebuild our tree state system as the compact IVP
in light of system
CDIN(t) = v 7"1W;(t,N),
N(0) = No.

where N(t) = (y1,¥2,y3,¥4), No(t) = (¥1,0,¥20,Y30,¥a0), and W(t,N) = Wy(t,N)
+ Wa(t, N)+Ws(t,N) + Wy(t,N).
Based on Equation (10), and by definition, we have

(10)

1 L9t _
F(w—q)/o (t—g)HHdC = W(tN(#)) (11)

The fractal fractional Caputo integral is applied to Equation (11), yielding

(1—q)yt"'W(t,N(t))
C(q)

N() = No+ o [ (= 07 WiE N+ )

I'(q)
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The expanded form of Equation (12) is Equation (5) provided by

_ —1
= 1+ gy it = O (e N + E T AR
Pt r<1q> Jit - & e N@)de + Lo qﬂf”’C‘;V)Vz(t,N(t)) .
- 13
v = v+ iy it = O WAl N + qW”C(qu)Vs(t,N(o)
= Lo - (1—q)yt" "Wy(t, N(t))
Ya —yﬁmfo(t*é‘)q YWL(E N(&))dE + C(q)4

We now define the self-map M : Y — Y as follows to deduce a fixed-point problem

(14)

MN(E)) =No+ r<1q> /ot(f — I W(E N(@)de + 1 ‘7>7”C(1qgv<ffN (1)

We apply the following Leray—-Schauder theorem to demonstrate the existence of a
solution to our fractal fractional new 4DCSCM (4).

Theorem 1 (Finite point theorem of Leray-Schauder [39]). Let H C Y be an open set with
0 € P,P C H a closed convex and bounded set, and Y a Banach space. Next, with respect to the
continuous and compact mapping M : P — H, either

A. y € Dexists such that y = M(y); otherwise,
B. y = uM(y) exists forany y € 0P and p € (0,1).

The NFDFSCS (5) is limited in its existence since it simulates a real-world issue. These
limitations, which are represented as (C) and (D) in Theorem 2, are essential in determining
the dynamics and properties of the system. To define and control the behavior of the
NFDFSCS (5) within the bounds of pragmatism and realism, (C) and (D) are in fact essential.
Acknowledging these limitations is crucial to ensuring the thorough comprehension of the
system and creating successful tactics.

Theorem 2. Suppose that W € A(U x Y,Y). If so,

A.  There exists A € LY(U; RT) and then there exists & € A([0;00);(0;00)), where it is non-
decreasing such that, forall t € Uand N € Y,

[(t, N(#)| < a(IN(E)[)A(H). (15)
B.  Then, there exists 0 > 0, u € (0,1), such that
9

(I—q)ytr= 1 | gyt HIT() ] o«
No+ | 18— + el | 2w (9)

> 1. (16)

Given Ay = supscy |A(t)|, the NFDFSCS (5) may be solved.

Proof. Let us first take M : Y — Y, as defined by Equation (14), and make the following
assumptions,
Qr={NeY: [[Nlly<r},
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for a certain r > 0. It is obvious that, since Q is continuous, so is M. Given (A), we obtain

IM(N(8))| < \No|+ fo (t— &)1 W(E N(£))|dE + ”i“Y”lg;;fN(f))l

g7 A (IN()])

< [Nol + g7y fo (t = &)1 TA@)a(IN(E)])dE +

tW—lB( ) C(q ’
*'N°'+ rig e+ oqirg) 0
0
< 1Mol + ) + 2 gt
for N € Q,. Hence,
-1
vy i< o

As aresult, on Y, M has uniform bounds. Now, let ¢, u € [0, T] such that N € Q, and
t < u. By indicating
supy NeuxQ, |W(t, N(t))| = W* < oo,

We estimate

IM(N (1)) = M(N(#))],

gyt "W (u, N(u))  qyt""W(t, N(t))
< () 1 Clg) ,
fo (u = )" IW(E N@DIE - 55 Jo = O IW(E NI
1 *
_‘”tgw)w(m—l—n—l)+w fo(u— S R
<D R
< Q’Y’g(_;)w* (11— 1) F,(qu)vly(*'yrf)q) (w91 — pra-1y,

As u — t, we can observe that the right-hand (RH) side of Equation (18) approaches 0
independently of N. Thus,

[IM(N (u)) = M(N(#))]|y = 0

as u — t. The Arzela—Ascoli theorem uses this to determine the equicontinuity of M and,
in turn, the compactness of M on Qr. Given the fulfillment of Theorem 1 on M, we have
(A) or (B). We set from (B)

O :={NeY: |[N|ly <w}

for some w > 0, such that

YT gyT (),
M@ C@) }AO"‘(”“’

From (C) and Equation (16), we have

No—|—{

YT gyT7'T(g)
I'(q) C(9)T(q)

|[MN]Jy < No+ {‘7 }Asmmy). 19)
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Assume that N = yM(N) for all N € 0® and all 0 < u < 1. Next, we write, using
Equation (19),

771 T7-1r "
@ = |IN|ly = ul|MNIly < |IMNIly < No+ { B0~ + Tmmr Iasa(INy).

T T IT(g) \ 5+
< No+ { 5~ + Er JAse(@) < w,

which is untrue. Therefore, by Theorem 1, ® admits a fixed point in ® and (B) is not
satisfied. This demonstrates that the NFDFSCS (5) has an answer. [J

3.2. Uniqueness of the NFDFSCS (5)

In order to demonstrate the originality of our approach to our issue, the NFDFSCS (5),
we first investigate the Lipschitz property of the NFDFSCS (5).

Theorem 3. Now, consider y1,Y2,Y3,Ya, Y1, Y3, Y5, Y4 €C = C (J; R), and consider

Al < By lvall < B2, llysll < Ba, yall < Pa for some constant By, B2, B3, Ba > 0.
Then, using constants ky, ky, ks, k4 with regard to the pertinent components, W1, W3, W2,
and W4, specified in the NFDFSCS (5), satisfy the Lipschitz property.

Proof. Taking randomly yy; y;A = A(U, R), for W1, we have

[[W1(t,N) — Wi (t, N7)]|,
= [|(=nmy1) = (=nyi) I,

= || = ny1 +nyill,
< |n|llya —v;ll,
< Billy1 —vill,

We determine that, with the constant f; > 0, W is Lipschitz with regard to y; ()
based on the NFDFSCS (5).

Similarly, from the NFDFSCS (5), we find that all W5, W3, and W4 are Lipschitz with
regard to i, ¥3, and y4 under the constants By, B3, Ba > 0, respectively.

Therefore, the kernel functions W1, Wy, W3, and Wy are Lipschitz, respectively, with
constants 1, B2, B3, Ba > 0.

We now use Theorem 3 to show that the solution to the NFDFSCS (5) is unique. [

3.3. Stability of Ulam—Hyers

Ulam-Hyers stability originates from a problem posed by Stanistaw Ulam in 1940,
concerning the stability of functional equations [40]. Ulam’s problem asked whether a
function approximately satisfying a functional equation could be approximated by an exact
solution. In 1941, Hyers provided a solution for Banach spaces, demonstrating that if
a function f : Ey — Ep (where E; and E; are Banach spaces) approximately satisfies the
Cauchy functional equation f(x +y) = f(x) + f(y), then there exists an exact additive
function close to f. Specifically, for any €> 0, if |f(x +y) — f(x) — f(y)| <€ forall x, y,
then there exists a unique additive function a such that | f(x) — a(x)| <€ for all x [41].

The concept of Ulam-Hyers stability has been extended to various types of functional
equations and different stability conditions, such as generalized Ulam—-Hyers stability and
Ulam-Hyers—Rassias stability. These extensions deal with different control functions and
provide robustness against perturbations in equations. The applications of Ulam—Hyers
stability are broad, including ensuring the stability of solutions in differential equations
and control systems, providing a tool to analyze the robustness of mathematical models
under small changes in system parameters. This stability concept is essential in ensuring
that approximate solutions of functional equations can reliably be approximated by exact
solutions, maintaining the integrity of mathematical and practical models.
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The stability of the NFDFSCS (5) model solutions for four groups is examined in
this section. We take into consideration four distinct concepts of stability in light of the
need to provide solid mathematical underpinnings for the model. More specifically, we
demonstrate stability regarding the Ulam—-Hyers and Ulam-Hyers—Rassias concepts [41]
and their corresponding generalizations for our NFDFSCS (5). Stability analysis plays a
crucial role in guaranteeing the predictability and trustworthiness of mathematical models,
particularly in practical applications like the system of chaotic SCM.

Theorem 4. Assume that N*(t) € Y is a solution of the NFDFSCS (5), for each e; > 0, where
i =1,2,3,4. Then, the functions N*(t) € Y satisfy the inequalities listed below:

- Wi, N(8) 1 o avgtpy
- + o It W N@)E )

T T T (g)]
S[r@ awnw}“

Wm—(m+7(
(20)

Proof. Let us say that e; > 0. Given that N*(t) € Y fulfils

(€D (1) — Wil N*(1)| < e,
CDIY*(t) = Wi(t, N*(t)) + bi(t),
and |b;(t)| < e;. Clearly,

g — oy YA Wi, N(H) +bi(1)] | 1
Y5(t) = Yo+ @)

Here, we estimate

YA-PTWiEN(#) 1 e gty
0 + oy I8 W N@)ME)

T T,
S[rw>+ awum]’

v - (To+

Cyi—grle . T
- (@) T+

()
(1 — gt ') .
S{ (o) +rw+w}“

This indicates that Equation (19) is met. Similarly, we prove the NFDFSCS (5). O

4. Boundedness of the NFDFSCS (5)

In this section, we will estimate the global Mittag-Leffler attractive set (MLAS) and
Mittag-Leffler positive invariant set (MLPIS) for the proposed system.

Lemma 1 ([38]). Let f(¢) € R be a smooth function; then, gD? (f2(1)) < 2f(t)g)th(f(t)),
t>1ty,0<g <.

Lemma 2 ([38]). Let g € (0,1) and a constant E € R. If a continuous function f(t) satisfies
D] (f(t)) < Ef(t), then f(t) < f(0)E4(Et7), for the case of t > 0.
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Theorem 5. Letn > 0,¢c > 0,k <1, @ > 0, u > 0, and the global MLAS and MLPIS of the
system are as follows:

2
om + ur
You = {y(t) € R*|coy? + oy} + uy} +y<y4 - y”> < Timax }

where
) (@om + ur)*(1—k)
Tlmax = 1y

Define the following generalized positively definite and radically unbounded Lyapunov func-
tion:

,n=min{n,n+1,1,1 -k} > 0.

a)m~|—yr>2
l,l 7

where @ > 0, p > 0, c > 0. By applying the fractional derivative to Vip y, and using Lemma 1, we
can obtain

1 1 1 1
Vou(y1,Y2,¥3, Y1) = EC‘W% + Ewy% + QW% + SH (3/4 -

wom + ur

D{Vo,u(y(t)) < @cyrDy1 + @y2D]yz + uDlys + p(ys — )D{y4

1 1 1 1 om + ur\?
= —5nacy; — s@(n+1)y; — Spy3 — 5p(1—k) <y4 - V“) +F(y(t)),

1 1 1 1 1 (@m + pr)*(1—k
Fy(1) = ~gne = 300+ 133 = 38 = (1 — Ry} + 5 =D, o

@m-+ur)*(1—k)

It is obvious that F(y(t)) < supF(y(t)) = lou = % ( , and we have

H
DiVau(y(t)) < =nVau+lou (23)
I I
D} (Voul(t) = =) < =1(Vou = 5. (24)
According to Lemma 2, we have
l I
Vou(t) = 2 < (Vou(0) — = )Ey(—pth) ¢ > 0. 25)

Based on Definition 3, we can conclude that ¥ o,y withn >0,¢ >0,k <1,@ >0, > 0is
the MLAS and MLPIS for the system. If we take g = 0.98, n = 0.2, m = 3.6, v =27,k = 0.1,

c=060=1pu=1thn¥ = {y(t) € R4)o.6y% + 12+ (y3 —30.6)2 < (64.91)2}, and
Figure 2 shows the phase portraits and MLAS of system (5).

100

50
y3

50 100

v S0 00 vl

Figure 2. Cont.
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100

100

0
w000 i B0 00 ¥2

Figure 2. The phase portraits and boundedness of system (5), where g = 0.98, n = 0.2, m = 3.6,
r =27,k =01,c = 06,p = 02: (a) y1-y2-y3 plane, (b) y1-y>-y4 plane, (c) y1-y3-ys plane, and
(d) y2-y3-y4 plane.

5. Numerical Simulation

The following Cauchy problem is discussed in this section.
§Dy(t) = g(t,y (1))

y(0) = vo
The new fractal fractional derivative is contained in the differential operator. We

modify the previous equation using a new integral with a power-law kernel.

W0 =

At the point t511 = (6 + 1)At

/otg(T,y(T))(t - o)l e

1

its) = gy 1 GloyE) tsia — ) e

where
G(t,y(1)) = g(r,y(r))' P

Then, we have

1 g f5+1 _
Yitsi) = £ 1 ), G s =0 e

We obtain the following when we place the Newton polynomial in the equation above.

<
>y
+
—

M

= W }4:2G( H— zzyyiz)At ft?ﬂ(téﬂ - T)qildT
10 Gty ') = Glty—2y"?)
r(q) n=2 At
X ftg"“ (T —ty2) (tsr1 —7)7 'dT
10 G(ty") —2G(ty—1, " ') + G(ty—2,y" )
F(q) j=2 2(At)?
t‘s“ (T —ty—a) (T — tye1) (tsp1 — )7

+

!
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We use G(t,y(t)) = t'=Pg(t,y(t)). The following scheme can be generated from the
previous equation:

& 1)
y5+1 B Féqugl) ygz t:[:gg(ty,z, yy—2)
X[(6—p+1)7 = (6 —p)T]
PO l bhe byt ) ]
[(0+2) =2 |, he (b2 y"?)
" [((5—]44—1)"((5—;14—3—1—247)}
—(0—=u)7(0 — p+3+3q)

f}fﬁg(twy”)

AH)T 8 1- _
+zr((q4)rs) £ _2?7?6’(%1#” ")
+tu:§g2(fwz/y”’2)
2(6—p) +(3q+10)(5—u)]
§—p+1)
y O=pt1) { +2¢% +9q + 12
(6= 1 [20 =1+ (5a+10) (0 — p)
+6q% 4 189 + 12

The mathematical analysis of a chaotic supply chain model incorporating a non-
linear incidence has been presented. Advanced techniques have been employed to derive
theoretical outcomes and assess their efficacy. Fascinating discoveries have been made
through the application of non-integer parametric values in the chaotic supply chain model.
y1 comprises individuals at risk of chaotic supply chain model exposure, while v, y3, and
y3 represent those currently affected. The convergence solution for endemic and disease-
free equilibria using the power-law scheme at i = 0.1 is shown in the figure. The employed
technique has demonstrated a positive impact in terms of controlling the chaotic supply
chain model, as shown in Figures 3 and 4.

4-D chaotic supply chain system 4-D chaotic supply chain system

a=1.0
* a=085

0.019

0.018

U]

- 0.017

¥

0.016

0.015

0.02 0.014
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

t time (f)

4-D chaotic supply chain system 4-D chaotic supply chain system

« o=10
-+ a=095

=09
0.0195 [ + o=085

0.019

¥,(t)

0.0185

0018

0.0175 0.02
o 2 4 6 8 10 12 14 16 18 20 o 2 4 6 8 10 12 14 16 18 20

time (1) fime (f)

Figure 3. Simulation of compartments with proposed fractional-order scheme at dimension 0.9.



Fractal Fract. 2024, 8, 462

14 of 23

4-D chaotic supply chain system 4-D chaotic supply chain system

a=1.0 —=1.0

=095 — =005

=085

0 2 4 6 8 10 12 14 16 18 20 0 4 4 6 8 10 12 14 16 18 20
t time (t)

4-D chaotic supply chain system 4-D chaotic supply chain system

© a=10 b P
011 + a=085 + =095
* a=08
0.1 © a=085
>

0.09

0.08

¥,(t)

0.07

¥,

0.06

0.05

0 2 4 6 8 10 12 14 1B 18 20 0o 2 4 6 8 10 12 14 1B 18 20
time (t) time ()

Figure 4. Simulation of compartments with proposed fractional-order scheme at dimension 1.

By using the abovementioned techniques that use a power-law kernel, we obtain the
numerical simulation, and the graphs demonstrate the numerical simulation results for the
different values of g = 0.95, 0.90, 0.85, 1.0. Initially (Figures 3 and 4), we can see that, in
all cases, as the fractional-order derivative grows, the y; compartment decreases, while y
grows as the fractional-order value grows. It effectively lowers the y; rate while increasing
the populations of all i, y3, and y4.

6. Dynamical Analysis

Case 1: Let {m,n,r,k, p} = {3.6,2,27,0.3,0.2} and c varies.

Let m,n,r,k, p be held constant at 3.6,2,27,0.3,0.2, respectively, while c is system-
atically varied within the range of 6 to 12. The bifurcation diagram of the system and
the maximum Lyapunov exponent under these conditions are depicted in Figure 5a and
Figure 5b, respectively.

When c € (8.8,9.1) U (10.4,10.6) U (11.4,11.9), the system is periodic and it is chaotic
with the MLE increasing when ¢ € (6,8.8) U (9.1,10.4)U(10.6,11.4) U (11.9,12). The com-
plexity diagrams depicted in Figure 5c are consistent with these results.

For some values of ¢, the phase portraits and the p — s dynamics of the 0 — 1 testing
are given in Figure 6. System (3) is said to be periodic when ¢ = 0.9 and ¢ = 11.81, whereas
it is chaotic when ¢ = 6.5.

When c is set within certain ranges, the model exhibits chaotic dynamics. This chaotic
behavior indicates a high degree of unpredictability and variability in the system’s response
to changes in the demand and supply conditions. In practical terms, when c induces chaos,
the supply chain system becomes highly sensitive to fluctuations in the market conditions
or disruptions, leading to significant variability in the inventory levels and order quantities.
Moreover, in a supply chain context, periodic behavior induced by the contingency reserve
coefficient suggests a more predictable and regular pattern of inventory levels and order
quantities, corresponding to stable market conditions where the demand and supply follow
a cyclical pattern.
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008}
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(c) (d)

Figure 5. MATLAB simulation of the 4DCSC system (3) with c whenm =3.6,n=2,r=27,k=0.3,
p = 0.2: (a) bifurcation diagram, (b) MLE graph, (c) Cy analysis, and (d) complexity analysis.

(a)c=6.5 (b)c=0.9 (©)c=11.81

(f)e=11.81
0
“ '4_2
-4
4 2 0 2 4 2 0 2
p p p

Figure 6. Phase portraits and p—s plots of 0-1 test for system whenm =3.6,n=2,r=27,k=0.3,p =0.2.

Case 2: Let {c,n,7,k,p} = {1.6,2,27,0.3,0.2} and m varies.
To explore the behavior of the proposed model versus m, we maintain ¢, 1,7,k and p
is held constant at 1.6,2,27,0.3,0.2, respectively, while m is systematically varied within
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the range of 16 to 22. The bifurcation diagram of the system and the maximum Lyapunov
exponent under these conditions are depicted in Figures 7a and 7b, respectively. The results
indicate that the system shows inverse period-doubling bifurcation, and, as the parameter
m decreases, the system moves from a periodic state, after the period-doubling bifurcation,
to a chaotic state.

4 T T T T T 0.2 T T T T T
0.15F
: 5 01
g 2 01k
; >
ok
0.05F
AF
16 I 18 19 0 1 2 16 17 18 19 20 21 22
m m
(a) (b)
0.25 0.5 =

i

(c) (d)

Figure 7. MATLAB simulation of 4DCSC system (3) with m whenc=1.6,n=2,r=27,k=0.3,p=0.2:
(a) bifurcation diagram, (b) MLE graph, (c) Cy analysis, and (d) complexity analysis.

When the value m lies in the range of [19.2,22], period one appears, and period-
doubling bifurcation occurs for m = 19.3. When the value m lies in the range of [17.8,19.2],
period two appears. Then, period four appears within the range of [17.5,17.8]. Meanwhile,
when the value of m lies in the range of [16, 17.5], the behavior of the system becomes chaotic.
These results are also consistent with the complexity diagrams depicted in Figure 7c.

For some values of m, Figure 8 shows the phase portraits as well as the p — s dynamics
of the 0-1 testing. It appears that system is periodic when m = 18.2 and m = 21 and chaotic
whenm = 16.7.
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Figure 8. Phase portraits and p—s plots of 0-1 test for system whenc=1.6,n=2,r=27,k=0.3,p=0.2.

Chaotic behavior in the delivery efficiency of the distributor indicates a high degree of
unpredictability and variability in the system’s response to changes in delivery efficiency.
This suggests that when m induces chaos, the supply chain system becomes highly sensitive
to variations in the delivery performance, leading to significant fluctuations in the inventory
levels and order quantities. In addition, the periodic behavior induced by the delivery
efficiency of the distributor suggests a more predictable and regular pattern of inventory
levels and order quantities, corresponding to consistent delivery performance by the
distributor. Such periodicity can be advantageous for planning and forecasting, as it allows
for more accurate predictions and efficient resource allocation.

Case 3: Let {c,m,n,r,k,p} = {1.6,3.6,2,27,0.3,0.2} and g varies.

In the NFDFSCS (5), let {c,m,n,r,k,p} = {1.6,3.6,2,27,0.3,0.2} and the parameter g
is chosen as the critical variable to show the effect of the fractional order to the behavior
of the chaotic system results. Figure 9a,b, respectively, depict the bifurcation diagram and
maximum Lyapunov exponent. When g € (0.6, 0.63), the system is mostly in a stable state.
When g € (0.63,1), chaos appears and the system appears in a chaotic state.

04 T T T T T T T

MLE

065

08 085 09 095 1 0.8 Il L 1 1 1 1 Il
06 066 07 075 0(.18 08 09 09 1

(a) (b)

Figure 9. Cont.
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0.2 0.6
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oo 0.1 2 o0.45}
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0.05
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0 0.3
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Figure 9. MATLAB simulation of the 4DCSC system (3) with g whenm =3.6,c=1.6,n=2,r=27,
k=0.3, p=0.2. (a) Bifurcation diagram, (b) MLE graph, (c) Cy analysis, and (d) complexity analysis.

As shown in Figure 9c¢,d, the Cy complexity and SE complexity of the system are
lower when g € (0.6,0.63), and the values of the complexity both oscillate at higher values
when g € (0.63,1). We find that the complexity results are consistent with the bifurcation
diagrams, indicating that the complexity can reflect the dynamic characteristics of the
proposed system.

For some values of g, the phase portraits and the p—s dynamics of the 0-1 testing are
given in Figure 10. The system is stable for g = 0.63, while being chaotic when g = 0.8 and
g = 0.95. This means that the system becomes chaotic with fractional order g rising.

(2)g=0.63 (b)q=0.8 (c)g=0.95
20
-4.625
-4.627 _20 -28
-3. ) 1 2
9()7 1.95 534 20 : yz0 2 (g,l
(d)g=0.63 (f)3=0.95
0 60 20
[ _2 [ 40 [ 28
-4 20128 40
& 0 -%a -60
4 -2 0 2 0 50 100
P P

Figure 10. Phase portraits and p-s plots of 0-1 test for system when m =3.6,c =16, n =2, =27,
k=03,p=0.2.

In the proposed 4D Chaotic Supply Chain Model (4DCSCM), the fractional-order
parameter g significantly influences the system’s dynamic behavior. This parameter is
associated with the memory effect and hereditary properties of the system, reflecting the
long-term dependencies between various supply chain components. A fractional order q
leading to chaos indicates that the supply chain system’s current state is heavily influenced
by its past states, resulting in a highly unpredictable and variable response to changes
in demand, supply, and other factors. Moreover, a fractional order g leading to periodic
behavior indicates that the memory effect and hereditary properties, as captured by the
fractional order g, lead to more predictable and stable dynamics within the supply chain.
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Periodicity in this context means that past states have a consistent and regular influence
on future states, resulting in a stable cycle of inventory levels and order quantities. This
predictability allows supply chain managers to optimize their operations by relying on
regular patterns for planning and forecasting, thus enhancing the efficiency of inventory
management, reducing the costs, and improving the service levels.

7. Finite-Time Stabilization of System

Finite-time stabilization refers to the control process whereby the system’s state is
driven to an equilibrium point in a finite period of time. Unlike asymptotic stabilization,
which ensures that the system’s state approaches equilibrium as time progresses to infinity,
FTS guarantees that the state will reach equilibrium within a specified finite time. This
concept is particularly useful in applications requiring quick system responses and precise
control actions. The advantage of FTS lies in its ability to ensure rapid convergence and
improved robustness against disturbances and uncertainties in the system [42].

The methodology of finite-time stabilization often employs Lyapunov functions and
control laws specifically designed to achieve the desired stabilization within a finite du-
ration. The theoretical underpinnings of FTS are rooted in the mathematical analysis of
dynamical systems and control theory, offering a framework for the design of controllers
that can achieve rapid stabilization. This approach has been widely applied in various
fields, including robotics, aerospace, and networked systems, where the speed of response
and reliability are critical.

In this section, we design an effective control scheme to stabilize the model in a finite
time. The controlled fractional order system is given as

Dlyy = —(y2+ny1) + 1

Dy, = mys — (n+1)y2 — py1ys + cyr + ua 26)
Dlys = rys — y3 — yoya + u3

Dlys = —(1 = k)ys + y2y3 + us

where 11, up, u3, uy are the control parameters of the system. Now, the control goal is to
design a suitable robust controller to stabilize the system around zero in a finite time.

Lemma 3 ([43]). Assume that Q3 C R" is a domain containing the origin and V(t,Y) is a
continuously differentiable function and locally Lipschitz, so that

NI < VEY) < ndlY]™), DIV(EY) < (Y1)
where 0 < g < 1,a >0,b > 0,7; > 0(i = 1,2,3); then, the system is called Mittag-Leffler stable.

Theorem 6. The controlled chaotic system can be finite-time stabilized by the controller,

uy = ny1 +y2 — 5v3

Uy = (n+1)y2 — ey — mys + pyrys — 5y3
uz =y —ry> — 53

ug = (1—k)ya — 55

7

where 0 < s < 1,k > 0, and the finite time T is estimated by

1
T(1—5ri+gq)|°
KL(g— 14 +1)

_1+s
T<|B+... 47 2 0Y)
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Proof. To prove the stability of the system, let us use the classic Lyapunov direct method
and define the following Lyapunov function:

V(T,Y)=yi+y5+y5+vi

Calculating the fractional derivative of the Lyapunov function and using Lemma 3,
one can obtain

D{V(T,Y) <2y1D]y1 +2y2D]y> +2y3D]ys +2yaD{ya
=2y1(—y2 — ny1 +u1) +2y2(mys — (n + 1)y2 — py1ys + cy1 + u2)
+2y3(ry2 — Y3 — yaya + u3) + 2ya(—y4 + kys + y2ys + uq) '

— —ky%“ _ ky%-i-s _ ky:l)’-‘rs _ ky411+s

Then,

+s

1
DI(yi+...v3) < —k(yi+...v3) *.

It is obvious that the Lyapunov function satisfies the conditions in Theorem 6. Thus,
the system is Mittag-Leffler stable. [

We have
1 T(g- ¥ 4+1) g
q
DIGR+ )" T = S 0t ead) T DIGE ),
2
Therefore,
g—Lis T'(g— Y +1)
DI(i+...yd)" ° S—k—m_zlj) :
2

and one may take the integral of both sides from 0 to T as follows:

[(q—14°+1)

- T,
I(1-5T(1+9)

_14s _14s
Wit )" (MY =+ DT T (0Y) < —k
The time is expressed as

1
(1T +q) |
KD(q—13° +1)

_1+4s
T<|W+...4+vH)" 7 (0Y)

The states of the system under the controller are depicted in Figure 11, which indicates
that the trajectories of the system can be stabilized to the origin in a finite time. In addition,
the chaotic behavior is suppressed. The numerical results show that changing & and k
causes the system to converge to zero slowly.

2)k=20 b)k=10
0.06 () 0.08 (b)
— " —
0.05 | _— -y,
0.06 -
0.04 ¥ s
— | '
0.03 0.04 .
2
~ 00 _ 002
= 0.01 E
0 0
-0.01 1 _0.02
0.02
-0.04
0.03
-0.04 -0.06
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3

Figure 11. State trajectories of the controlled system with g = 0.98, k = 20, and k = 10.
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A robust control scheme is designed to stabilize the system in a finite time, effectively
suppressing chaotic behaviors. The numerical results demonstrate that the control strategy
is effective in driving the system’s state to an equilibrium point within a specified finite
duration. This rapid stabilization is crucial for practical applications in supply chain
management, where quick response times are essential.

8. Conclusions

This research examines the complex dynamics of an NFDFSCS that incorporates a
quadratic interaction term between the customer demand and distributor inventory levels.
Building on Xu et al. (2022) [35], this model enhances the chaotic behavior and complex-
ity, indicated by the significantly larger MLE. The system’s existence, uniqueness, and
Ulam-Hyers stability are verified. Additionally, the study establishes global Mittag-Leffler
attractive and positive invariant sets. Numerical simulations and MATLAB phase portraits
confirm the system’s chaotic nature, supported by Lyapunov exponents, bifurcation di-
agrams, 0-1 tests, and a complexity analysis. We have examined a mathematical model
comprising a set of equations that elucidates the dynamics of the chaotic supply chain
model. The investigation of this model has been extensively conducted and it has been
determined that the system exhibits both local and global stability. A new numerical tech-
nique for newly created fractional differentiation is provided in this paper. The suggested
Caputo fractional derivative scheme with a power law was investigated for the chaotic
supply chain model in this research. Fixed point theory and an iterative approach were
used to prove the existence and uniqueness of the system of solutions for the model. We
obtained very effective results for the proposed model. A novel numerical approximation
for the solution of non-linear fractional differential equations derived from this form of
derivative was proposed within the context of fractional differentiation with a non-singular
and non-local kernel. Additionally, the main result and the combined impact of infected
external and internal parts of the body were illustrated in some numerical simulations, from
which one can see that external and internal infections can both speed up. We discussed
some theoretical conclusions regarding the model and demonstrated the efficacy of the
strategies presented. Our findings will be extremely useful to those researching fractional
derivative models.
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