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Abstract: In this article, we focused on the fractional order modeling, simulations and
neural networking to observe the correlation between severity of infection in HIV-AIDS
patients and the role of treatments and control. The model is structured with eight classes
and a modified Atangana—Baleanu derivative in Caputo’s sense. The model has several
interlinking parameters which show the rates of transmission between classes. We assumed
natural death and death on the disease severity in patients. The model was analyzed
mathematically as well as computationally. In the mathematical aspects, %, was plotted for
different cases which play a vital role in the infection spread in the population. The model
was passed through qualitative analysis for the existence of solutions and stability results.
A computational scheme is developed for the model and is applied for the numerical results
to analyze the intricate dynamics of the infection. It has been observed that there is a good
resemblance in the results for the correlation between the hospitalization, vaccination and
recovery rate of the patients. These are reaffirmed with the neural networking tools for the
regression, probability, clustering, mean square error and fitting data.

Keywords: mABC-HIV-AIDS model; infection; treatment; recovery; neural networking
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1. Introduction

HIV (human immunodeficiency virus) continues to pose a worldwide threat to health,
affecting about 38.4 million individuals as of 2023. HIV is primarily transmitted through
unprotected sexual intercourse, utilizing used needles and vertical transmission from
mother to offspring. If not treated, HIV can advance to AIDS (acquired immunodeficiency
syndrome), resulting in substantial damage to the immune system. Antiretroviral therapy
(ART) has produced significantly better results, with roughly 28.7 million people obtaining
treatment worldwide, contributing to a drop in AIDS-related deaths from 1.4 million in
2004 to an expected 630,000 in 2023. Although cases of infection persist, with 1.3 million
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individuals newly affected in 2023, preventive strategies, including pre-exposure pro-
phylaxis (PrEP), condom utilization and regular testing, are crucial for diminishing the
number of infections and furthering initiatives to manage and eventually eliminate the HIV
epidemic [1-3].

HIV (human immunodeficiency virus) is a retrovirus that broadly infects CD4+ T
cells, which are a vital constituent of the immune system, followed by gradual immunity
deterioration.The virus reproduces and destroys cells, compromising the body’s capacity
to generate efficient immune responses, ultimately leading to immunodeficiency and in-
creasing susceptibility to opportunistic infections and cancers. The transition from HIV to
AIDS (acquired immunodeficiency syndrome) signifies a pivotal phase, characterized by
significant immune system damage, exposing patients to many life-threatening problems,
including tuberculosis, pneumonia and certain malignancies, such as Kaposi’s sarcoma [4].
Although HIV may be asymptomatic for years, its clinical manifestations usually present as
chronic fatigue, unexplained weight loss and lymphadenopathy. Conventional therapeutic
strategies primarily utilize antiretroviral therapy (ART), which involves a combination of
pharmaceuticals designed to suppress the transmission of viruses, thereby reducing the
amount of viral infection, increasing immune function and promoting patient survival.
While ART does not eliminate the virus, treatment results in a significantly improved prog-
nosis, making HIV a tolerable chronic illness when it is consistently treated [5,6]. Current
research efforts aim to enhance therapy options, incorporating potential remedies through
gene therapies, immunomodulation and vaccine creation; however, these initiatives are
still in preliminary phases. Timely diagnosis and continuous treatment are essential for
reducing the long-term health consequences of HIV and improving individual quality of
life [7,8].

Liver transplantation in HIV / AIDS patients offers a novel and intricate therapeutic
opportunity for individuals who progress to end-stage liver disease (ESLD) due to chronic
hepatitis, cirrhosis or liver cancer, illnesses frequently exacerbated by infection with HIV.
HIV directly affects the immune system, resulting in immunodeficiency, and coinfection
with hepatitis B or C virus occurs frequently among HIV-positive patients, significantly in-
creasing their risk of liver illness. Liver transplantation may be considered in these patients
when standard therapies for liver failure prove futile, if the patient is otherwise suitable for
surgery [9,10]. The principal problem in liver transplantation for HIV/AIDS patients is the
necessity of immunosuppressive medication following the procedure to prevent organ rejec-
tion. HIV-positive individuals are inherently compromised; therefore, the administration of
immunosuppressive agents post-transplant requires meticulous management to equilibrate
the risk of organ failure with the potential for opportunistic infections and unrestrained
transmission of HIV. To mitigate these concerns, HIV care in liver transplantation involves
rigorous antiretroviral therapy (ART) to sustain the suppression of viral replication and a
specialized immunosuppressive treatment that prevents excessive immune system com-
promise [11]. Research indicates that liver transplantation can be effective in HIV-positive
patients, especially when HIV is effectively managed with antiretroviral therapy and when
the patient’s CD4 level is sufficient (generally over 200 cells/uL). Furthermore, liver trans-
plantation in this group has exhibited favorable long-term survival rates, akin to those of
HIV-negative persons, contingent upon diligent monitoring and coordinated treatment [12].
Liver transplantation is a high-risk treatment for HIV / AIDS patients, requiring a multi-
disciplinary strategy that includes hepatologists, infectious disease specialists, transplant
surgeons and other healthcare professionals to optimize outcomes [13,14].

Mathematical modeling is a vital tool in the examination of infectious diseases, offering
an analytical structure for examining dissemination developments, predicting epidemic
patterns and assessing measures of intervention [15-17]. By utilizing systems of differential
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equations, these models determine the temporal progression of essential epidemiological
variables, namely susceptible, infected and recovered populations, facilitating the identi-
fication of crucial parameters, such as the basic reproduction number Ry, which dictates
the potential for ongoing transmission [18-20]. The notion of bifurcations in these models
pertains to qualitative alterations in the way the system functions as parameters vary where
a minor modification in variables such as infection rate or recovery duration can trigger a
significant transition from a disease-free equilibrium to an endemic or epidemic condition.
These bifurcations are crucial for comprehending the thresholds at which interventions,
such as vaccination or quarantine, substantially modify the trajectory of an outbreak [21].
Moreover, mathematical models can facilitate the optimization of control methods by sim-
ulating the effects of diverse public health interventions on disease transmission, thus
illuminating policy decisions and improving readiness for future epidemics. These models
provide insights into epidemiological mechanisms and aid in the development of specific
approaches to reduce the societal and health consequences of infectious illnesses [22,23].
Liver transplantation in HIV /AIDS patients offers a novel and intricate therapeutic op-
portunity for individuals who progress to end-stage liver disease (ESLD) due to chronic
hepatitis, cirrhosis or liver cancer, illnesses frequently exacerbated by infection with HIV.
HIV directly affects the immune system, resulting in immunodeficiency, and coinfection
with hepatitis B or C virus occurs frequently among HIV-positive patients, significantly
increasing their risk of liver illness [24-26]. Liver transplantation may be considered in
these patients when standard therapies for liver failure prove futile, if the patient is oth-
erwise suitable for surgery. The principal problem in liver transplantation for HIV/AIDS
patients is the necessity of immunosuppressive medication following the procedure to pre-
vent organ rejection. HIV-positive individuals are inherently compromised; therefore, the
administration of immunosuppressive agents post-transplant requires meticulous manage-
ment to equilibrate the risk of organ failure with the potential for opportunistic infections
and unrestrained transmission of HIV. To mitigate these concerns, HIV care in liver trans-
plantation involves rigorous antiretroviral therapy (ART) to sustain the suppression of
viral replication and a specialized immunosuppressive treatment that prevents excessive
immune system compromise [27-30].

The HIV-AIDS with its transmission in a society with its successful treatment can be
considered in the chain of transformation given in the Figure 1 below.
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Figure 1. HIV-AIDS transmission and treatment with liver transplant and positive recovery.
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1.1. Significance

This study discusses the importance of Al in understanding the complex dynamics of
HIV-AIDS transmission in human population with their control by liver transplantation.
By utilizing the FDEs and NN simulations, the model effectively describes the non-
linear and intricate interactions among various classes of the population, including;
susceptible, exposed, infected, cirrhosis individuals, treated, hospitalized and recov-
ered classes.

The Al-driven sensitivity analysis and model fitting with the help of NN tools for re-
gression and clustering give a deeper comprehension of the parameters that influence
HIV-AIDS progression and the role of treatments.

The use of Al in combination with mathematical modeling gives a powerful tool to
illustrate and optimize important healthcare strategies, such as vaccination and liver
transplantation, to enhance patients’” health and public health interventions.

The integration of Al-based simulations with epidemiological models can guide more
sophisticated control measures, offering invaluable insights for officials and healthcare
providers in managing infectious diseases like HIV-AIDS.

1.2. Novelty

The combination of FDEs with Al techniques, such as neural networks, is a novel tech-
nique to modeling the transmission dynamics of HIV-AIDS, giving more significant
results than traditional methods.

The consideration of liver transplantation as a treatment procedure in the context of
HIV-AIDS dynamical structures to combat the spread of the disease is an advanced
technique offering better results in managing chronic infections.

The sensitivity analysis using Al for parameter variation (e.g., vaccination rate, treat-
ment rate) provides a deeper understanding of how these parameters affect the dy-
namics of HIV-AIDS, which is one of the critical steps towards improving disease
control techniques.

This study’s focus on integrating vaccination and liver transplantation within a unified
model gives a scientific structure of potential interventions, highlighting a better
approach to disease management.

1.3. Aims and Objective

To produce a fractional order model and analyze its results with the Al tools to find
the complex dynamics of HIV-AIDS transmission, treatment and control techniques.

To find the impact of important interventions, such as vaccination and liver trans-
plantation, on the spread and recovery of HIV-AIDS using both mathematical and
computational procedures.

To use sensitivity analysis and neural network-based validation methods to optimize
model parameters and improve the accuracy of disease predictions.

To provide insights into how Al-driven simulations can inform public health strategies
for the effective management of HIV-AIDS and similar infectious diseases.

To contribute to the development of advanced mathematical models that can be
applied to other diseases with more complex transmission procedures, highlighting
the role of Al in epidemiology.

To construct a fractional order mathematical model for HIV-AIDS with the help of
the mABC fractional order operator integrating important disease classes and control
parameters such as vaccination rate and liver transplantation.

To compute and analyze Ry and its sensitivity to various parameters using Al techniques.
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* To compute the disease dynamics under different control sources (e.g., vaccina-
tion, liver transplantation) using MATLAB and Al tools for real-time model fitting
with optimization.

¢ To check the accuracy of the model through NN techniques and perform error analysis
to ensure the accuracy and reliability of the numerical results.

¢ To study the effectiveness of vaccination and liver transplantation on disease outcomes
in improving patients’ recovery and reducing the socioeconomic burden of HIV-AIDS
in a population.

2. mABC Fractional Order HIV-AIDS Model

This section provides a detailed illustration of the mABC-HIV-AIDS model (1). The
whole population is classified into eight sections: susceptible Sg, exposed Eg, infected
L, cirrhosis individuals Cg, hospitalized Hg, liver transplanted 7T, vaccinated Vg, and
recovered Rg class. The infected population transmits the disease, while their rate of
infection differs across different sections. The birth rate A brings new individuals into the
susceptible category, while o represents the vaccination rate of the susceptible class, wherein
vaccinated persons return to the susceptible class with a rate of «. The parameter § indicates
the transmission rate at which the susceptible population is exposed to the infection, € is
the infection rate of exposed people, while y represents the rate at which HBV-infected
persons develop cirrhosis. 7 is the rate at which infected entities are hospitalized, and 7 is
the rate of recovery, ¢ represents the rate at which cirrhosis patients receive medications,
while v and @ represent the rates at which cirrhosis and hospitalized individuals receive
liver transplants, respectively. Moreover, w® and § are the rates of hospitalized and liver-
transplanted individuals, respectively. The natural death rate for all compartments is the
same as p, while, due to cirrhosis, it is represented by p; and y representing the HBV-
relevant death rate. The flowchart in Figure 2 highlights the dynamics of the model, while
the parameters and state variables are explained in Table 1. With the help of "4BC 2¢, for
0 € , the following model is generated:

mABC Sy = A+ aVg — BLeSs — (0 + 1)Ss,
mABC@egy = BLsSe — (€ + 1)Es,

mAPCPTy = efo — (v + 1+ T+ 1) Te,

mABC 0C. = 4Ty — (¢ + v+ p + 11)Co,
mABC e o = 9Cq + Te — (9 + w® + p + o) He,
mABC 70Ty = vCs + 0He — (6 + 1) Te,

mABC 90V g = 08 — (a + 1) Vs,

mABC0R e = w* e + 1L + 6Ts — 4Re.

For the details on the ™4BC g¢ operator, we refer the readers to the work in [31-34].
Here, we analyze the non-negativity of the solution and the feasible region w® for the
order ¢ = 1.

Lemma 1. The state variables in model (1) must be non-negative or equivalently, we have Sg > 0,
20,1y >0,Cp >0, He >0, Te >0, Vg > 0and Reg > 0. Also, the solutions for Sg,
€9, Io, Co, He, Te, Ve and Rg in model (1) remain non-negative for all t > 0, and

A

{t—oosup Ng(t) < o
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Proof. Here, we shall examine non-negativity of the population with initial conditions,
S 2>0, 20,79 >0,Cp >0, He >0,Te >0,V >0and Rg > 0. As

s
d—f = A+ aVs — (BLs + 0+ 1)Sw,
1

as,

it = —(‘BI@ +0'+‘M)S@.
i

By integrating it, we have
Se(t;)) > Se(0)e™ JoH(BTo+o+p)dt >0.

Similarly, we have, for the other classes &g (t;) > 0, Zo (t;) > 0,Ca(t;) > 0, Hs(t;) >0,
T (ti) >0, Vs (t;) > 0and Re(t;) > 0fort; > 0. O

Next, we will find the boundedness of the system variables.
Lemma 2. The feasible region for model (1) can be characterized by

w® = {(Ss,€%,Ls,Cs, He, T, Vo, Ra) € RE® :< Ss,E8,Ls,Co, Ha, T, Vo, R < N, Np(t) < =} )

=|[>

Proof. The proof of feasible region and stability analysis for various kinds of dynamical
systems can be studied in [35]. O

We determine that the disease-free equilibrium (DFE) point for the liver transplantation
in the HIV-AIDS model (1) is obtained by making the right-hand side equal to zero:

Alatp) ,0,0,0,0,0, oA 0).
(a+u)(c+pn) —aoc

B = (80,80, 70,00, 10, TV, RY) = (

(a+u)(c+pn) —aoc

Figure 2. Flowchart for liver transplantation in HIV-AIDS infected individuals of (1).
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Table 1. Parameters and their details.

Parameter Descriptions

A Recruitment rate of the susceptible

The HBV transmission rate

o Vaccination rate

« Rate of vaccination effectiveness over time

] The rate of treatment for the cirrhosis patients

v The rate of liver transplant to the cirrhosis patients

¢ The rate through which treated persons move to transplant
w® Rate of recovery of those who were properly treated

) Rate of recovery in liver-transplanted individuals

U Natural death rate

U1 Death ratio among the cirrhosis patients

U2 HBV-related death rate

n Rate of hospitalization

Rate of recovery of the patients
€ Infection rate among the exposed people
0% Rate of transformation from HBV to the cirrhosis category
The %, for the model is

BeA(a+ 1)
((a+u)(oc+pu) —ac)e+pu)(y+n+T+u)

)

Ry =

The disease-free equilibrium (DFE) point for the liver transplantation in HIV-AIDS-
infected persons (1) is given by

A+ p) oA
= (S0 €0 70 (00 9,0 0 0y _ .
In accordance with Lasalle’s invariance principle [35], the disease-free equilibrium Fy
can easily be shown as globally asymptotically stable in w® for the % < 1.
The endemic equilibrium (EE) point of Model (1) is F¢, let F¢ = (Sga, ES, I§, CS, HE,
Tg, VE, RE,) of Model (1). We have

A+ aVg

_ vCE + oHG
etp’ Tyt tTr Y etviptm T 9wttt

Es Te = d+p

®°

’

[C—
® =

oSS R — w®H, 4+ TI§ + 0TE,

atp’ F L

Next, we study the local and global stability of the endemic equilibrium, F°.
The parametric values are explained in the following Table 2.

Table 2. Parameter values.

Parameter Value Source
A 21 [Estimated]
B 0.002 [Estimated]

o 0.08 [Estimated]
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Table 2. Cont.

Parameter Value Source

% 0.1 [36]
n 0.02 [Estimated]
T 0.02 [37]
€ 0.1 [Estimated]
0% 0.0299 [38]
[ 0.28 [36]
v 0.04 [Estimated]
9 0.03 [Estimated]

w® 0.32 [36]
1) 0.02 [Estimated]
U 0.0199 [38]

U1 0.003 [37]

U2 0.004 [39]

3. Qualitative Analysis of the HIV-AIDS Model

For the main results of this paper, a Banach space of Z = {u € C([0,T] : R)}, witha
norm [|u|| = maxco 1] [u(t)], is introduced.

Assuming kernels for the simplicity of the calculations, as under 2; and y;, i € N§,
some examples, as under

o
N
o

(4)

S
N\
>
Il
&
®

|
=
4
=
>

i
&
®
I
g

®
X
®
+
N\
®
+
<,
B
\
=
S
®

(«/®): For the mathematical analysis of the mABC-HIV-AIDS model (1), we presume that
8@(1’), g@(t)r I@(t)r C@(t)r H@(t)/ T@r V@/ R@, S(%(t)/ g(%(t)l I(%)(t)/ C%(t)/ H%(t), 7—*®r
Ve, RS € L[0,1], and [|Ss[l < 91, [Eall < ¢2, [ Zall < ¢35, [Call < ¢u, [Hell < w5,
1Tl < W6, Vel < ¥7, |Rell < s, where i; > 0 are positive constants.

Theorem 1. The Lipchitz criteria is satisfied by the kernels 2;, fori € {1,2,...,8}, subjected to
the condition that («/®) holds true and satisfies ¢ < 1fori € {1,2,...,8}.

Proof. For the proof of LC criteria for the kernel 21 (t, N;), we have

[21(t,Se) — 21(t Se®)|| = [[A+aVe—BLeSe — (04 1)Se — (A+aVey — BLeSE — (0 + u)ST) ||
< (Bps+o+u)||Se — S5l
< ¢1]|Se — SZ,

where ¢ = By5 + 0 + . Hence, 2; satisfies LC and ¢?° < 1. Similarly, we can reach to
the situation wherein 25 (t, N7;,) obeys the LC with constant ¢ = € + u, where ¢5 < 1.
For ¢ = v+ 1+ T+, so that 95 < 1. For 24, we have ¢f = ¢ + v + u + py, with
95 <1, 24 satisfies the LC requirement. Similarly,
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O+ w®+u+pp <1, fori=5,

%QB: b+u<l, fori=6, )
a+pu<l fori=7,
u<1, fori=S8,

implies that 2;, fori =5, ..., 8, satisfy the LC requirements. This completes the proof. [

Theorem 2. With the assumptions (/%) and ¢; < 1fori € {1,2,...,8}, the mABC-HIV-AIDS
model (1) for the liver transplantation in HIV-AIDS-infected people has a solution.

Theorem 3. With the assumptions (/%) and ¢; < 1fori € {1,2,...,8}, the mABC-HIV-AIDS
model (1) for the liver transplantation in HIV-AIDS-infected people satisfies the requirements of
uniqueness for the solutions.

Theorem 4. With the assumptions (/%) and ¢; < 1fori € {1,2,...,8}, the mABC-HIV-AIDS
model (1) for the liver transplantation in HIV-AIDS-infected people is Hyers—Ulam-stable.

Theorem 5. With the assumptions (/%) and ¢; < 1 fori € {1,2,...,8}, the mABC-HIV-
AIDS model (1) for the liver transplantation in HIV-AIDS-infected people is generalized Hyers—
Ulam-stable.

The proof of the Theorems 2-5 can be derived with the guide lines from the works
n [15-21].

4. Computational Scheme and Simulations
With the help of [31-33], we have the following numerical scheme for the proposed
model for the modified ABC derivative:

S S L S S LA S S SO (S TP O S )
®+1 = ©® B(o) "% " T(o+2) i1 ®j—1 ] JTe

- k24 20)) = Sapa (k- 1ot

. . 1-0
- (k—j+1+ k—zgﬂ— S2(1+ kh
(k=i 4140k =i ) | = Gtsd (14 Frigy ()°).
_ 0, 1-0 oh® Lk ; ;
Eory1 = ot B(o) g®k+r(g+2)2j:1 Eajq| (k—j+1)%(k+2—-j+0)

- (k- i)Q(k+2—j+2Q)> —&j1 ((k—i+ 1)eHt

- (k—j+1+g)(k—i)@>} - IB(_Q)%%(HF(QH)(M) )
Tog1 = 1%4—;(_@91@,(-5- (STZ) [Io] 1(( —j+Dk+2—j+0)

- (k- )(k+2—]+29)) ]1<(k—i+1)9+1

— k=1t~ >@)} B2 (14 gy ()e),
Corp1 = C%+Z(_g§)c®k Q+2 {%);1( —j+Dk+2—-j+0)

— (k—i)9(k+2 —j+2g)) —Coj1 ((k—i+ 1)0t!

- (k—j+1+g)(k—i)9>}—;Z—ch%(1+r(g+l)(kh)) (6)
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1-— oh?

0
Her +
B(g) "** " T(o+

- (k- i)Q(k+2—j+2g)) —H@j,l((k—iﬂ)gﬂ

H®k+1 = 'H%+ 2)2;-(:1 |:'H®j,1((k*]'+l)9(k+2*j+Q)

— (k—jr1eo)k- i)‘\’)} - %’H%(l + iy k),

he . .
g )Zj;l {T@ajq ((k—] +1)%k+2-j+0)

I'(o+2

-0
(0)

— (k—i)%(k+2 —j—l—ZQ)) —Toj ((k—i+ 1)0t!

1
Tok1 = 7E§+B Tor +

- k=) | - AT (1 g ),
Vet g i Ve (k=i Dok 2= 4 )

()
— (k—i)°(k+2 fj+2g)) Va1 ((k—iJr 1)0t!

1
Veks1 = VC%+B

- (kfj+1+g)(kfi)‘~’)} —%V&(Mrr(gil)(kh)g),

he . .
O T [Reja (k= j+ )8k +2 - +0)

T'(o+2)

I-o
B(e)

— (k—i)%(k+2 —j+2g)) —R®j,1((k—i+1)€+1

Rer1 = RO+ Rey +

) . 1-— i
— (k—j+1+0)(k- 1)9)} - Tef%(l ey (kh)®).
The %, plays an important role in the dynamics of the HIV-AIDS transformation
as well as its control. In the present work, we considered the liver transformation as
one of the techniques that can be useful in the control of the HIV-AIDS propagation and
to improve the recovery rate. Some simulations were carried out for %, as a graphical
illustration with the use of Matlab 2020a. The dependency of %, on different parameters
is graphically explained in Figure 3. This figure is composed of six subfigures. The first
subfigure (Figure 3a) illustrates the graphical structure of % for the variant 8 and 7y in the
interval [0, 0.1]. The second subfigure (Figure 3b) shows the %, dependency over the u
and o. In the third subfigure (Figure 3c), we have stable simulation results for % for most
of the interval but in some places there are variations which show the dependency of %,
over ¢ and B. The fourth subfigure (Figure 3d) highlights the roles of B and y which are
sensitive parameters to the dynamics of %. Both the pairs &, y and €, p are sensitive and
their impact on % is shown in Figure 3e and Figure 3f, respectively.
The simulations are based on the following numerical values: A = 25, « = 0.1,
B =0.002, 0 = 0.08, u = 0.0199, € = 0.07, ¥ = 0.02999, y = 0.03, T = 0.02, and ¢ = 0.28.
v =0.04, y; = 0.003, ¥ = 0.03, w® = 0.32, yp = 0.01, § = 0.02. The time interval for this
computational analysis is considered [tp = 0, + = 80], and its step size is At = 0.1.
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Figure 3. Different graphs of %, for variant parametric values. (a) Graphical representation of %y
for the variant 8 and +; (b) Graphical representation of % for the variant ¢ and y; (c) Graphical
representation of % for the variant § and o; (d) Graphical representation of %, for the variant § and
u; (e) Graphical representation of %, versus A and «; (f) Graphical representation of %, versus u
and e.

The computational scheme (6) is applied to the mABC-HIV-AIDS model (1) for the
different fractional orders. The projections of the model are enlisted in Figure 4. This
figure has eight subfigures. The first subfigure Figure 4a illustrates the dynamic structure
among the susceptible population with respect to time. It is observed that this population
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decreases quickly in the first two weeks and then goes to a stable point. This class is
analyzed for e € {0.05, 0.1, 0.15, 0.2, 0.25}, « € {0.99, 0.96, 0.93}. The decrease in the
susceptible population has greatly triggered the increase in the exposed population of
the model shown in the subfigure Figure 4b. The decrease in susceptible population and
increase in the exposed class of the populations have ultimately greatly impacted the
infected population in the early 20 units of time, which is shown in the subfigure Figure 4c.
The major portion of these HIV-AIDS-infected populations is transferred to the hospitalized
people class, which has seen a significant increase in the early 20 units of time illustrated
in the subfigure Figure 4d. The subfigure Figure 4e describes the cirrhosis population for
the varying situation of € and «. In the hospitalized population, some of them are referred
to the liver transplantation given in Figure 4f. This population depends on the number of
infected and hospitalized people. The maximum population of transplanted patients is
observed at the interval (20, 30), which slightly decreases and then reaches stability. The
vaccinated population is presented in the subfigure Figure 4g for the variant € and «. These
efforts can greatly improve the recovered population number, which has been affirmed in
the subgroup of Figure 4h.
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Figure 4. HIV-AIDS model (1) for fractional order 0.98. (a) The time-varying number of susceptible
entities (Sg) under the influence of 7 and «; (b) The time-varying quantity of exposed population
(@) under the influence of 77 and «; (c) The time-varying number of infected individuals (Zg)
under the influence of 7 and «; (d) The time-varying number of hospitalized entities (Hg ) under the
influence of 7 and «; (e) The time-varying number of vaccinated people (Vg ) under the influence of
o and &; (f) The time-varying number of treated entities (7g ) under the influence of ¢ and «; (g) The
time-varying number of susceptible entities (Vg ) under the influence of o and ; (h) The time-varying
number of susceptible entities (Rg ) under the influence of ¢ and «.

Figure 5 is an illustration of the dynamics of the model in surface graphical presen-
tation. It is composed of eight subfigures. The subfigure in Figure 5a is the susceptible
population under the influence of 6 while the subfigure in Figure 5b is the susceptible
population under €. In both cases, we have almost the same decrease but, in the case of
€, we observe the decrease over slightly longer time as for 6. The exposed population is
greatly informed by the variation in € and 6, as shown in the subfigures in Figure 5¢,d. In
the case of €, the growth of the population decreased slowly while, in the case of variation
in 0, there is a sudden decrease. HIV infection rate under the influence of 8 is given in the
subfigure in Figure 5e, where the 0 varies from 0.01 to 0.05. The cirrhosis class is illustrated
in the subfigure in Figure 5f for the variant € € [0.05, 0.2]. The dynamics of the hospitalized
patients with respect to 0 is explained in the subfigure in Figure 5g, while the subfigure in
Figure 5h is the recovered class of population for the variant #. All these computational
results illustrate a good resemblance in the good recovery of the patients which affirms the
validation of the liver transplant in the HIV-AIDS patients. To further make it clear that
the results obtained are correct and there is no significant error in the computational proce-
dure, we apply artificial intelligence on the data of liver transplantation in the HIV-AIDS
model (1).
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Figure 5. Cont.
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Figure 5. Impacts of the parameters over different classes of Model (1) for fractional order 0.98.
(a) Susceptible population (Sg) under the influence of 6; (b) The impact of € over the (Sg) with
respect to f; (c) Illustration of the impact of € over the exposed population (€g) with respect to t;
(d) Impact of the 6 over the (£g) population; (e) HIV infected population (Zg) under the influence of
8; (f) The timely variation in (Cg ) under the influence of € and «; (g) Hospitalized population (Hg)
under the influence of  and «; (h) Recovered population (Rg) under the influence of .

Figure 6, shows four subfigures. Figure 6a illustrates the training of data for 500 input
values and 500 target values of the liver transplantation dynamics in the HIV-AIDS patients.
A random data division was assumed with the application of the Levenberg—Marquardt
technique for the mean square error analysis. This technique divided the 500 inputs into
three categories. Training data assumed 350 inputs, validation took 75 and testing data
were considered to be 75 inputs. Neural networking for the liver transplantation in the
HIV-AIDS patients can be seen in Figure 6. There are four sub-graphical presentations
which are explained here. Figure 6a illustrates the data training of the model (1). The
analysis is made for 1000 epochs with gradient 0.010995, u = 10 x 10~° with validation
checks at 0. Once the data are trained for the analysis, the mean square error analysis is
calculated among the train, validation and test sets and the best validation performance
is obtained as 9.215 x 10~° at epoch 1000, which is shown in Figure 6b. The clustering of
hospitalized population and cirrhosis is illustrated in Figure 6c with three types of clusters
and a centroid. The error distribution among the cirrhosis patients is explained in Figure 6d,
which is acceptable and is bounded with positive contact followed by 1073.



Fractal Fract.

2025, 9,16

15 of 18

Instances

Gradient = 0.010995, at epoch 1000

gradient
3

E

Mu = 1e-06, at epoch 1000

Checks = 0, at epoch 1000 -

1000 Epochs

@)
20 Clustering of Cirrhosis and Hospitalized Data
35 K
30
Foas
= ’
3 Ve
%‘ 20 [ e
s /./ — =— Cluster 1
8 15 L Z = = Cluster2
B =z Cluster 3
/;" 3 Centroids
10 - P
=
5|
o
o 5 10 20 25 30

15
Cirrhosis C(t)

()

104

Mean Squared Error (mse)

Error

Best Validation Performance is 9.2151e-06 at epoch 1000

Train
Validation
Test
Best
o 200 400 600 800 1000
1000 Epochs
i Error Distribution for Cirrhosis Population
_
.
Lo
[7
o 50 100 150

Frequency

(d)

Figure 6. Neural networking for the liver transplantation in the HIV-AIDS dynamical system for the

modified ABC sense of derivative (1). (a) Training of data for the model (1); (b) Mean square error

analysis with best validation performance 9.2151 x 107%; (c) Clustering of cirrhosis and hospitalized

patients; (d) Error analysis of the data.

Figure 7 highlights the neural networking analysis for the liver transplantation in

the HIV-AIDS dynamical system (1). It is composed of four subfigures. Figure 7a shows

the error histogram for 20 bins which are surrounded by the zero error for the highest

number of points up to 1100. This histogram data analysis shows the normal distribution

of the data with error bounded by 10~ by maximum data points. This subfigure has four

types of graphs for the zero error, training data, testing data and validation. All these are

surrounded by the zero error and have the normal distribution of the data. The correlation

between the cirrhosis and hospitalized data is expressed in Figure 7b. Figure 7c shows

the neuron index for the input weights visualization of three types of clustering data. The

regression analysis is carried out in Figure 7d among the training, validation and testing

data with R = 1. Thus, the model’s (1) is reaffirmed with its results by the neural network

approach.
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Figure 7. Neural networking for the liver transplantation in the HIV-AIDS patients of model (1).
(a) Error analysis in the hospitalized population by histograms for 20 bins; (b) Correlation between
the cirrhosis and hospitalized patients by means of histogram; (c) Neutron index for the input weights
visualization; (d) Regression of the HIV-AIDS data for the model (1).

5. Conclusions

This article is a collection of new scientific results and analysis of HIV-AIDS patients
with their treatment and liver transplantation strategies with the help of the mABC operator.
How the population is affected by the HIV-AIDS-infected persons and to which extent
liver transplantation plays role in the mitigation of the disease are analyzed. The channel
of disease transmission is shown in the cyclic chart in Figure 1. This study is divided
into two major sections, namely qualitative analysis and computational work. Initially, a
mathematical model is framed with eight groups of people and the transformation from
one group to another is illustrated in Figure 2. This structure gives the mathematical
formulation of the model (1) where the fractional order mABC operator mABC@g is in
the Caputo’s version of the modified AB derivative. The %, of the model is numerically
evaluated and analyzed for the impacts of the parameters in Figure 3. The model is
then analyzed for the qualitative results including the existence of solution, uniqueness
criteria and stability analysis. The necessary conditions for these results are based on the
assumptions in (&/®).

For the numerical simulations, we developed a computational scheme (6). The scheme
is then applied to Model (1) for solutions and the results are plotted in Figures 4 and 5,
as 2D and 3D graphs which show the impacts of the parameters over the dynamics of
the model. These computational results affirm the positive impact of the medication and
liver transplantation in the HIV-AIDS patients. And these results are then reaffirmed by
artificial intelligence in Figures 6 and 7. The optimization of transplantation protocols
and the exploration of long-term health outcomes from vaccination and transplantation
strategies with the use of more advanced mathematical techniques are detailed in [15-21],
and this study can be continued for more useful results.
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