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The Fractal-Fractional Mathematical Model
Analysis of the Impact of HIV/AIDS on the
Working-Class in Ethiopia
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Abstract The HIV/AIDS epidemic profoundly affects the working-class pop-
ulation, resulting in increased mortality and morbidity rates and causing sub-
stantial labour loss across various sectors. To assess the epidemic’s impact on
the specified class, a fractal-fractional-order mathematical model was formu-
lated based on Atangana-Baleanu-Caputo operator. This model encompasses
seven compartments, and the existence and uniqueness of its solutions were
verified based on the Banach fixed-point theorem, contraction mapping con-
cepts, and Hyers-Ulam stability criteria. The mathematical model was ana-
lyzed to understand the effects of HIV/AIDS on the working-class population.
Real data from Ethiopia were utilized to validate the model. Subsequently, the
model was extended to optimal control fractal-fractional models, incorporat-
ing different control strategies. Numerical simulations were performed using
MATLAB R2019a to support the analytical solutions. The study’s results
demonstrated that the fractal-fractional-order model provides a comprehen-
sive understanding of the complexities of HIV/AIDS infection. The findings
suggested that increasing the number of infected productive members of the
population can help to control the spread of the disease by reducing the in-
equality caused by HIV/AIDS. Furthermore, the numerical simulation of the
optimal control model indicated that decreasing non-productivity reduces the
number of infected individuals. Therefore, effective management of the infec-
tion holds the potential to eradicate the disease in the country.
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1. Introduction

The human immunodeficiency virus (HIV) affects approximately 39.9 million in-
dividuals worldwide, and the sub-Saharan African region bears a disproportionate
share of this disease burden. Ethiopia, a sub-Saharan nation, grapples with this
HIV/AIDS crisis Kanki et al. [1]. Developing robust behavioral change and educa-
tional initiatives at the community level is pivotal for mitigating the prevalence of
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prejudice and stigma against people living with HIV/AIDS (PLWHA) Arefaynie et
al. [2]. The human immunodeficiency virus (HIV) undermines the immune system,
leading to acquired immunodeficiency syndrome (AIDS), which can be transmitted
through unprotected sexual intercourse, shared drug injection equipment, or from
mother to child during childbirth or breastfeeding. Preventive strategies encom-
pass consistent condom usage, routine testing and counseling, timely initiation and
follow-up of antiretroviral therapy (ART), pre-exposure prophylaxis (PrEP), and
measures to avert mother-to-child transmission [3,4].

The HIV/AIDS crisis intersects with COVID-19 and exacerbates numerous prob-
lems for those living with and infected by the disease. People living with HIV/AIDS
demand a comprehensive global response to this pandemic. Troubling new data
from the UNAIDS global AIDS update of 2023 portend a grim outlook, as progress
has stagnated, resources have dwindled, and inequities have intensified. The global
population of individuals living with HIV increased from 38 million in 2020 to 38.4
million in 2021 during the COVID-19 pandemic and 39.9 million in 2023, with the
African region accounting for 67% of these cases. HIV-affected populations have
also grown in the Middle East and North Africa. Maintaining the current trajec-
tory will result in millions of additional HIV infections and AIDS-related deaths [5].
Therefore, further investigation and research on HIV/AIDS are imperative to re-
examine the nature of the pandemic and its effects on productive forces and other
community groups. If left uncontrolled, HIV/AIDS infection will continue to pose
a grave public health and economic challenge worldwide [6,7]. Global efforts must
focus on raising awareness, eliminating stigma, and addressing the socioeconomic
factors that contribute to the endemic nature of this crisis. Ongoing research and
public health initiatives are essential in the fight against HIV/AIDS Shiferaw et
al. [3]. The lack of comprehensive data on behavioral trends in Ethiopia hinders
the accurate interpretation of HIV prevalence and incidence, obscuring a clear un-
derstanding of the current state of the HIV/AIDS epidemic in the country Adal [8].

Fractional calculus encompasses the study of non-integer order derivatives [9,
10]. Tt is employed to describe a typical diffusion process that can influence our
understanding of disease transmission in unconventional ways. This domain of
research is relatively well-developed in fields such as physics and engineering, and
its application to infectious disease modeling remains an emerging area of inquiry. It
is crucial to note that the utilization of mathematical models for infectious diseases
with a fractal-fractional order model is employed to capture the intricacy and self-
similarity of disease transmission models. The spatial distribution of infections, or
temporal patterns of epidemic waves, can exhibit fractal-like characteristics Abu
and Saadeh [11]. This approach is valuable for capturing the heterogeneity and
irregularity of real systems, providing a more comprehensive understanding of the
spatial and temporal dynamics of diseases. The Atangana-Baleanu operator of
fractional calculus in the sense of Caputo is a specialized operator of fractional
calculus introduced to extend the classical Caputo fractional operator Atangana
[12]. Fractional operators are mathematical tools that generalize the concept of
derivatives and integrals to non-integer orders, enabling a more precise description of
various phenomena, particularly those related to memory and distance dependence
[10,13-16]. Atangana and Baleanu introduced this fractional operator in their
work on fractional calculus and integral transformations of generalized functions to
provide an alternative approach to fractional calculus that incorporates the Caputo
meaning and considers certain related restrictions. The Atangana-Baleanu operator
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of the fractional order is particularly useful in situations where the standard Caputo
fractional derivative is challenging, such as when singularities are present or when
dealing with functions of different derivative orders.

Recently, distinctive differentiation operators have been created by combining
the concepts of fractional order and fractal dimension. Novel operators were con-
structed utilizing three kernels: power law, exponential decay, and the extended
Mittag-Leffler function. The fractional order and fractal dimension are two parame-
ters related to the new operator fractal-fractional order differential equations [17,18].
The selection of the fractal-fractional operator depends on the special properties of
the model system and the mathematical properties desired in the analysis Atan-
gana [19]. The fractional-order differential equation operator has been applied
to epidemiology models by different researchers [20-23], and the fractal-fractional
order has been employed to model diseases such as Influenza, Tuberculosis, the
2019-nCoV pandemic, COVID-19, Hepatitis C virus, Malaria, Ebola, Alzheimer’s
disease, tumor growth and many other infectious diseases, as discussed by vari-
ous researchers [24-32]. Additionally, fractal- fractional order has been applied in
numerous other areas of physics, engineering, and information science [33-39].

Differential calculus is known to present difficulties when it comes to solving
nonlinear equations. Since the fractional model addresses the issue of nonlocal and
nonlinear, it is not easy to provide practical accurate solutions for these systems.
As a result, the investigation of the existence and uniqueness of solutions for the
fractional model is our main concern. We use the fixed-point theorem to achieve
this. The Ulam-Hyers approach provides a crucial viewpoint of the dependence on
initial values and useful in assessing the system’s stability [18,40]. However, because
it is challenging to obtain precise solutions for these models using current analyti-
cal methods, numerical solutions are required in order to assess the effectiveness of
such fractal-fractional operators in modeling solutions. We shall approximate the
Atangana-Baleanu fractional integral using the numerical approach newly developed
by Toufik et al [41] and the fractal-fractional model using the methods of Atangana
and Qureshi [42]. This computing method integrates the concepts of fractional cal-
culus with the two-step Lagrange polynomial interpolation method. This technique
has proven remarkably accurate and effective. It is renowned for being very easy
to use and for accelerating the convergence to the exact solution, especially when
dealing with large discretization steps. Various mathematical epidemiology studies
adopted the numerical methods [43,44].

A mathematical analysis of an industrial HIV/AIDS or mass workplace model
that incorporates a carefree attitude toward the sex of the labor force was per-
formed by integral order model. Depending on this related model the researcher
modify and incorporated pre-AIDS stages of the disease by removing free sex at-
titude Seidu and Makinde [45]. In this study, we aimed to investigate the impact
of HIV/AIDS on the working-class population using fractal-fractional order mathe-
matical modeling techniques. Our goal was to gain a comprehensive understanding
of the complexity of HIV/AIDS within the working-class population. Furthermore,
we analyze the Atangana-Baleanu-Caputo fractional-order and fractal-dimensional
perspectives within mathematical modeling frameworks. Fractal-fractional-based
models provide a balance between accuracy and computational tractability in cap-
turing dynamic systems with uncertainty. Some hospital-recorded data and state
variables in our study may not align with specific parameters; thus, we estimated
parameters from existing data. Therefore, users of this study need to take into ac-
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count this limitation. The manuscript is structured as follows: The fractal-fractional
calculus, mathematical modeling formulations, as well as the construction and anal-
ysis of mathematical models, are covered in Section 2. The results of the numerical
simulation and parameter estimates are presented in Section 3. Section 4 discusses
the model’s extension to the optimal control and numerical simulation. Section 5
provides a brief conclusion.

2. Model formulation and analysis

We formulated a fractional-order model using the Atangana-Baleanu-Caputo (ABC)
operator and extended it to a fractal-fractional model for HIV/AIDS in Ethiopia’s
working-class population.

2.1. Definition and preliminary concepts

To formulate the fractional-order Atangana-Baleanu operators used for the model
in Equation (2.1), we must replace the ordinary derivatives with the corresponding
fractional derivatives. The fractional order Atangana-Baleanu derivative in the
Caputo sense is defined as follows Atangana [12].

Definition 2.1. Let f(t) € W3(0,1). Then, for w € [0, 1], the Atangana- Baleanu
fractional derivative in the Caputo sense of function f(t) is given by

220y = 2299 [ iy, [ 20— )]

w

where the special function ABC(0) = ABC(1) = 1 and E,, is the Mittag-Leffler
function.

Definition 2.2. The Atangana-Baleanu fractional integral of the function f(¢) is
defined as follows:

1-w
ABC jw w 1
1, t) = t )t — d
R0 = o 0+ o [ =)
where I' is the gamma function, and F, is the Mittag-Leffler function as Atan-
gana [12].
Definition 2.3. Let f(t) be differentiable in the open interval (a, b); if f is frac-
tionally differentiable on (a,b) with order w, then the fractal-fractional derivative
of dimension p in the Atangana-Baleanu fractional derivative in the Caputo sense
is given as

ABC pw.e(f(t)) = Alew dT@/ f(r —7(t—7w) ldr.

Definition 2.4. Following Atangana [19], consider a continuous function f(¢) in
(a,b) with fractional order 0 < w < 1 and fractal dimension 0 < ¢ < 1, which can
be defined in the ABC sense as:

1-—
ABC( )

wo

Qlf() m/osgl( ) 1f()

ABCIR(f (1) =
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where ABC(0) = ABC(1) =1 is called the normalization constant [12,46].

Definition 2.5. As Gémez and Atangana [18] let us define the solution for the
given problemas 0 <w <land 0 < o<1

ABC DR f(t) = ot F(t, ().t € [0,T],
f(t)=fo,0<w<1,0<p<1,
provided by

1—w wo

ft)= fO‘*‘mQté’_lf(t’f(t))‘*‘m/o T t—7) " F (7, f(7))dr.

2.2. Fractional-order model formulation and analysis

In this section, an Atangana-Baleanu-Caputo-based fractional order model of

HIV/AIDS based on a working-class population in Ethiopia is developed. The model
has seven compartments, each of them represents a distinct class of people within
the working-class population. The components are as follows: (S;) susceptible pro-
ductive people who are HIV-negative and capable of doing their jobs well; (S)
susceptible nonproductive people, who do not have HIV and nonproductive; (I;,k )
Productive infected persons with HIV, who can work well while not having AIDS
symptoms; (I*) HIV positive nonproductive people, who have the virus but do not
exhibit signs of AIDS, which raises their risk of infection and lowers their produc-
tion; (A;p) people who were productive pre-AIDS epidemic but who currently have
HIV and certain AIDS symptoms and can work; (A;,) pre-AIDS nonproductive
people, those with HIV infection who have shown certain signs of the disease and
nonproductive; and (A*) Full-blown AIDS patients, those with HIV infection who
have severe symptoms of the disease and are unable to work. As soon as the person
in compartment I, I realizes that they have HIV, they begin therapy. Next, they

proceed to (A7) and (A3, ), based on the stage of the cluster of differentiation cell

count level( CD4).

The force of infection A = g* -2 2 PP L
cluded in the model to represent various rates of infection, recruitment, progression,
mortality, and modification parameters are described in Table 1. The model is de-
scribed by a system of seven nonlinear fractional-order Atangana-Baleanu-Caputo
operator differential equations, which represent the changes in the sizes of each
compartment over time. The system is given by the following flow diagram Figure
1.

The governing dynamical system in the ABC fractional operator is given in
Equation (2.1).

; and all other parameters in-
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Table 1. Parameter Descriptions and Values
Parameter  Description Values Sources
Q* Rate of recruitment 0.5 Scaled
* Fraction of new recruits in the S class 0.5 Estimated
1—7* Fraction of new recruits in the S}, class 0.5 Calculated
oy Rate at which nonproductive susceptibles become Productive  0.020 Fitted
o3 Rate at which nonproductive pre-AIDS become productive 0.020 Fitted
0* Rate at which nonproductive infected become productive 0.0012 Fitted
B* Contact rate between susceptibles and infectives 0.0201 Fitted
> 1 Modification parameter due to nonproductive behavior of sus- 1.3 Estimated
ceptibles
oF Rate of progression of I} class into pre-AIDS 0.0036 Fitted
03 Rate of progression of I} class into pre-AIDS non-productive  0.0014 Fitted
k Natural death rate 0.0148  Calculated
P* AIDS-induced death rate 0.1 Estimated
k3 Rate of progression of the A7, class into A* 0.007 Fitted
k3 Rate of progression of the A7, class into A* 0.0012 Fitted

ABC myw Q*
0 Dt Sp

ABC myw Q* __
0 DtSn

ABC mw 7%
0 Dt p
ABC mw 1%
0 Dt In

ABC nyw g*
0 Dt App

Q"+ 1S — (A +K)S),
(1-79Q" — (T"A+ o] +K)S;,

= AS; +0°1, — (67 + K)I,

= T*ASE — (0" + 65 + k)T, (2.1)
=617 + 03 A, — (kT + K) A
0PCDy Ar, = 6317 — (03 + k3 + K)A;,

pp’

pno

0PODY AT = kT AL 4+ kAL, — (ki + Y7) A"
with the initial conditions S%(0) > 0,5:(0) > 0,I5(0) > 0,I5(0) > 0,A% (0) >
0,A5,(0) > 0,A%(0) > 0, where all the initial values are positive. The system

is a commensurate fractional-order system because all the systems have the same
fractional order (w).

2.3. Fractal-fractional representation with the ABC-operator
model

The fractional-order model based on the ABC of Equation (2.1) is extended to a
Atangana-Baleanu-Caputo fractal-fractional denoted as (ABF) model with Caputo
with time dimension of p and fractional-order w; for more, see [19,46] and references
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Figure 1. Schematic diagram of the model
therein.

ABEDG LS, =7 Q" + o1 Sy — (A +k)S;,
DS, = (1= 7)Q" = (T"A+ o] + B)S],
ABEDG ALy = NSy + 071 — (07 + w) I,

ABED&CL: = 7Sy — (0" + 65 + k)1, (2.2)
ABEDGEAY =011 + 05 A% — (ki + k}) AL,
ABEDG LA, = 851 — (05 + k3 + R) Ay,

ABFD&QA* =kiA,, + kA, — (k+9Y7)A"

with the initial conditions S;(0) > 0,5} (0) > 0,1;(0) > 0,1;(0) > 0, 4;,(0) >

0, A3, (0) > 0,A%(0) > 0, where all the initial values are positive.

2.4. Qualitative analysis of the model

In this section, we establish some results about existence and uniqueness, feasible
region, positivity, equilibrium points, basic reproduction number and its sensitivity,
and Ulam-Hyers stability analysis [47-51].

2.4.1. Existence and uniqueness of the model

To show the existence and uniqueness of the dynamic system in Equation (2.2), the
Banach space can be defined as,

f =F= K([OvT] X R73R)7
where F = K[0,T] and corresponding norm defined by

A1l = mac [195 ]+ [Sa] + ] + [Tl + 1 App | + [Apa] + A7)
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To demonstrate the next point in our results, we define the fixed-point theorem.

Theorem 2.1. A subset of Z is 0 which is convexr and considers that the two
operators Py and Py with

a. Pi(m)+ Py(m) € Q, Ym € Q,
b. Py is a contraction,

c. Py is continuous and compact.

The operator equation Pym + Pom = m has one or more solutions [52, 53].

Now, let us rewrite Equation (2.2) as Atangana-Baleanu fractal-fractional (ABF).

ABEDS Sy = ot f1(Sh, S Iy I AS LAY AT,

ABEDS Sy = ot fo Sy, S Iy, I, Ay, A AT,

ABEDS Ix = ot®™ f3(Sy, S, I I, A% A LAY,

ABE DS Ir = ot® ™ f4(S5, Sy, I, I, A, A AT, (2.3)
ABEDg A = ot® (S5, S Iy I Ax LAY AT,
ABEDe Ax = ot fo(Sy, Sp. I I, An A LAY,

ABEDS A* = ot® (S5, S I Ik A AS AT,

On behalf of Equation (2.3) and for ¢ € f, we can write

ABE D@ f(t) = otV F(t, f(1),t € [0,T], f(t) = fo,0 <w < 1,0 < o < 1, (2.4)

with solution Gémez and Atangana [18],

1— t
1) = o+ et FO)+ e [ 7 ) )
(2.5)

where

F)=(Sp, 80,13 I As  Ax L AM)T
fO ( vaS*Ov p0s nO’AppovA;nOaAS)Tv (2'6)
F(t, f(t)) = fZ(S* S;,I;,I;,AZP,A;WA*, ))T, 1=1,2,3,...,7.
Let N = Q1 + Qo,
1-w 1
Q) = fo+ gpas ot 1F £

1) = SpariaE |, ™ T F p )

We now demonstrate the fixed-point theory-based qualitative analysis of the
system [10,12, 14,54, 55].

H1: There will be a constant Ly, Lo, such that |F(¢, f(t))| < Li|f]| + Lo.
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H2: There exists a constant Lx > 0 such that for every f.f € fas|F(tf)—
Ft, NHI < Lrllfl = fl.

Theorem 2.2. The dynamic system is defined in Equation (2.4) if H1 and H2
hold; then, the model in Equation (2.2) has the same number of solutions if

(1-w) o
ST e Ly < 1.
ABC(w)
Proof. We prove the theorem based on the above two hypotheses in the following
steps
Step I: assume that f € Q and that Q= f € f: | f|| < x, x > 0 is a convex closed
set. Therefore, for operator ()1, which is defined in Theorem (2.1), we have,

101(4) = QuUPIl = st ma [ (e 6) — F(t. 70

(1=w) o
< ot LAl - Al

(2.7)

Hence, the operator ) is closed and contractive.

Step II: We demonstrate that ()2 is compact in comparison form. In addition, we
demonstrate that Q5 is bounded and continuous. As F is continuous, the operator
Q- is defined in the entire domain for all f in €2, as follows:

we ' o—1 w—1
1Qall = max et [ 7t = rp A f ()
we ' o—1 n—1
= m/o T (L= 7) T (r (7)) ldr (2.8)
olLa|fl] + Logwtet
S T ABCT@w) Pw ol

Hence, as seen in Equation (2.8),the operator Q2 is bounded for equicontinuity,
and let t1 > to € [0,T]. We have

Qa(f(t2)) — Q2(f(t1))] = | I/ (ta = 7)* = 7 F (r, f(7))dr

ABC (wo)T
olL \f|J+L J“*" ' w
< B T — P ol — 1)
(2.9)
O

As time goes ty — t1, the right-hand side of the Equation (2.9) approaches zero.
Therefore, the operator Q2 continuous such that |Q2(f(t2)) — Q2(f(¢1))| — 0, as
to — 1.

Hence, we show that the operator Q2 is bounded and continuous; thus, Qs is
bounded and uniformly continuous. According to the Arzela-Ascoli theorem, subset
f € Q of Q- is compact if and only if it is closed, bounded, and equicontinuous. Qs
is relatively compact and completely continuous. From Equation (2.8) and Equation
(2.9), we conclude that the model (2.2) has at least one solution.
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2.4.2. Uniqueness of solutions

Theorem 2.3. With hypothesis (Hz) and Equation (2.5), there is a unique solution,
so that the dynamical system Equation (2.2) also has a unique solution if

[T )
ABC(w) ABC(w)I'(w) '
Proof. Suppose as the operator N : f — f by
—w)te1
NF0) = alt) + 1710, 50) ~ Falt] L2
t (2.10)
d 4 wrle=h F(x, f(2))|dx 7.
THer L o e el € 0.7
Let f, f € f. Then,
INF =N < St ma (e )~ Fe, T0)+
Y0 max t — )Y Y (7, f(7))dr—
ABC(w)T(w) te[o,TH/O (b= r)* e F (s f(7)d (2.11)

/0 (t — 1) F(r, F(r)dr]

<olf - £l
and 6 = (1—w)te 'Ly | o[LrT¥ e D (w, Q)]
B ABC(w) ABC(w)T'(w)

From step II and the operator A is a contraction. Thus, by the Banach fixed-
point theorem, the system (2.5) has a unique solution. Thus, the dynamical system
in Equation (2.2) has a unique solution. O

2.4.3. Feasible region

n? p ) n? pp7 pn?
non-negative. Additionally each solution lies in RZF.

Theorem 2.4. The set ® = {(Sx, S5, I*, I}, A% A% A*) € RT : N < =}, is
K

Proof. Since all parameters in the model (2.2) are non-negative and the second
equation is fully parameter and the values 0 < 7* < 1. Hence, change in the S} is
non-negative, based on this values all other variables are non-negative.

ABE DG S |52 =0 = T Q* + 01S; > 0,
ABFDBJ’%QS:L Srm0 = (1 _ W*)Q* 2 0’
ABE DG 1= = ASy + 07 > 0,
ABE DS T 1o = T*AS; > 0, (2.12)
ABEDGEAS |as —0 = 611 + 03 A5, >0,
ABEDGEAY [ as —0 = 6515 > 0,
ABE DG A* | pemo = KT AL, + K5 AL, > 0.
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From the dynamical system Equation (2.2) and total population N (t), we have
ABFDBkithN(t)
ZABFD&}QS; +ABF DS),’tQS; +ABF D(Li’tg.[; +ABF D(L;J’,tgl:; +ABF Dg)tQA;p

ABF myw,0 g* ABF 1yw,0 g%
+ DO,t Apn =+ DO,t A

(2.13)
=Q" — kSy, — kS, — kl; — kI, — kAL, — kAL — (K + 1)) A"
=Q" — kN — A" < Q" — kN,
ABEDGEN(t) < QF — kN. (2.14)
We can write the fractal-fractional Equations (2.14),
ABC D N(1) < o121 (Q" — kN(1)), (2.15)

By applying the Laplace transform to the linear fractal-fractional Equation (2.15),
we obtain:

L{BEDEf(t) + kot 'N (1)} < L{ot*'Q"},
—(1-w)k
Blw)

where ki =

ﬁ{ABCD;Jf(t) _ %k,lgte—l]\f(t)} S ﬁ{th—lQ*}7

_ w o 4 ’
l1—w s 4 s s

1—w

Blw) <swf<s) —O) o) f(s)) Q)

1l—w

B(w) <swf<s> =87 (0) = kiel(e)s8(s” + 7= ) f(s)

‘ LD (o 8,
s 4 —— s@ 1—w
1l—w

B(w) s@ l-w

(s76) = mer(@s™( 4 £20)f(9)) = 5 LEE (4 22 ) 4700,

79 (= mer(oys (s + 200 = T2 LA (e 2 ) ),

(576 = 50) ~ kP s~16" + 27 (9)) = L2 LW (o Y

7(s) ((1 ~ kroD(0)s~%)s” — knal(g)s 0~ )

1—w
_1-w@ (o) ( w w w1
= WT (S + m) + s f(O),

where K = ki1pI'(0)s™¢,
R w w l-w *5 w w w—1
fo (- w5 = k20 ) = S (s 125 ) 4o 0,

P Kw —w) 1—w *E w 5 1
o (0= =t=m") = s @ & 0 1)t e O
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where K = kipI'(0)s™ ¢, which the Laplace inverse of K is k1ot?”!. Following the work
[56,57] and applying the inverse Laplace transform, the solution is given by,

Vo =%~ gy [ B (Tt —=r=)

1 Ko a
g e <(1 “K)(1-a) ) N,
_Q Q ki0t?a — )%z
N(t) = K (1fklgt9 1) dte / ( (1 —kiote=1)(1 — o) (-a)yd )

2.16
Fot® o (2.16)

t* | N
Jr1—k‘1gt9 1 (1—k1gt9 N1l —a) ) ),

—n

where Eo,(2) = Y0, F( oy +OUI T, 12l = 00, 5 < larg(2)] < it s mot

difficult to observe that N(t) — as t — oo. This leads us to the conclusion that the
K

model is both epidemiologically feasible and well-posed in ®. O

2.4.4. Equilibrium point of the model and reproduction number

Finding the exact solutions to the system in Equation (2.1) is analytically in-
tractable but we can still gain qualitative knowledge of their dynamics through
the stability of their equilibrium points. First, we discuss a special solution to this
system. The system has two equilibrium points: disease-free equilibrium (DFE)
and endemic equilibrium (EE) points.

DFE b) 077/077/07a0 7a0 7a0 = (Q (7(- K'/ 1 ) 7070707070 b
( P Sn p’>"n? Tpp? Tpn ) X2 X2
(2.17)

where X2 = 0] +K, X3 =01 + K, xa = 0" +05+k, X5 = k+k{,x6 = 05 +k3+ £, x7 =
k + 1¥*, and the endemic equilibrium point if all state variables are different from

zero, and we obtain,
. QTN +x2) + 1 Q (1 — )

Sx = ;
p (N 4+ &) (T*A* + x2)

o (L=mQ" o A Q (A +R) +07Q7 | 0T QAL —7)

TN 4y P X3(A+n)( *A+X2) xaxa(T*A + x2) '
jaa T*A(1 — 7*)Q* i ST*AQ*(1 —

" (A xa)xa P ( *A A+ X2)X4X6 ’
L ST Q (A R) £ o{Q | SO AL —)Q ke, + a5,

p x3Xs(A + K)(T*A + x2) (T*A* + Xz)X3X4X5 X7 ’

where the force of infection at the equilibrium point is
X3(A* + &) (T*A* + x2) X3Xa(T*A* + x2)
TAR (L —7*)Q* 03T ATQ* (1 —7*)
(T*A* + X2) X4 (T*A* + Xx2)XaX6
TN [T Q* (T*A* + k) + 07 Q%]
X3X5(A* + ff)( *A* + x2)
( *A* +X2)X3X4X5 -

A" =
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After algebraic simplification and rearrangement, we obtain A* = 0 and the
following:

[T*Q*(T*A* + k) + o5Q*] 7 Q*(1—7*) (1 —-7")Q* &7*Q*(1 —n*)
Xa3(A* +8)(T*A* +x2)  Xaxa(T*A* +x2)  (T*A* + x2)xa  (T*A* + x2)XaXo
B Q (A 4 R) 4 oiQ] 50—

X3X5(A* + k) (TFA* + x2) (T*A* + X2)X3XaX5

a1 = xaXe™ KT (x5 +07) + X557 (1 — ) (x60" + X6X3 + X303),
ap = XaXek (KT + 07) (x5 + 07) + x5K>7 (1 — ) (x60" + X6 X3 + X303),

alA* + ag > 0. (218)
Therefore, an endemic equilibrium point exists at a value greater than or equal to
zero in this linear equation. Using the next-generation matrix methods Driessche
and Watmough [51], we calculated the reproduction number as follows:
B(81XaX6 + XaX5X6)S9 + (01X670 + daX3X5T" + X3X5X6T" + X5X670)SY
X3X4X5X6

Ry =

(2.19)
and if Ry < 1, the disease can be eliminated, and if Ry > 1, the disease persists in
the population.

2.4.5. Stability of disease free equilibrium

Theorem 2.5. If Ry is less than 1, the model has a disease-free equilibrium point

Ey that is asymptotically stable as long as the proportions of each susceptible group

to the total population at any time t do not exceed their corresponding proportions

at DFE. In other words, DFFE is asymptotically stable if the following conditions
, S

hold.
Q(rh+07) g o (L=7)Q"
X1 " X2
Proof. Let the set X = (S},5;,) and Y = (I3, I}, A}, Ay, A™) the working-class

mathematical model of HIV/AIDS infection (2.2) can be rewritten as;

dX
E—F(XJ/),
dy
er v
dt Gx,Y),

Sy < (2.20)

(2.21)

where

[(mQ +o1SE - (A4 R)S;,
B (1—=7%)Q* — (T*A + of + k) Sk,

ASy 4 0%I — (07 + K) I,

T*AS); — (0% + 65 + K)I},
and,G = Q01 Ix + 03 A5 — (K + k) Ay,

01 — (05 + k3 + k) Ay,

kT Ay, + k3 Ay, — (k4 %) A%,

pn

(2.22)



1010 Abdulsamad E., Gemechis F. & Chernet T.

Then, disease-free equilibrium points are stable if the following two conditions by
Castillo-Chavez [58] are hold.

dX
C1: For E| z—0,X * is asymptotically stable,

Cy: G(X,Y) =LY - G(X,Y),G(X,Y) >0 for (X,Y) € RT,

where L = Dy_oG(X*,0) is the jacobian of G(X,Y’) with respect to Y evaluated
at disease free equilibrium. The reduced system at disease free equilibrium point,

Xm - Q" + 015, — KSy,

a1 = m)Q — (07 +K)S]

The disease-free equilibrium point is equal to X™* is globally asymptotically stable
point of the reduced system, here all solutions of the reduced system is equal with

the disease free equilibrium point as time goes to infinity
Moreover G(X,Y) = LY — G(X,Y),where L = Dy_oG(X*,0)

_B*S;O B B*S;O N 0* 5*5;;0 IB*S;(J O -
N N N
7_*6* S:LO T*ﬁ* S;;O B T*B*SZO T*ﬂ* S:;O 0
L N N MW N
B oy 0 —X5 0 0 |’
0 0 0 —X6 0
i 0 0 k3 k3 —X7]
_ﬁS;;O N ﬁS;O+9 551:0 BSZO 0 T _I*_
N 5N N N P
78S TBS5K0 _ 680 7350 0 I*
| N N TMTN TN "
= 5t 0 “xs 0 0 | [Am|
0 5 0 —xs 0 | 4
L 0 0 k1 ko —Xx7] L A i
r BS*O . BS*O X S*O i} S*O . T
(7~ —xs) I + %f + O I+ A+ A
~ L+ ( N xa) Iy + BTSH AL+ BTS)AY,
LY == * * bl
61]1) - X5App
52[:2 - XGA;;n
I ki AppkaApy — x7A* ]
(550 - 5)
(S0 - 57)
GX,)Y)=LY —G(X,Y)=A 0 >0,
0
0
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I+ I+ A + A,
where A = g*(-2—" 24 P,

Now, we have S;O -5, > 0and S0 —S* >0, which implies that that condition
C, satisfied if and only if S; < 5’;0 and S} < S;;O

X1 X2
this completes the proof. O

2.4.6. Sensitivity analysis

Sensitivity analysis of reproduction numbers gives the information which param-
eters are most important to control the transmission and spread of the disease.
From the reproduction number stated in Equation (2.19) its sensitivity index to the
parameters p if p is a parameter in the Ry is given by S, = “op Tio The result is
given in the Table 2. The reproduction number increases if the sensitivity index
is positive, and decreases if negative. When a sign is positive, it indicates that
the reproduction number rises as the parameter rises, and when it is negative, the
converse is true. As we can see from Figure 2, 5%, 0%, ki, k3, 7%, 7, d5 have positive
effects on reproduction number, but o7, 05, 7" have negative effects as illustrated
in Figure 2.

Parameter Sensitivity indices Parameters Sensitivity indices

0* -0.042 k3 0

ot -0.0423 * 0.2696
™ 0.1321 5t 0.3527
K 0.6108 5 0.1604
k3 0.1494 o3 -0.0623

Table 2. Sensitivity indices of the parameters
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0.8 [

0.6 [

0.4

Parameters Values

o T g o, ¢ K K T 5 s
parameters

Figure 2. Sensitivity index of parameters

2.4.7. Ulam-Hyers stability

In this section, we determine the stability of the proposed mathematical model of the
fractal-fractional-order Equation (2.2). To do this, let us take a small perturbation
E(t) € C[0,T] and only satisfy =(0) = 0 as follows:

(1]

(t)<e for e>0;

ABC pwe (1) = F(t, f(t)) + E(t).

The solution of the perturbed dynamical system can be
ABCDPef(t) = F(t, f(H) +E(1), £(0) = fo, (2.23)
and satisfies the following equation [47,48,59].

t
B 2.24
e | e ) o) (2.21)
[(w)te ! + grete1
-  ABC(w)'(w)
Theorem 2.6. Under Hypothesis H2, solutions to Equation (2.5) are Ulam-Hyers
L[ —w)teT Ly o[LFTY T D (w, 0)
1.
stable if | 560w ABCWTw) | ©

D(w, 0)€ = wype.
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Proof. Assume that a unique solution is f € f and that f € f is any solution of
Equation (2.5)); then,

() = Ft) =If(t) — (fo(t) +F(, f(1) - fdtﬂg‘cz:})t@l)

(et | T s )

<If(t) — (fo(t) +[F( F() - fO(t)]l_th—1>

ABC(w)
__ve t e=l(t — )7 F(x, f(x))dx
1 (70 + (e o) - 0]t )
N amosg < | o= 0o F e flanas )

—w _ w+o—1 B
<utng t ST = fl+ L2 Dl - ]
<wug + 011 = T

(2.25)
From Equation (2.25) we can express as
If = Il < 2507 = 7. (2.26)

From Equation (2.26), we conclude that the solution of Equation (2.5) is Ulam-
Hyres stable and generalized Ulam-Hyers stable by using F(€) = wy0€, F¢(0) =0,
which shows that the proposed fractal-fractional model is Ulam-Hyers stable and
generalized Ulam-Hyers stability. O

3. Nwumerical solutions

3.1. Parameter estimation

We calibrate the model using WHO and UNAIDS data from Ethiopia (2001-2023).
The least-square method was used to estimate the values of the parameters. As
we show in Figure 3, the values of the estimated parameters are stated in Table
1. We use MATLAB 2019b to fit the model by using least square methods with
minimum error 0.0011. Absolute errors per iteration for infected productive and
non-productive populations are shown in Figures (4)-(5) (box plots).
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Figure 3. Real data fitted to the nondimensional model to estimate the parameters in Table 1

35

25

15

05

3.2.

Figure 4. Error iteration of Ip

x10°%

Figure 5. Error iteration of I,

Numerical scheme for simulations of the fractional-order

model

Numerical techniques are acknowledged as effective mathematical tools for solving
nonlinear fractional-order differential equations with local and nonlocal operators.
A novel numerical approach for the nonlinear fractional derivatives of ABC, derived
in [41,60],is used to solve the constructed fractional-order model. We adopted this
method because it was suitable for our models, and from the constructed fractional-
order Equation (2.1), we can write the kernel function of fractional models as Atan-
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gana [12].
0 PCDES,(t) = Mi(t, Sy),
0O DYS(t) = Ma(t, Sy),
0 PCDY L (t) = Ma(t, L),
0 PCDYT(t) = Myt I7,), (3.1)
§PCDY Ax (1) = Ms(t, A,
0 PCDy Ay (8) = M(t, Ay,

ABC DY A*(t) = My(t, A*).

The following equation is obtained from Equation (3.1) by means of the fractional-
order ABC-integral operator:

Sp(t) = 5,(0)

1-w * w ! *\w—1 *
_li(t,Sp)ﬂ-m‘/o (t—Sp) Ml(T,Sp)dT,
Sp(t) — S5(0)
1—w N w ¢ w1 N
_mMg(t, Sn) + WA (t — S’n) ]\4'2(’7'7 Sn)d’r,
I;(t) — 1;(0)
1—w N w ¢ w—1 "
_mMgg(t,Ip)—f—m/o (t—Ip) M3(T7Ip)d’7',
I,(t) — 1;(0)
1-w * w K *\w—1 * (32)
= mM4(t7 In) + m/(; (t — In) M4(7—, In)dT,
App(t) = A, (0)
1—w " w ¢ * w1 N
_mME)(t,App) + m /0 (t - App) ]\45(7—7 App)d'r,
Apn(t) — AL, (0)
1—w " w ¢ v w1l N
_WMG(t>Apn) + m/o (t—Ap,)* " Ms(T, Ay, )dT,
A*(t) — A(0)
1—-w * w i *\w—1 *
= 7ABC(W)M7(t,A ) + 7ABC(W)F(W) /0 (t — A ) M7(T,A )dT
The suggested interval [0, t] can be divided into subintervals using point t,1, where
n=0,1,---. We can write Equation (3.2) as:
1l—w w

Sy(tng1) — S,

5(0) = li(f7S;)+

m/{) (t— S;)“’_ M (T, Sy)dr,
(3.3)
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Similarly, we can write for all Equation (3.2) in the same manner. Using the La-
grange interpolation technique, we obtain:

1—w

500 =S50+ i 05

w Z th1(tk* S* )a B hKM1(tk*_1,S;)a
T ABCw ) =l Tw+2) T(k+2) |
* * 1-—w *
Sy (tny1) =55(0) + mMﬂtk*vSn)
w —~ [h“My(ty+,Sy) B Ma(tre 1, 5;)
T ABCW) kz_:o{ Twt2) @ T(rt2) 2

1—w

I*( n+1) I*( ) ABC( )M2(t’f*’[;)

w B M3 (t-, 1) RS M (tg-—1, 1)
T ABCW) k;}{ Tw+2) 77 T(k+2) “2} ’
* * 1 —w *
4
w Z PEM (b T) B Mol 1, T) (3-4)
T ABC(W ) &~ | Tw+2) ™ L(k+2) |’
* * 1-w *
A (n+1) A () ABC’(w)MS(tk*7App)
h* M (tg~, A% M (tge—1, AL
po g [Nl ) KM dy) ]
ABC(w) ot INw+2) I'(k+2)
* * 1-w *
A (n—‘rl) A () ABC(UJ)M6(tk*’Apn)
w h Mg (t-, Ay, b M(tg=—1, Aj,,)
T ABCW) kz_:o{ Twr2 7 Tr+i2 “2] :
* * l-w *
A (71+1) =A ( ) ABC(OJ)M7(tk*’A )
w " [he My (tg-, A*) RS My (t 1, A*)
T ABCWw) kz [ Twt2) 2 Tk+2) 2|

where
ap=m+1—-k)n—k"+2+k) —(n—Kk)"(n—k" +2+ 2k),

aa=Mm4+1—-k) " —(n—k)"(n+1-k"+ k).
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Figure 6. Solutions of the fractional model for different values of fractional order w
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The solutions of the fractional-order model varies depending on the value of
w. If w = 1, the model restores the integral-order model property. As shown in
Figure 6, as the derivative order decreases, the susceptible productive population
graph becomes sigmoid and the reality of the model increases. However, susceptible
nonproductive populations decreased rapidly, which is relatively unrealistic; infected
productive and infected nonproductive populations followed the same pattern. This
indicates that the fractional-order derivative model with the Atangana-Baleanu-
Caputo operator is better representation of HIV/AIDS infections in the working-

class.
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Figure 7. Solution of the fractional model for different values of fractional order w

The solution of the fractional-order model varies depending on the value of wj if
w = 1, the model rehabilitates the integral-order model. As shown in Figure 7, as the
derivative order decreases, the pre-AIDS productive population decreases, and the
pre-AIDS nonproductive population increases rapidly, which is relatively unrealistic.
The AIDS class population immediately approaches zero, but the fractional-order
model approaches slowly, as we compare it with real data. Hence, the fractional
order is a better representation of the real problem of the HIV/AIDS model. This
indicates that the fractional-order model is suitable for representing the HIV/AIDS
dynamic system.

3.3. Numerical scheme for Atangana-Baleanu-Caputo fractal-
fractional model derivative

In this section, we consider the Atangana-Baleanu-Caputo fractal-fractional deriva-
tive denoted as (ABF). The model in Equation (2.2), can be expressed as follows:

ABEDS Sx = ot f1(S5, Su I, I AL LAY AT,

ABE DS Sy = ot fo Sy, Sp, Ir T A AY LA™,

ABED® I* = ot® (S5, S5, I In, A% LAY LAY,

ABE DS Ir = ot®  f4(S5, S5, I3, I, A A AY), (3.5)
ABEDS Ar = ot f5(Ss, Su, I I AL LAY AT,
ABFDO,tA;n = ot f6(Sy, S In I, ALy Ar LAY,

ABEDg A" = ot (S5, S I I Ay A AT,
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by applying the Atangana-Baleanu integral formula, we have,

Sp(t)
_ g ot ' (1 - w) we ! o— w—
=5,(0) + Wfl(t,@) + ABC(w)F(w)/O 7Nt — )7L f (7, ®)dr,
Sh(t)
_ g ot M (1 - w) we ! o— w—
=57(0) + ng(t,q)) + ABC(w)F(w)/O et — 1) fo (7, ®)dr,
I;(t)
-l —w w ¢
=I;(0) + Wﬁa(t,@) + Wﬁ)r(w)/o TNt — 1) f3(7, ®)dr,
I;(t)
-l —w w ¢
=I:(0) + QtAB(Cl'(w))h(t’ D) + WoJQ)FW) /0 7Nt — 1) fy (7, @)dr,
App(1)
_ 4+ ot (1 - w) wo b o
_App(0)+mf5(t,¢)+mA T 1(t—T) 1f5(T,<I))dT,
Apn(t)
()
—A*(0) + 79'5238 (;)“) Pt @) + e sz)r o /0 7ot — 1) fr (7, ®)dr.

(3.6)
Ifd = (S;7 Sp Ly, I A, As L AY), now, by extending this to ¢, 41 and replacing

@n — (S*n S*n I*TL I*n A*n A*TL A*n) we have

p '¥n otp o o “tppy fipny
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*T * thil 1—w n
Syl —ge0 4 A];C(w))fl(t"’q) )
tn+1
L o—1 _ w—1 n
Ve ol AR O ALt T
*M * thil ]- — W n
Syttt =530+ AB(C@)))JCQ@"’(I) )
tni1
L o—1 _ w—1 n
T ABCW)T (@) /0 ¢ (s = 7)%7 fo(7, @")dr,
*7 * th_l 1 — W n
I +1 :[pO + AB(C'(w))fS(t”’(I) )
tni1
L o—1 _ w—1 n
Vol ARG TR L O
*1 * Qtﬁ_l l-w n
LM =00+ Mf4(tn7@ )
wo tnia . . (3.7)
T ABCW)T(w) /0 T (= T) T fa(r, @7)dr,
*1 * Qtygl_l(l — W n
App+1 :Apg + WfS(tna P )

+W/tn+l g*l(t - )wilf( (I))d
ABC(w)(w) J, | Vet T T RAn

)

pn pn + ABC(QJ) f6(tn; )

tn41
L o—1 _ w—1 n
- ABC(W)F(w)/O Tty — )7 fo(r, @")dr,

21 (1 — w)

gt —gqx0 4 QW T W) on

T ABCw) )

+wig/ e g o0
ABC)(w) J, |\t Tl T AT
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By using integral approximations, the above system can be expressed as follows:

te—1(1 —
S;n—&-l :S*O + Oly, ( w) fl(tn;q)n)

» T T ABC(w)
nooftit
wo j : o—1 _ w1 il
+ ABC(w)I'(w) = /tj T b =TT A, 27,

to=1(1 —
S:Ln-‘rl :S;:O + oty ( w) fZ(tn; (I)n)

ABC’( )
tjt1
ABC’ Z/ (tny1 — )7L fo(r, @™)dr,
t;
*n+1 _ 7x0 gt% 1(1 70‘}) n
L =l = gew) U )
Nt
wo o—1 w—1 n
— = < tn - ,@ d
+ ABC(W>F(W)JZO/1:J r ( +1 T) f3(T ) T
te=1(1 —w)
I*n+1 :I*O Y (I)n
. ) (3.8)
ABC Z/ n+1 _T)w_ f4(7-a (I)n)dT7
*n * Qt% (11— n
App+1 :Apg + #ff)(tn; ")

ABC(w)

n

ti+1
wo 2 : o—1 _ A\w—lgp "
+ ABC(w)T'(w) = /tj T e =) S 2T,

sn+1 _ 4*0 Qtﬁil(l B OJ) n
Apn _Apn + ABC(LU) f6(tm(b )

L

L o—1 _ w—1 n
+ABC(W)F(M)JZ—;J/U 7 (ner = )7 fo(m, @7)dr,
e (1 —w)

A*n+1 :A*O
T T ABCW)

f7(tn7 (bn)

ti+1
wo z : o—1 t - w—1 P")d
+ ABCO(W)l(w) = /tj T e =T S @)l

By approximating 7¢7! f;(®,7) in (¢j,¢;+1) and using the Lagrange interpolation
technique, we have
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i1 _ geo , Ot 1(1-w)
ST =S ABC(w)
o(At)”

ABC (w)I'(w + 2) Zfl@ tj)xcl = fr(®77 1 1) * c2),
Jj=

fl(tn7 (I))+

*n * th 1 1
S +1 _ SnO AB(C,(W) )fZ(tn,(I))+

e s
ABC(w w+2 Zofm ) x el = o770 t-0) x 2],

ot 1l —w

k)

I;n—i—l _ I*O +

p ABC((U) fB(t’ru(b)‘i‘

o(At)¥ - -
ABC(w)T(w + 2) ]Zofg (@7 t)*cl—f3(<I>J tj—1)* 2],

*M * t’rQL—l w
L =10+ QAB(C’(w)‘ﬂl(t”’ D)+

~

UJ

ABC w+2 D Lfa(@ 1) % el = fa(®77 t50) * 2],
]:0

-1 -
ApT =+ Wf5<tn, o)+
A n , 4
ABC( () t()w +2) Z[ff)(q)]atj) xcl — f5(‘1’j_17tj71) « 2,
§=0
_1 _
At = a0+ L8 E = o, @)+
At)* noo |
ABci(u);)(w Ty 2@ 1) w el = fo(@77 ) % c2),
7=0
71 _
A = 4 4 iy
Q(At)w n . ) L
ABC(W)F(w+2) Z[f7(q) ,tj)*cl f7((I) 7%—1)*62],
) =0
=t ((”+1*J)“’(nfj+2+w) —(n—§)*(n—j+2+2w)),
2=t (=3 + 1 = (n =) (n—j +1+w))
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Figure 8. Fractal-fractional solution of the model for different values of p and w

The solution of the fractal-fractional-order model depends on the fractal dimen-
sion ¢ and the fractional order w. As shown in Figure 8, as the fractal-fractional-
order derivative decreased, the susceptible population decreased. Hence, the fractal-
fractional-order is a better representation of the real problem of HIV/AIDS infec-
tion.
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Figure 9. Fractal-fractional solution of the model for different values of o and w

In Figure 9, the graph of pre-AIDS productive and non-productive individuals
increases rapidly for w = 0.85, and ¢ = 0.85, which is relatively unrealistic. The
AIDS class population immediately approaches zero for w = 0.85 and o = 0.85,
and as we decrease the fractional order value, the AIDS class population slowly
approaches zero.

3.3.1. Effect of the contact rate for fractal-fractional model version

A small change in the contact rate (8*) changes the number of infected individu-
als. These values are directly proportional to the class of the infected population.
Therefore, reducing the contact rate will decrease the number of people infected
with HIV/AIDS.
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Figure 10. Effect contact rate if the fractal dimension(o = 0.6) and fractional order (w = 0.8)

The value of 8* = 0.0201 is the fitted value in Table 1, and we test for 5* below
and above this value. According to Figure 10, a decreasing contact rate decreases
the infected population and increases the susceptible population class. Similarly,
the pre-AIDS productive and nonproductive classes.
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3.3.2. Effect of the productivity rate
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Figure 11. The effect of changing the rate of reducing the nonproductive population

Red line( o7 = 0.02,0* = 0.0012,05 = 0.02) ,blue line(c] = 0.01,0* = 0.01,0% =
0.015), green line (o7 = 0.028,6* = 0.003,05 = 0.025 ) and (p = 0.6,w = 0.8). As
shown in Figure 11, increasing the rate of the active population in economic activity
is used to increase the number of productive classes of the population regardless
of their infection; they continue their normal lifestyle and reduce inequality due to
HIV/AIDS infection.

4. Optimal control model

4.1. Extending the fractal-fractional order of the HIV/AIDS
model to optimal control

Here, we extend Equation (2.2) to the optimal control model of fractal-fractional
order of the HIV/AIDS model based on working-class populations. We consider the
influence of the control variable u;(t),7 = 1,2, 3, which varies from 0 to 1. A lack of
control u;(¢) = 0 indicates no control intervention while achieving complete control
u;(t) = 1 is infeasible for certain constraints. The use of intervention measures is
demonstrated by intermediate u;(t) values that fall within the interval of (0, 1). By
incorporating the control variable into this model, we aim to reduce the proportion
of individuals infected with HIV, non-productive, and fully diagnosed with AIDS.
By incorporating the control variable, the model was updated from Equation (2.2)
to Equation (4.1).
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ABFDB“fS; =71"Q" + o1 (us +1)S;, — (Ac + K)S,,
ABE D@2y = (1 —m*)Q* — (T"Ac + 0} (us + 1) + k) S},
ABFD(“;;;I; = NS5+ 0" (us + 1) — (57 (1 — ua) + K) I},

ABEDGEL: = 7 NSy — (0% (us + 1) + 05 (1 — up) + k)1, (4.1)
ABEDSEAY =07 (1 —u) I 4 03 (us + 1) A%, — (ki (1 — ug) + K) A%,

ABEDSEAY = 65(1 — ug)I; — (03 (us + 1) + (k3 (1 — uz) + k) A
ABFngfA* = (ki AL, + k3 AL ) (1 —ug) — (k+ %) A"

*
pn

B(Iy + Iy + Ay, + A7)

Within the force of infection, A, = N * (1 —wu) = (1—
u1)A the initial condition S;(0) > 0,S55(0) > 0,1,(0) > 0,1;(0) > 0,A4;,(0) >
0, A, (0) > 0,A*(0) > 0; all initial values are positive.

The major objective is to minimize the number of HIV-positive individuals in
the selected population class. The cost incurred by interventions, where u;(t),7 =
1,2, 3, are the control variables. To choose the best control unit, we define u; (t) as
preventive control, us(t) as ART treatment, and ug(t) as a special effort to reduce
nonproductivity. We define the objective function (J) with this goal.

ty
J(U17U2,U3) = min / (blS;"L—i—bQI;—|—b3I,*L—|—b4A;p+b5A;n+clu%+02u§+03u§)dt,
0

Uy ,u2,us3

(4.2)
where c¢1, c2, and c3 are positive and represent the cost coefficients of the control
measures u;, the non-negative weights associated with the state variables b;, and the
final intervention time ¢;. The optimal control problem involves identifying control
functions u* that minimize the objective function, considering the state system and
constraints on the control variables, such as:

J(w*) = minJ(u)ju = (uy,us,us) € A. (4.3)

A = {(u1,u2,us)|u;(t) is Lebsgue messurable with 0 < u,;(t) < 1,t € [0,ty], i =
1,2,3} is the closed set, and A is the admissible control set, where, u; prqp are pos-
itive constants that represent the maximum values of the control measures [61,62].
The optimum control problem can be resolved by applying Pontryagin’s principle,
which asserts that adjoint variables \;(t) exist and satisfy the optimality conditions
of the Hamiltonian function Pontryagin [63].

dI (u*) ds: ds* ars  drx dA* dA* dA*
H = p Wit SR W S Vi N W SO Wil T Wi LU sttt
ar Mg Ty Ty AT T Ty AT TATT

The system minimizes the related costate variables with state variables
Sy, Sy Ly, Iy, Ayyy Ay, and A™ at each time ¢, thereby satisfying the differential
equation system Mondal and Khajanchi [64].

d\y —0H d\y, —0H d)\3 —0H d\s+ —0H d\s —0H

dt 9S8y dt  dS;  dt 9Ly dt 9l dt  0A3,’
d _ —OH d\; _ —9oH . B4+ AL+ A
dt — 9Ax, dt  OA* c N

* (1 — uqp), assume
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N scaled to 1. Then,

dA
=00 = M) I+ I+ A+ A (L= ul) + Ak,
dA
=02 = )T (L + I+ Ay + A7)+ (1= ) = Mo (us + 1) = gk — b,
dA
dtS ()\2 - )\4)(1 — ul)T*B*S,: + ()\1 - )\3)(1 - u1)ﬁ*5; - ()\3 + A5)(5T(1 — U1>
— )\3/1 — bz,
d)‘4 * Q% * Q% Ok *
L =M1 —A3)(1—uy)p S, + A2 = A)(L —u)7T*B*S: + (Mg — A3)0" (ug + 1)+
()\4 — )\6)5 (1 — ’ILQ) + Mk — b3,
dt :()\1 /\3)(1 — ul)ﬁ Sp + ()\2 — )\4)7’ (1 — ul)ﬁ Sn + (/\5 — )\7)]€1(1 — UQ)
+ ASH - b47
dt ()\1 )\3)5 (].—Ul)ﬁ Sp +(>\2 —)\4)5 T (].—U1)5n+()\6—>\5)0'2(U3+1)7
(>\6 — )\7)]6';(1 — UQ) + AgKk — b5,
d\7 .
7 =A7(k+ %),
(4.4)
with transversality conditions
N(T)=0, i=1,...,7
Now drive the optimal control functions
8H * * *
87 = 2ciuy + (/\1 — Ag)ASp + (/\2 — )\4)7’ ASn =0,
1
aH * Tk
37712 = 2cousy + ()\4 — )\6)621 ()\6 — )\7)]€2A + ()\5 — )\7)]451 )\551 p =0,
0H . ok - x
873 = 2c3us3 + ()\2 — )\1)0’15n + ()\4 — )\3)0 In + ()\6 — )\5)02Apn =0.
(4.5)
From this system, we solve for the optimal control function wy, us, and us,
wr — ()\3 — /\1)1\5; + ()\4 — )\Q)T*AS,;:
1— 201 )
 — (A6 = A4)0315 4+ (A7 — Xe) k3 Ay, + (A7 — As)RT AL, + As07 1)
2 2y T (4.6)
g — (A2 = A3)01 Sy + (M1 — A3)0" [ + (A6 — A5)a3 A7,

263

u*(t) = min [max (0, u1, ug, us) , 1] .



Fractal-Fractional Order HIV/AIDS Model 1029

0.45 T T T T T T

0.4 F u |

035 1

03 .

0.25 1

0.2 1

0.15 1

0.1f -

0.05

O 1 1 1 1 1 1
0 5 10 15 20 25 30 35

time t (years)

Figure 12. Optimal Control Function

4.2. Simulation of fractal-fractional optimal control solutions

The numerical simulation shows that using all strategies at the same time gives
better results in combating the spread of HIV/AIDS and reducing the nonproductive
population both in susceptible and infected populations. Based on this result, we
discuss only the option to use all strategies at the same time.
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Figure 13. The effect of optimal control on each compartment

As shown in Figure 13, optimal control is applied to increase the productive
population and decrease the nonproductive population after infection.
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Figure 14. Total susceptible, infected productive, infected nonproductive population with control and
without control

When we applied the control variable to the model, as shown in Figure 14,
the total infected population decreased with the control and increased without the
control, but the total infected population in both the productive and nonproduc-
tive infected populations decreased. This means that when we apply the control
intervention, the total susceptible population increases and the infected popula-
tion increases. In addition, after they are infected, the productive class population
remains in the productive class for a long time.

5. Conclusion

In this study, the researchers formulated a fractal-fractional order mathematical
model to analyze the effect of HIV/AIDS on the working-class population in Ethiopia.
The researchers used the Atangana-Baleanu fractional operator following the Ca-
puto operator as the basis for the model. The fractal-fractional model was further
extended to an optimal control model to apply control strategies and study the
impact of HIV/AIDS on the working-class. Banach’s fixed-point theorem and Con-
traction principle are used by the researchers to demonstrate the existence and
uniqueness of a solution to the model. It is also shown that the model is stable
based on Hyers-Ulam stability analysis. The researchers calculated the disease-free
and endemic equilibrium points and used the next-generation matrix to determine
the reproduction number. The reproduction number values are found to be less
than one for the disease-free equilibrium points, which are asymptotically stable.
Fractional-order mathematical model to analyze the effect of HIV/AIDS on
the working-class is solved by using numerical methods. The simulations were
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performed using MATLAB R2020a. The cases of integral, fractional, and fractal-
fractional-order models were solved, and the fractal-fractional-order model was more
realistic and represented the real system accurately. The model was fitted to Model
(2.1) using 23 years of data. The solution of the fractional order for different or-
ders of derivatives was simulated to show the difference between the integral and
fractional-order models, as shown in Figures 6 and 7. This model has the property
of an integral model if the order of the derivative w = 1. In Figures 8 and 9, we
simulate a fractal-fractional model for different values of fractional order and frac-
tal dimension. From this, we understand that the fractal-fractional order model is
better than the integral and fractional-order models in representing the dynamics
of HIV/AIDS infection in the working-class. The fractal-fractional version of the
model is discussed using the contact rate 8*, reducing the value of 8* decreases the
number of people infected by HIV/AIDS, as shown in Figure 10. Therefore, reduc-
ing the contact rate between infected and susceptible populations is important for
mitigating the spread and transmission of HIV. Again, simulations were performed
on the parameters used to reduce the rate of nonproductivity, as shown in Fig-
ure 11. Reducing the number of people in the nonproductivity class increases the
number of people in the productive class, which is important because it reduces the
identified barriers to ending HIV/AIDS, such as discrimination and inequality. This
condition can be supported by appropriate ART treatment and awareness creation
using various methods.

In addition, the researcher has extended the model to an optimal control problem
and numerical simulations, as shown in Figures 13 and 14. Different control mea-
sures are applied to increase the productive population class and decrease the non-
productive population class after infection. Concerning the solutions related to the
deterministic HIV/AIDS model, fractional and fractal-fractional-order HIV/AIDS
epidemic models have shown that the fractal-fractional model is more realistic than
the deterministic and fractional models. For further study, an extension of this
work depends on piecewise mathematical modeling.
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