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Abstract. In this study, we formulate a deterministic mathematical model to describe the transmission dynamics of
the monkeypox virus using fractal and fractional-order differential equations. The model incorporates all possible
interactions influencing disease propagation within the population. Our analysis primarily focuses on the stability
of fractal-fractional derivatives, aiming to establish the existence and uniqueness of solutions through the fixed-point
theorem. Additionally, we examine Ulam-Hyers stability and other significant findings related to the proposed model.
To enhance numerical accuracy, we employ Lagrange polynomial interpolation for computational approximations.
Finally, graphical simulations for various fractal-fractional orders are presented to validate the model’s effectiveness

and demonstrate its practical relevance.

1. INTRODUCTION

In 1958, introducing two Cynomolgus monkeys from Singapore to Copenhagen resulted in
a smallpox-like outbreak among the monkeys. Outbreaks were discovered in captive monkey
populations in the USA throughout the following ten years, but no human infections were ob-
served [1]. The virus responsible for human monkeypox is part of the Poxviridae family and the

Orthopoxvirus genus, similar to the smallpox-causing variola virus. The Democratic Republic of
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the Congo, where most infections occurred, recorded the first human case of monkeypox in 1970.
In this period, the members of the World Health Organization made an intense effort to eradicate
smallpox, and in 1980, most countries discontinued the production of the Vaccinia vaccine [2,3].
The discontinuation of Vaccinia vaccine production significantly reduced population immunity
against viruses within the same family. Over the years, several countries have reported human
cases of monkeypox, even though the disease was initially identified in African regions. In re-
sponse to a growing number of cases in non-endemic areas, the World Health Organization (WHO)
declared a global monkeypox outbreak in July 2022, following its emergence in May of the same
year. Monkeypox transmission occurs through direct contact with infected animals or human-
to-human interactions. The incubation period varies between 5 and 21 days, with symptoms
generally appearing between 6 and 13 days. The disease typically progresses over 2 to 4 weeks,
presenting symptoms such as fever, swollen lymph nodes, and a rash. Severe complications like
pneumonia, encephalitis, or ocular infections may arise in rare instances. Recent data indicate that
the monkeypox mortality rate ranges between 3% and 6%, with a higher risk observed in young
children and individuals with pre-existing health conditions [4]. Furthermore, individuals with
HIV (human immunodeficiency virus) are known to be more susceptible to severe monkeypox or
even mortality in the event of infection. Bhunu et al. in [5] gave and analyzed a deterministic
mathematical model of the co-infection of the HIV and monkeypox viruses.

The research conducted by Andrew et al. [6] explores complex systems dynamics through frac-
tional calculus. The study offers fresh insights into modeling real-world phenomena by analyzing
systems governed by fractional differential equations. This study critically examines the factors
influencing healthcare system dynamics, addresses challenges, and proposes solutions. [7,8]Ad-
ditionally, it lays the groundwork for modeling complex systems, supporting the advancement of
axiomatic methodologies in the field. The findings in [10,25] emphasize mathematical models’
crucial role in comprehending infectious disease dynamics.

Mathematical modeling has also been used to study the monkeypox virus transmission between
animals and humans, [11] and between humans. [12] One study explores the monkeypox virus and
its two modes of transmission-human-to-human and rodent-to-human-without relying on actual
cases. The researchers formulated comprehensive mathematical results by classifying human and
animal populations into three distinct groups, without relying on empirical data. The study in [3]
aims to enhance the existing body of research on monkeypox by introducing a novel mathemat-
ical model that integrates real-world data to analyze disease transmission, particularly between
humans and rodents. This research supports ongoing efforts in the United States to mitigate the
spread of the disease.

Atangana et al. [13] developed the fractal-fractional (FF) operator, which integrates fractal and
fractional concepts into a novel non-local operator for fractional differential equations. Their re-

search investigates the existence and uniqueness of solutions. This innovative operator integrates
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both fractional and fractal elements and has demonstrated its effectiveness as a valuable mathemat-
ical tool in multiple scientific disciplines, including epidemiology. For example, [14] used fractal
fractional operators to investigate the co-infection of tuberculosis and HIV. Analyzed the HIV FF
model during primary infection, [15]. Numerical simulations of the fractal fractional model for
CC-Hemorrhagic fever were presented in [16]. For additional information and detailed analyses,
see [17,18] for HIV/AIDS models and [19] for pandemic studies.

In their analysis of COVID-19, the study utilized the Atangana—-Baleanu operator to examine
a fractal-fractional model. The study concentrated on examining the solution’s presence, dis-
tinctiveness, and Ulam-Hyers stability in the model, with adjustments to parameters like k; and
k> [21,22]. Gunasekar et al. analyzed the intricate dynamics of monkeypox, COVID-19, and tuber-
culosis using the fractal-fractional Atangana—-Baleanu derivative. Their study provided valuable
insights into Ulam-Hyers stability, as well as the existence and uniqueness of solutions [23,24].
Their study focused on developing a mathematical model for tuberculosis (TB) based on a specific
case study from China. This study used advanced operators to look into Ulam-Hyer’s stabil-
ity and made a fractal-fractional order TB model using Lagrange polynomial-based numerical
interpolation methods [26].

In their investigation, they applied fractional orders of the Atangana-Baleanu derivative to
explore infection dynamics monkeypox. The current study looks at how different orders, such as
fractal dimension and fractional order, affect the close solutions in this co-infection model. The
study uses a customized numerical algorithm to analyze how two different orders influence the
model’s approximate solutions. Section 2 introduces the definitions of fractal fractional operators.
Section 3 focuses on the model’s formulation. Section 4 discusses the existence and uniqueness
of the solutions. Section 5 discusses the stability of Ulam-Hyers solutions. Section 6 outlines the
numerical approach utilized. Section 7 reviews the results of the numerical simulations performed
in MATLAB, and section 8 concludes with the study’s findings.

2. PRELIMINARIES

In this section, we examine the fundamental concepts related to the fractal-fractional operator
and introduce key definitions necessary for deriving the main results of this study. Additionally,

we consider the Banach space represented as y(t) € C([0,1]) — R equipped with the norm
Iyl = maxie(o,1) [y (£)I-

Definition 2.1. Let y € C((a, b),R) be a fractal differentiable on (a, b) . If you have a generalized
Mittag-Lefer type kernel and a fractional order of 0 < g < 1 and a fractal dimension of 0 < ¢ <1, then this
is how you define the fractal-fractional derivative of y(t

dté f (@—u)g)du,

dy(u) y(t) —y(u)
I <
where AB(¢) =1-¢+ oy and T l_m .

o Dy (y(1) =
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Definition 2.2. Atangana-Baleanu defines the fractal-fractional integral of y(t) with a Mittag-Leffler type

kernel and a fractional order 0 < ¢ < 1 as follows:

ot - tug_ u)(t—u)""du —e(l—g)tf‘l
I 0) = T fo tyta) (¢ )+ S

3. MonkeEYPox TRANSMISSION MODEL

y(t) .

The proposed novel model examines the transmission dynamics of monkeypox between humans
and rodents. In contrast to existing models, this one considers the recovery of treated humans
and rodents through natural immunity. This model offers a unique perspective by including all
potential interactions between these two species.

At any given time ¢, the total human population, denoted as Nj, comprises susceptible individ-
uals (Sy,), infected individuals (I};), treated individuals (T},), and those who have recovered (Rj,).
This relationship is expressed as:

N,=S,+1,+ T, +Ry.

Similarly, the total rodent population, represented by N,, consists of susceptible rodents (S;),

infected rodents (I,), and recovered rodents (R;), defined as:
N,=5,+1,+R,.

We then develop the model as follows [27]:

ds

d_th = 11, — (B1la + B2In) Sh — tnSn,

dly,

i (B1la + Baln) Sy = (yn + o + wn + 01)1,
dT

d_th = ouly — (wp + pn + 02) Ty,
dR
d_th = Ty + ynly — unRp, (3.1)
ds

d_tu =T — ﬁSIasa - [/lasa;

dl

d_: = 53111541 - (]/a + [Ju)lu/

dR

d_ta = VaIa - HaRa/

We replace the first-order time derivative on the left side of the equation (3.1) with the fractal-
fractional Mittag-Leffler (FFM), resulting in the FFM model. The following presents a potential

formulation of the new FFM model for monkeypox:

SEMDeE(S) = 1, — (Bala + B2In) Sn — unSh,
o D (In) = (Bula + Balu) Sn = (yi =+ on + i + 1),
gFMDC,E(Th) = ol — (a)h + up + 52)Th/
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FEMDeE(Ry) = wp T + yuln — pnRy,

gFMDC,S(Sa) =T, — ﬁglaSa - flasuz

FFMyc,e (32)
o D7 (Ia) = B3laSa = (ya + pia) Lo,

](;FMDC,E (Ru) = )/ula - HaRa/

The initial conditions are given by S,(0) = S, I1(0) = I, T,(0) = Tp,, Ri(0) = Ry, Sa(0) = Sa,
1,(0) = I, and R,(0) = R,,. Additionally, the definitions of the parameters in the model. The
model parameters provide crucial insights into virus transmission dynamics between humans and
rodents. The parameter 71, represents the birth rate of humans, while 7, indicates the birth rate
of rodents. The transmission rates f1, 2, and 3 denote the frequency of virus transmission from
infected rodents to humans, among infected humans, and between rodents, respectively. Recovery
and mortality rates, such as y, o5, wn, pn, 61, 02, 4, and p,, are essential for understanding the

disease’s progression and the effectiveness of treatment measures within both populations.

4. ExisTENCE AND UNIQUENESS RESULTS

In this section, we employ the fixed-point theorem to establish the existence and uniqueness of
a solution for the proposed model. By incorporating the Atangana—Baleanu fractal-fractional inte-
gral operator into the model given in equation 3.2, along with the corresponding initial conditions,

we derive the following result:

Si(t) = S,(0) + 1#)87(@) fo w ™ (¢ —u)* [y — (Bala + Paln) Sy — pnSn)du an
(1 _ e-1 ’
%[ﬂh — (B1la + B2In) Sp — unSn),
t
Iy(t) = I,(0) + Iﬁfy(g) fo u (=) [(Bila + Bali) Si — (yi + on + iy, =+ 01)Iy)du )
_ e-1 ’
%[(ﬁlla + BaIn)Sp — (yn + o + pn + 01)1],
Ty(t) = Ty(0) + Iﬁ;(g) fo uH (t = )" oply — (wn + i + 62) Ty)du s
(1 _ e-1 ’
%[th — (wp + pp + 02)Tyl,
Ry, (t) = R;,(0 Lfte—lt— Ve T + vl — Ry d
WD) = RO+ ey Jy v T lenTt i Ryl (4.4)
e(1-c)tet '

——\w, Ty, + vl — up Ry,
AB(C) [n Ty + yuly — unRy]
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Sa(t) = Sa(0) + Iﬁ;(g) fo (= 1) [ty — BaluSa — taSaldu

e(1-¢)t !
AB(c)

(4.5)
[na - ﬁSIaSa - #asa];

L(t) = I,(0) + Iﬁ;ﬂg) fo uET (= u) " Bs 1S — (Va + pa)la]du

e(1-¢)tt
AB(¢)

(4.6)
[ﬁ3IaSa - ()/a + [vla)Ia]/

Ra(t) = R4(0) + m fo (= 1) [yaly — paRa)du

e(1—c)t!
AB(¢)

4.7)
b/ala - [JaRa]'

The function K; fori =1,2,...,70ri € N Z will be examined

Ki(t,Sn) =y — (Bila + B2In) Sn — pnSh,
Ko(t,In) = (B1la + B2ln)Sn = (yn + on + wn + 01)1,
Ks(t, Ty) = oply — (wp + i + 02) Ty,
Ka(t,Ry) = wpTy + yuly — pnRa,
K5(t,Sa) = Tta — B3laSa — 14aSa,
Ke(t,Iz) = B3laSa = (Va + pha)la,
K7(t,Ra) = Vala — plaRa-

(H :) In order to prove our results, we determine the following hypotheses:

For the $y(), Si"(8), Tn(£), T, (£), Ta(t), T2 (8), Ra(£), R (£), Sa(t), S5, Lu(8), 5 (6), Ra(t), R3(1). €
L[0,1] be continuous function, such that [|S,(t)ll < Ly, LI < LTI <
L3 IRyl < Ly l1Se(O)l < L5, IL(O) < L, lIR:(O)] < L7 for non-negative constant
Ly, Lo, L3, Ly, L5, L, L7 > 0.

Theorem 4.1. For i € N7, if the assumption H is satisfied and x; < 1 for i € N, then this satisfies the
Lipschitz condition.
Proof: We aim to show that K (t,Sy) fulfills the Lipschitz condition. Considering Sy(t) and S; (t), we
derive the following:
IK1(t, Sp) = Ki(t, SN = llr = (Bula + B2In(Sp = S},))
— un(Sn = Sp)I.

Considering m = |1l + P2ly + pnll, and given that 1, and 1y, are bounded functions, we can derive

(4.8)
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K1 (¢, Sn) = Ki(t, SpIl < xallSn = S lI, (4.9)
Using a similar approach, the result can be derived as
1Kz (¢, In) = Ko (8, LI < x2lllp = LI,
IK3(t, i) = Ks(t, Ty)ll < x3lITh = Tyll,
[IKs(t, Rir) = Ka(t, R < xallRy = Ry,
(4.10)
IK5(t, Sa) = Ks(t, S)Il < xsl1Sa — Sall,
[IKs(t, 1) = Ko (t, TNl < xellla = LI,
[IK7 (£, Ra) = K7 (t, RO < x71IRq = Ryl

Consequently, for every i € N7, all of the kernels K;, j € N7 satisfied the Lipschitz property with constant

Xi < 1. The proof has been completed.

Now,Egs. 4.1 to 4.7 can be rewrite as follows:

Su(t) = $,(0) + Im fot e (E— 1) YK (1, Sy () ) + %tf—lm(n Su(t),  (411)

I,(t) = 1,(0) + fﬁ;(g) fo t e (= 1) K (1, I (1) ) + %tf—%(a L), (412)
Tu(t) = T;(0) + Im fo t (= 1) K (u, Ty () )t + ingzgg))tg‘lKg(t, T(), (4.13)
Ru(f) = Ry(0) + Iﬁ;(g) fo t e (= 1) Ky (u, Ry, (1) )dut + %F—lm(t, Ru(f), (4.14)
Sa(t) = S,(0) + AB(E—;(C) fo t u(t— 1) Ks (u, Sy (u) )du + %tf—%(t, S.(t),  (4.15)

I(f) = 1L,(0) + m fo () K o )+ %tf%(t, L(t),  (416)
Ra(t) = R(0) + Im fo t (= 1) Ky (u, Ry (1) )t + %tf—%(u R.(t).  (4.17)

together with initial conditions are given as
Sny (£) = Su(0), Iy (#) = 1n(0), Ty () = Ti(0), Ryy (#)

= Ry(0), Sy (t) = Sa(0), Iy (t) = 1a(0), and

Ry, (t) = R4(0). The recursive formulas for Eqs.4.11 through 4.17 are now defined as follows:

L tug_l —u) Ky (u u))du
T w0 K )+

e(1-¢)

AB(C) tIK (1, S, (1)),
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t
= % e=1¢r _ ,\c-1 €<1_g) e-1
Ihn(t) Ih(O) +AB(C)]/(Q) f(; u (t u) Kz(ullhn—l(u))du+ AB(C) t Kz(t'Ihn—1(t))/
T = T+ gy [, =0 Koo T e+ et 7, ),
' AB(c)y(¢) Jo " AB(c) "
t
_ __ s e=1(p _ o \e-1 €(1-¢) o4
Rhn(t) - Rh(o) + AB((;)')/(G) \]; u (t M) K4(M’Rhn—1 (M))du + AB(G) t K4(t’Rhn—l (t))’
t
= __ & e=1¢r _ ,\c-1 M e-1
San(t) Sa(O) +AB(C)7(C) f(; u (t u) K5(u,San71(u))du+ AB(C) t K5(t’5an—l(®))’
t
ce e-1 -1 8(1 — C) e-1
L n=1, +—fu t—u)"""Ke(u, I, ,(u))du + ——=1t""Ke(t, 1, , (1)),
t
— c€ e=17y _ \c-1 8(1—6;) e-1
R, (1) = Ra(0) +AB(C)V(C) j()‘ u T (t—u) T Ky (u, Ry, (u) )du + AB(c) K7 K7 (t, R, , (1))

Theorem 4.2. If the following conditions are satisfied, the model 3.2 has a solution:
A =maxd; <1,i € NZ.

Proof: The functions are defined as follows:
(
(t) = Ru(t), (4.18)

Then, we find that
I1E,, (1) = Iﬁ;(g) fo wE (E— 1) YKy (u, Sy, (1)) = Ky (1, Sy, (1))l
e(1-¢)tet
AB(¢)
cey(e) e(1-¢)
(

S[AB(@W cte) | AB(o)
cey(e
(

1K (1, S, (6) = Ka (8 Su(0),

]élnshn — Syl

~—

<[ e(1-¢
“LAB(c)y(c+¢€)  AB(c)

) n
] 5115, — Sill

Similarly, we have

=2, () < | 5+ Ef(‘;;))]"égnlhl A

AB(c)y(c +
cey(e) e(1-¢)
AB(c)y(c+¢)  AB(c)

n
I1Zs, (1)]] < [ ] 81T, — Tl
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cey(e) e(1-¢9)1" .,
[AB(g)y g—|—g) + AB((;) ] 54”Rh1 — Rall,

E]/(E) g(]__g) n ; ~
[AB(g)y(g+g) + AB(c) ] 0515a; = Sall,

154, ()l <

n

125, (D)l <

cey(e) e(1-¢)
AB(c)y(c+¢)  AB(c)

n
126, (©)]] < [ ] 8"\, — Ll

cey(e) e(1-¢)
AB(c)y(c+e)  AB(c)
Therefore, the proof is complete when n — co and E(t);, — 0 fori € N7 for 6; <1,(i = 1,2,...,7). This
is based on the nine functions mentioned above.

n
IZ7, (©)]] < [ ] 521Ra, — Rall

Theorem 4.3. Assumption H indicates that the model 3.2 has a unique solution if

[ cey(e) N e(1-¢)
AB(c)y(c+¢)  AB(c)

]6,- <1li=1,2.,7.

Proof
We assume that another existing solution (S; (t), I (t), T, (), R} (t), S;(t), I;(t), Ry (t).) with initial val-
ues,such that

ce . - . e(1-c)r!
(C)Lu 1(t—u) 1K1(M,S (M))dM+T(g)

S*(t) = §*(0) + W

Ki(t,S(1)).

Now, we write
t
* gg e=1 -1 *
1S, — S ||:—fu t—u)||Kqy(u, Sy (1)) — Ky (u, Si," (u))||du
=S = Targe) Jy 0T K 0 100) — Ka 1,51 ()

e(1-g)t! ‘
= m K Su(0) = Ka (w857

e(1- )@

DS, - S,

t
ce e-1 c-1 *
< — 7 u t—u D15, =S|+
AB@»«@LQ (£=u) h

[ ce I 8(1—6)
AB(c)y(c+¢)  AB(c)

IA

]cblush 57l

and so
ce e(1-c¢)
P‘{AB@nwg+e>+ AB(c)

The inequality in equation (3.19) is valid when ||Sy, — Sy,"|| = 0, which leads to the conclusion that Sy (t) =

]Cbl]llsh _ 5,1l <0. (4.19)

Su*(t). This establishes the uniqueness of the solution. A similar method is applied to I, Ty, Ry, Sa, Lo, and
Ry, confirming the uniqueness of the solutions for these variables as well. Therefore, the model described by

equation 3.2 has a unique solution.
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5. UrLaM-HYERS STABILITY

The Ulam-Hyers stability of the model shown in equation 3.2 is established in this section. To
do so, we will introduce the necessary definition for this purpose.

Definition 5.1. Ulam-Hyers stability for the model 3.2 is satisfied if C; > 0,1 € ”Z' For every {; > 0,i € n{,
if

FFMDeeS,, (1) = K (t, Sp)l < 61,

|FFMD§,€Ih(t) - Ky(t,I)| < b,

|FFMDc “Tn(t) — Ks(t, Tp)| < €3,

EFMD R, (£) = Ka(t, Ry)| < s, (5.1)

FEMDS<S, (£) — Ks(t, Sa)| < &5,

EFMD<, (t) — Ko (£, 1a)| < Lo,

EFMDSR, () — K7(t, Ry)| < &7

Additionally, the monkeypox model 3.2 has a solution. S;(t),;(t), T; (), R, (t), S;(t), I;(t) and
R*(t), that satisfying the given model,
such that

ISh = Sl < Gl My = LIl < oo, 1Ty — Tl < G363, [IRy — Ryl < Caly, 1S — Spll < Cs8s,
e = Il < Cole, IR — RGII < C7t7.
Remark 5.1. If there is a continuous function hy, then let us consider that the function S* is a solution to
the first inequality (5.22).
(a) |hy ()] < €1, and
(b) §FMD Sy, () = Ki(t, Sp) + M (1),

Similarly, by determining h; for i € N7, one can indicate such a definition for every solution to inequalities
(5.22).

Theorem 5.1. The Ulam-Hyers stable model 3.2 is under the assumption H.
Proof. Let {1 > 0 and S be an arbitrary function such that

SEMDEES, () = Ky (1, Sp)l < &
In view of Remark1, we have a function hywith |hy (t)| < €1 satisfies

SEMDeeS, (£) — Ky (t, Sp) + ha (t)

Consequently,
© €
Su(t) = S,(0) + Iﬁ;/(@jo‘ us™ (= u) Ky (u, Sy (u) )du + %t& 1K1 (t,S,(1))
CE g e=1/p . \om WNdu 8(1—6;) e—
T [ = ) S )
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Given the model and its unique solution S’;l,

¢
* — G* g—f e-1 _ c-1 S(l_g) e—1
S (t) Sh(0)+AB(c)y(c)fou (t—u)"""Ky(u, Sp(u))du + AB(g)t Kq(t,Sp(t))
Hence, ,
_Q* C‘c" e—1 _ g—l _ *
1S (1) Sh(t)|SA—B(g)F(g)f0u (t—u)"|Ky(u, Sp(u)) Kl(u,Sh(u))ldu,
e(l-¢) . .
+ IEXB(g))t{ YKy (1, Sp(u)) = Kq(u, Sj,(u))]
¢
ce e-1 -1 e(1-¢) .
4 t— h du + ———=t"|h1(t)|,
cey(e) 8(1—6)] . [ cey(e) e(1-¢)
< 0115, =S| + €1,
[Foyera  am s S [Fmee s + e 1
cey(e) 6(1—c)]
RS
AB(Q)y AB(c
s-sra T B
1= [AB(C)V(C+E) + 250 ]51
Then
ISk = S,,II < Cia.
If, we take

cey(e) e(1-¢)
[AB(c)y(c+e) T AB(g)}

cey(e) e-9) s
1- [AB(g>y<c+e> + A ]‘51

G =

Now,applying a similarly
Iy — LIl < Cata.
T, = T,ll < C36s.
IRy — RyII < Cally.
ISa = Sall < Csts.
1z = LIl < Cole.
IRs = Rill < Crty.
Thus, we deduce Ulam-Hyers stability for the fractal-fractional model 3.2. This ends the proof.

6. NUMERICAL SCHEME

In this section, we introduce the numerical scheme associated with the model described in
equation 3.2. Specifically, we examine the structure and formulation of the Atangana-Baleanu
fractional operator equation:

0 "D () = et To(t x(t).
We obtain the following result by using a generalized Mittag-Leffler type kernel in conjunction

with the fractal-fractional integral operator:
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1) = x(0) + 1000000 + o5 [0 ot ()

Putting t by t,,1 we find

x(t) = x(0) + ig;;))tfflé(tn,x(tn)) g [ e =0 o (). (6

By applying the Lagrange polynomial approach, we derive the following result:
(y = ty-1 )U(tvol X(®V0 ) ) _ (]/ — by, )U(tvo—ll XtVo—l )

o(y, x(t)) =
(y X( )) tVo - tVo—l tVO - tVO—l
Oty X(bg)) (Y = tg=1) _ Otug—1, X (to-1)) (Y = o)
tVo - tvo—l tV(] - tVO—l
_ 6(tvw X(tvo))(y_ tVo—l) _ 5(tvo—1/)((tv0—1))<y — tvo)
h h
using the Lagrange polynomial for (5.21),we get
1-¢)
" —x(0) + a-¢ O(tn, x(t
X x(0) AB(¢) (tn, x(tn))
ge - 6<tV01X(tVo)> ftvOJrl -1
+ |— U —tyy—1)(tpp1 —u) du
AB(¢)v(¢) w)z_:l h by ( o-1) (tn1 — 1)
Sty — 1, x(t,, — 1 Vi1
_ ( 0 ;l(( 0 ))I (u_tvo)(tn+1_u)g—1du]
Y0
solving the integral equation above, we get
n+1 __ (1 B C)
=x(0) + ——06(t,, x(tx
ch -

y [6(tv0,)((tvo))((n 1w (vt 24 0)

V():l

T ABOy(c+2)
—(n—=vo)*(n+2-vo+ 2g))
- 5(tvo_1,;@0_1)((n F 1) = (n—vo+ 14 ) (n— vo)c)

using 6(t, x(t)), we obtain

1-c

AB(C) Q(tn/ X(tn))

X" = x(0) + ets!

n

eh¢ o g
+ W Z [tvol"){(tvo/)((tvo))((n +1 —Vo) (n—vo +2 4+ C)

V():l

— (n=vo)*(n+2-vo +2c))

—e1 Q{(1‘1/0—1,)(%—1)((71 +1-v) T = (n—vo+1+¢)(n- vo)g)].
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Therefore, by presuming
Ni(n,vo) i =m+1-vp)*(n—=vop+2+¢)—(n—vp)*(n+2-vy+ 2)
No(n,v0) := (n+1-v9) ! = (n—vg+1+¢)(n—vp)°
Hence, the numerical scheme for 6.1 is obtained as
eh®
AB(c)y(c+2)

1 _
Su(tut1) = Sp(0) + et

AB( )Kl (tn/ Sh(tn)) +

Z I:té 1K] tV()/ tvo))Nl(n/VO) _tio__llKl(tV()—ll Sh(tvo—l))NZ(n/VO):I,

eh®
AB(c)y(c+2)

1-—
Ly(tusr) = I(0) + et ==Ky (y, I (ta)) +

AB(c)

X Z [te Ko (tyy, Ity ) ) N1 (1, v10) _tio__llKZ(tvo—lth(tvo—l))NZ(n/V0>]/

eh®
AB(c)y(c+2)

P
Th(tns1) = Tp(0) + et

AB( )K3(tn/ Th(tn)) +

X Z [tg YKs (tyg, Th(tg))N1 (12, v0) — tio__llKafvo—l,Th(tvo—l))xz(ﬂ, Vo)],

ch*t
AB(¢)y(c+2)

1=
Ri(tus1) = Ry(0) + et ==Ky (ty, Ry (tn)) +

AB(¢)

n

X Y {65 Ka s Ri8) 863 01, 0) = 5,7, Ki b1, RiC 1) a0, 0) |

1/0:1

eh¢
AB(c)y(c +2)

1 —
Sa(tn+1) = Sa(o) + Sti !

AB( )Ks(tn,S a(tn)) +

X Z |té 1I<5 tV[)I tVU))Nl (n/ VO) _tio__llK5(tV0—1/Sa(tVo—l))NZ(n/ VO)]/

eht

e—1 1_ T
I, ( n+1) = Ia(o) +ety, AB(C)V(C+2)

AB(c)

K6(t1’l/ Ia(tn)) +

X Z [t*‘ YKo (trg, L (tvy) ) N1 (1, v0) _tio__llK6(tvo—1/Iu(tvo—1))82(71/VO)]/

1- eht
AB( )K7(tn/ Ra(tn)) + A—B(C)')/(C T 2)

Ra(tns1) = Ra(0) + ety

Z [té K7 (tvy, Ra(tyy) )81 (1, v0) _ti;_llK7(tv0—1/Ra(tVO—l))NZ(n/VO):I-

(6.2)

6.3)

(6.5)

(6.6)

6.7)

(6.8)
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7. Fractar-FracTioNAL NUMERICAL SIMULATIONS.

In this section, we present the numerical results obtained using the Adams-Bashforth method for
the solutions (6.24)—(6.30) to validate the accuracy of our study. The computations are performed
while considering both fractal and fractional orders. Initially, iterations are carried out by varying
the fractal order while keeping the fractional order fixed, followed by iterations where the fractional
order varies while maintaining a constant fractal order. This approach enables an in-depth analysis
of the system’s behavior under different conditions. The numerical solution is obtained using
the FDE12 function in MATLAB 2018, allowing us to evaluate the impact of different treatment
strategies.

We took various parameter values from references along with other assumed parameters. Pa-
rameter values from [27] were also employed, including m;, = 0.029, , = 0.80, 51 = 0.00025,
B2 = 0.0006, B3 = 0.035, py = 0.02, 1y = 0.10, ¥ = 2, va = 15, 0 = 0.00025, &1 = 0.2, 6, = 0.4,
wy, = 0.004, and the fractional-fractal order ¢, ¢ € [0, 1].

This study analyzes the transmission dynamics of Monkeypox by examining different fractional
and fractal values to evaluate the impact of the fractal-fractional derivative model on disease
progression. Additionally, the research seeks to identify key parameters that play a crucial role
in influencing the spread of Monkeypox. A graphical analysis is performed by altering specific
parameter values to observe their effects on various compartments and overall disease dynamics.
The findings from this analysis can contribute to developing effective control measures for disease
management.

The graphical results presented in Fig. 5 were generated using the method. These figures
illustrate the dynamics of the susceptible population while also showcasing the characteristics
of the infected, treated, recovered, and control groups. The control measures effectively reduce
the number of infected individuals and improve treatment and recovery rates. We investigate
various values of the human-to-human contact rate in Fig. 5 to assess its impact on the dynamics
of the disease, focusing on the susceptible, infected, treated, and recovered human compartments.
As depicted in Figures 1(a)-1(d), an increase in the human-to-human contact rate toward unity
leads to more individuals becoming infected with monkeypox, resulting in a corresponding rise in
treatment rates. This increase in susceptibility subsequently drives up both infection and treatment
rates. Additionally, Figures 9 illustrate the dynamics of the susceptible, infected, and recovery
animal populations. while simulation for fractal has been done for the time 30 days

The graphical results shown in Fig. 14 were generated using the specified method. These figures
depict the dynamics of the susceptible population and highlight the characteristics of the infected,
treated, recovered, and control groups. The implemented control measures successfully reduce
the number of infected individuals while enhancing treatment and recovery rates.

We explore various values of the human-to-human contact rate in Fig. 14 to evaluate its influence
on the disease dynamics, concentrating on the susceptible, infected, treated, and recovered human

compartments. As illustrated in Figures 3(a)-3(d), increasing the human-to-human contact rate



Int. J. Anal. Appl. (2026), 24:2

15
7 ] 03¢
6 i FRERIIRE §:085 e‘q'o E smEmEEEng C:0.85
2222333 =090 0»0' 0.25 E semannnnn () 90
)l <=0.95 ] ¢=0.95
Ll §:10 v'&”“ 0.2 E (TR RT TN g:lo
a4t | i
o _= 015
3r u“c“ 1 E
P OPPPPPICELE 0.1
I :
1 .ﬂ\%ii“-_.ii-"-‘ﬁ"- 0.05 _.:
0 L L L L L 0 “- L 4 L ™ a
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (t) Time (f)
Ficure 1. * FiGure 2. *
(a) Fractal Susceptible Population. (b) Fractal Infected Population.
0.2¢ 0.014
::. EEEEEEERE §:0.85 0012 I .13,,&9'
E EmEmEEERE §:0.90 . i‘.“-..bt.{v‘
0.15 E ¢=0.95 0.01 _E‘?“..._". ey ::i:r”
- sennnnnnn =10 El:n uy P "':“*c,&‘
_ 0008 F e '
e - - o T
= oxl2 - pLEH 1700
2 0.006 2 "
::". 0.004 E smsmEmngm §:085
0051 T'-:.‘ E wennnnnn ¢=0,90
= 0.002 § ¢=0.95
v:‘;,.‘ m smEmEEEN §:1.0
e
o) .. .~ T P — A—— [ 0 . s
0 5 10 15 20 25 30 0 10 20 30
Time (t) Time (t)
FiGure 3. * FiGure 4. *

(c) Fractal Treatment Population.

(d) Fractal Recovered Population.

Ficure 5. Combined Fractal Population Graphs.

toward unity results in more individuals becoming infected with monkeypox, leading to a corre-
sponding rise in treatment rates. This heightened susceptibility further contributes to increased
infection and treatment rates. Additionally, Figures 18 present the dynamics of the susceptible,

infected, and recovered animal populations. The simulation for the fractional model has been

conducted over 60 days.



Int. J. Anal. Appl. (2026), 24:2

30

16
3.5 : : —
18} §
. snannnnnn =0 80 : -_.
3 r :’ % EEEEEEEEE §:0.85 : :P.,‘
.‘" l.l snnnnnnnn =0, 90 .. N ..:'
o5l ; -'.' '-_- Sk :5 5' ':5‘;”"‘ P R EE LR LR
& A 1r [ . 1
= -'- s 2 :- ‘cc & I""""""lill--l..n.
U)h 2 [ 5 -ﬂ. % '.‘lllll.l................. —- :. :- :
N i
15 7: 2 'l‘“‘.""..llllllllllllllllllllllll L
' - LS .“ 05 Ml _a
| b .t F EEEEEEEN §:0_80
= 5w
v s snansnns =() 85
1¢ ’c’::.o' wnnnnnnn =090
! 1 1 0 1 L L !
15 20 25 30 0 5 10 15 20 25
Time (t)

5 10
Time (t)

FiGure 7. *
(b) Fractal Infected Rodents.

FiGure 6. *
(a) Fractal Susceptible Rodents.
0.6 T
0_5 — ‘..|I“IIIIIIIIII|I| i
04 .‘1‘.“ ..‘!'.u-u-ll-l"',
o 03f o y
0.2} &
.: .: pEEEEEER §:080
| :' :‘ smsmEEEnm §:0.85
0.1 ".'.: sennnnnn =0,90
\““‘“I i i L L
10 15 20 25 30

Ficure 8. *

(c) Fractal Recovered Rodents.

Ficure 9. Combined Fractal Rodent Populations.



Int. J. Anal. Appl. (2026), 24:2 17
60 0.3
s (.85
50 - 0.25 ——().90
¢=0.95
40 - 0.2 ——c=1.0
o= 30} { _=015
20 - 0.1
10 0.05
0 ' ' ' — 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (t) Time (t)

Ficure 10. *

(a) Fractional Susceptible Population.

0.2
() 85
—— -] 90
0.15 €=0.95
—— =] 0
- 0.1
0.05r
0

0 10 20 30 40 50 60
Time (t)

Ficure 12. *

(c) Fractional Treatment Population.

Ficure 11. *

(b) Fractional Infected Population.

2.5

%10

-3

10

20 30
Time (t)

Ficure 13. *

410

50

(d) Fractional Recovered Population.

Ficure 14. Combined Fractional Population Graphs.

60



18

Int. J. Anal. Appl. (2026), 24:2

a
e=0.80 €=0.80
357 ¢=0.85 ¢=0.85
5l ¢=0.90 ¢=0.90
25}
m _h
2 L
15
1 |
0.5 : : : : : 0 : : : : :
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (t) Time (t)

Ficure 15. *

(a) Fractional Susceptible Rodents.

Ficure 16. *
(b) Fractional Infected Rodents.

05
04t
03}
e
02}
¢=0.80
¢=0.85
0.1r ¢=0.90
0

0 10 20 30 40 50 60
Time (t)

Ficure 17. *

(c) Fractional Recovered Rodents.

Ficure 18. Combined Fractional Rodent Populations.



Int. J. Anal. Appl. (2026), 24:2 19

8. CONCLUSIONS

This study uses fractal-fractional (FF) differential equations and the FF operator to explore a
mathematical model for monkeypox virus transmission. Within the framework of the FFM deriv-
ative, fixed-point theory is employed to demonstrate the existence and uniqueness of solutions.
Stability analysis is performed using the Ulam-Hyers method to confirm the required conditions.
A two-step fractional Lagrange polynomial method is applied in conjunction with the FEM deriv-
ative to obtain numerical solutions. Simulations are carried out across different fractional orders
and dimensions, followed by a brief discussion to assess the effectiveness of the numerical tech-
niques. Future studies should focus on developing and evaluating additional epidemiological
models based on FF differential equations for various infectious diseases. Comparing these mod-
els can provide significant insights into disease transmission and contribute to the design of more

effective public health strategies.
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