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Abstract: This study develops a computational framework using a Levenberg-Marquardt
backpropagation neural network (LMBNN) to solve the fractional-order Buruli ulcer (BU) and
cholera model, integrating key aspects of microbial genetics and disease dynamics. The
fractional-order model accounts for ten distinct categories, reflecting the nonlinear dynamics
of infection, pathogen evolution, and host-pathogen interactions. Numerical solutions are
derived using the stochastic LMBNN approach, supported by a dataset optimized with the
Adam scheme. The data is partitioned into 76% for training and 12% each for validation and
testing to minimize the Mean Square Error (MSE). The neural network employs a single layer
with twelve neurons and a log-sigmoid activation function, offering precise approximations of
disease dynamics. Validation against reference solutions shows negligible absolute error,
confirming the solver's reliability. Statistical analyses further validate the model's robustness,
making it a valuable tool for studying genetic resistance, microbial evolution, and the dynamics

of infectious diseases.
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1. Introduction

This research bridges the fields of microbiology and genetics by employing advanced
fractional-order modeling and computational neural networks to analyze and predict the
dynamics of infectious diseases such as Buruli ulcer and cholera. It provides a powerful
framework for understanding pathogen behavior, environmental interactions, and the impact
of antibiotics, while also integrating genetic factors that influence disease susceptibility and

pathogen evolution. By combining genetic data with mathematical models, the study enhances
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our ability to explore host-pathogen interactions, genetic predispositions, and the emergence
of drug resistance. Furthermore, it supports genomic surveillance, precision medicine, and co-
infection analysis, offering a comprehensive approach to tackling microbial infections and
advancing public health interventions. This innovative methodology holds the potential to
revolutionize the study of infectious diseases, addressing their complexity with

interdisciplinary precision.

The construction of the mathematical systems for the epidemic diseases presents the nonlinear
practice, which contains the infection dynamics in order to regulate the best possible
controlling tactic [1-5]. The principle of fractional form is used to generalize the mathematical
representations frequently built in ordinary or partial differential systems is now being
investigated and is thought to be highly effective. Some of the diseases are mentioned with two
modeling variables based on the problems of real world [1], modeling of Hepatitis E virus using
the fractional kind of derivative [2], a novel fractional epidemic system [3], coronavirus system
[4], and piecewise systems [5]. The better understanding of the infectious disease systems, the
differential model should be formulated first in ordinary differential systems and then

generalized into a fractional kind of models.

Mycobacterium ulcerans is the causative agent of Buruli ulcer (BU), sometimes referred to as
necrotizing dermatitis, along with other transmissible diseases [6]. As things stand, the illness
has been detected in a number of nations worldwide, with the tropical region having the highest
rate of infection. Most West African nations, notably Cameroon, Cote d'lvoire, Ghana, and
Benin, which had the maximum occurrence; these nations accounted for about 80% of all cases
that were reported worldwide [7]. Every endemic nation has foci where the disease is frequently
observed. However, those who live in these environments are typically extremely poor and

face significant obstacles in getting a chance at high-quality healthcare in their local areas [8].

The early detection of the illness and the administration of antibacterial agents, such as
rifampicin and streptomycin for a minimum of two months are the only effective ways to stop
the propagation of the BU contagion [9]. In a more advanced state, the lesion can require
debridement or grafting, which will facilitate eventual and healing assist in avoiding
abnormalities [10-12]. Long hospital stays are a hallmark of BU, which financially burden
both the public and those being treated [13]. For example, the first comprehensive surveillance
system implemented in Ghana discovered about 1200 BU cases between 1993 and 1998.
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Unexpectedly, over 9000 instances were registered nationally between 2004 and 2014. Located
in Ghana's Ashanti Province, the most prevalent area is Amansie West. It is closely linked to
artisanal mining. Such communities frequently experience cholera outbreaks as a result of
unprotected pit excavations. The illicit mining operations foster an atmosphere that is favorable
to the growth of Mycobacterium ulcerans. This ultimately exposed children to poisons in the
atmosphere and impairs their immune systems, which makes them more vulnerable to a variety
of illnesses, most notably cholera because of inadequate sanitation brought on by the

communities' extreme poverty [14].

J. Snow discovered cholera in the previous century, and that is how it is known today. In Sub-
Saharan Africa, it is a common disease, although in West Africa Guinea is said to have been
the first nation to report this illness [15]. The first recorded cholera’s case reported on
September 1, 1970, where a Togolese national received a diagnosis at Kotoka airport [16]. In
Ghana, there were at least five significant cholera occurrences; the worst of them, with 243
recorded deaths, was in 2014. Approximately 3 to 5 million individuals are affected by the
disease annually; African and Asian regions have seen the majority of instances [17]. The
infection based on the cholera is linked with a serious diarrheal produced by the intestine
infection along with the cholera of bacterium Vibrio. The state of infection is classified as mild,
moderate, or severe, with approximately 20% of those infected displaying severe symptoms
[18]. The symptoms of cholera include watery diarrhea and vomiting, which cause the affected
person to run out of water and become exhausted [19]. As the intended course of therapy is not
followed, the results are disastrous and the patient's life is in danger. Two established pathways
have been identified for the cholera propagation: diseased people and the environment's aquatic
reservoir [20]. Reducing the number of infections can be achieved by minimizing the
environmental contaminants. In order to effectively stop the spread epidemic cholera over time,
each community has to follow good sanitation and hygiene. Both diseases are quite widespread
in Sub-Saharan Africa, especially in Ghana, as mining by artisans has left several unsanitary
circumstances and stagnant water bodies that lead to cholera. Such mining villages typically
have stationary bodies of water that are home to Mycobacterium ulcerans. Gaining a thorough

grasp of the two illnesses is essential for emerging nations in West Africa, especially Ghana.

The mathematical modeling plays a vital role in order to better understand the disease spread
dynamic and proper control mechanisms result in effective interference. Numerous
investigations on the mathematical systems of cholera and BU have been conducted previously.
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Some studies in the context of mathematical models are accessible in the scientific community
to handle the complexity level of the cholera dynamics. For instance, the scientists created a
mathematical form of the system, which is combined with the dynamic of cholera's
environment into a traditional susceptible, infected and recovered (SIR) model [21]. The
extension of the SIR system is presented by incorporating the hyper communicable pathogen
nature [22]. The modification of the pathogen threshold based on the infection density is
presented in [23] with particular consideration using in-reservoir pathogen dynamics and

human—environment communication.

The cholera and BU disease model is considered one of the important system and various
traditional techniques for the numerical solution of this model have been exploited. However,
the execution of the stochastic framework based on the Levenberg-Marquardt backpropagation
neural network (LMBNN) has never been implemented before to solve the fractional order BU
and cholera model [24]. The fractional order derivatives are used to achieve more precise
solutions of the model. In current decades, these solvers have been used in many applications,
some of them are coronavirus model [25], HIV infection system [26], influenza disease model
[27], food chain system [28], and breathing spreading epidemic model [29]. The mathematical

form of the model is given in the system (1) [24].

Si(t) =7, +WR, (1) + 4R, (1) + OR (1) = (B, + 1, + B,1, (1)) S, (1)
15 (®) = B,1, (1)S, (1) = By (©) = (14, + 17 +K) 1, (1)

(1) = B,S, () = Bl (D1, () = (1 + 14, + ) 1 (1)

Dl (t) = B, 1. ()1, (6) + B, (1) (@ + 4, + 7 +5) Dy (1)

Ry (t) =71, (1) —£(6 ~1) Dy, (1) — (¢ + 14, ) R, (1)

Ri(t)= ol (1)~ (s ~D)(6 ~1) D, (t) - (1, + ) R.(t)

Ri (1) = 5D, (£) — (1, + @) Ry (1)

B'(t) = @( oDy (1) + 1) Rye (1) — 14,B(1)

Si(t) =7, =B, (Dy (1) + 11, +1,(1) S, (1)

1) = B, (Dye )+ 1, (1) S, (1) — 4,1, (1)

M)

151



CATTLE PRACTICE ISSN 0969-1251
32(12)

Where prime shows the derivative at time t, the detail of each parameter is described in Table
1.

Table 1: Description of each parameter used in the system (1)

Parameter | Details

Nh Total human population

Sh Susceptible human

Ib Infected with BU

Ic Infected

Dic Infected human with both cholera and BU

Rb Human’s recovery from BU

Rc Human’s recovery from cholera

R Human’s recovery from both BU and cholera

Nv Vector’s population

Sv Susceptible water bugs

Iv Infected water bugs

B1 Probability to obtain the infection by cholera

B Bacteria population

T Recruitment rate based on the healthy individuals

A Contact rate of Mycobacterium ulcerans based on the humans

land y Death rates based on the cholera

B Probability of human bugs receiving infection with BU

Bv Probability of water bugs receiving infection with BU

Brand k Human'’s probability to get infection with BU

@ BU related to the death rates

w Average influence of each cholera infected to the aquatic cholera’s
population

¢, Y, 0 Rates of immunity waning

n,0, 0 Rates of recovery

Un Human’s bugs mortality rate

Uy Water’s bugs mortality rate

£ Modification parameter

Bv probability of the Water bugs probability to get the BU infection

Ub Bacteria’s death rate

The fractional kind of models is obtained by using the non-integer order derivatives and always
considered complex nature. These derivatives obtained enormous attention due to frequent
submissions in the area of science and engineering [30—32]. The fractional kind of derivatives
represents a wider level of promises to design the model based on memory conditions. The
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fractional kind of systems represent more accurate indications using the biological and physical
fields and provide better performance using the power-law behavior, which is implemented in
the engineering and natural systems. These derivatives are applied in the area of biology to
examine the features of the rheological cell [33-34] and present a complex representation based
on the physical systems [35-36]. The mathematical form of the fractional order BU and cholera

model is shown as:

Sy (t) =7, +WR (1) + 9R, (1) + OR, (1) — (B, + 1, + B, (1)) S, (1)
o (1) = 4,1, 0, (1) = B, (©) = (1, + 17 +Kk) 1, (t)

12(1) = BS,(0) = B O, —(1+ 4, +7) 1. (1)

Dy (t) = B, 1. ()1, (©) + B 1, (t) = (@ + 4, + 7 + ) Dy, (1)

Ry (1) =71, (t) —£(6 ~1)Dye (1) — (¢ + 14, ) R, (1)

R (1) =l (t) = (6 ~1)(6 ~1) D, (t) - (14, + v ) R. (1)

R[ﬁ (t)= oD, (t) _(,Uh + ‘9) Roc )

B"(t) = @( oD, (t) +1,) Ry (t) — 14,B(1)

S, (1) =7, = B, (Dye () + 1, + 1, (1)) S, (1)

1'(t) = B, (Dye (0) +1,(1)) S, (1) = 14,1, (t)

)

Where R represent the fractional order Caputo derivative that exist between 0 and 1. The novel

features of current work are presented as:

e A design of stochastic paradigms is presented to solve the fractional order BU and
cholera mathematical model.

e The fractional kind of derivatives provides more consistent results as compared to
integer order.

e Three different cases based on the fractional order derivative values have been used to
solve the model.

e The principles based on certification, testing, and training are functional to regulate the
capability of the Adams method to create a dataset.

e The scheme correctness is perceived through the negligible absolute error (AE) and

result’s comparison.

The remaining parts of this work are given as: The stochastic approach is constructed in Section
2, the model’s output are shown in Section 3, whereas the conclusions are drawn in Section 4.
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2. Proposed LMBNN procedure

This section presents the stochastic computing structure and the scheme’s execution. The
proposed scheme is implemented to train the neural networks in order to solve the fractional
kind of BU and cholera model. The implementation of this approach is mostly applied to solve
the nonlinear systems for adjusting the network’s weights in order to obtain the best values of
the fitness. A neural network structure based is suggested to achieve the nonlinear relationship
in the target performances along with input topographies. The system framework keeps a
hidden, input, and output structure of the layers. The neural network’s weights are adjusted,
and the dataset is used to be trained through the inputs as well as outputs. The training data is
fed into the process of iteration using the LMBNN. The designed LMBNN is generally applied
to present the solutions of the nonlinear regression systems and curve fitting because of the
elements of gradient descent and the Gauss-Newton approach. Fig. 1 presents the description
of the fractional BU and cholera model. In the first part of Fig. 1, the mathematical model based
on each class is presented, the procedure of reference solution and the detail of the proposed
solution is described in the second part of Fig. 1, while the obtained results through the designed
structure for the fractional BU and cholera model are presented in the last half of the Fig. 1.
The scheme performances to solve the fractional BU and cholera model are described based
on the ‘nftool” command, which is a one of the optimization schemes in the “MATLAB”
software, a structure of the layer, epochs, tolerance10, n-folded cross authentication, 0.01 step
size, twelve neurons, LMBNN procedure, while the activation function is used as log-sigmoid in
this study. A dataset is applied to reduce the mean square error (MSE) by splitting the statics
12% for both endorsement and testing, while 76% is applied for training in order to solve the

BU and cholera model.
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1. Problem Fractional order mathematical nonlinear model

Sh(t) = ly + oRp + ©Re + ORpe — (lu:’n - J’)Su —~ 1uSu,

15(2) = Bul.Sy — (llu + K+ 'I) Ip — 57 1n.

l;.(l) - Sl A — (p” + I+ o) I + 3°Sy.

Intelligent computing Dipe(8) = Bul dc — (,,,, +yv+ 0+ a) Dpc + B Ip.
framework
Construction of a multi- Fy(t) = nlpg — %}ln + o) Rp + v(l ~ 6) Dge-,

layers LMB based neural ;
Re(t) =olc — (v + p") R + (l - c) (l - 6) Dye-.

networks for the
mathematical form of the .
A Ry (t) = 8Dge —
dynamics of the BU cholera ac(®) o
model Qet) = ol - ..:(I(v- + pDpc ) — uaft,

M+ )Rpc,

SL(e) =1, — .!,,(l" + D,“-)S,, - $20See

I.(t) = J.,(In - I)uc)S., — pod,.

2. Methodology: LMB neural networks

Reference outputs Obtained performances of the solutions
Database construction using the numerical Achieved performances of the LMB neural
performances of the computing solvers through the networks through the reference data for the
Adam method for the mathematical form of the mathematical form of the dynamics of the BU
dynamics of the BU cholera model cholera model

3. Results with analysis

—a— Casa-1

=@ Case-2

e Case-3
* Ref

0.2 0.4 0.6
Inputs

Approximate LMB together with the artificial neural networks performances as well as the values of the
fitness, STs, MSE, EHs, regressions for the dynamics of the BU cholera model

Figure 1: Workflow illustration to solve the fractional BU and cholera mathematical model.
The process of LMBNN approach is implemented to solve the fractional BU and cholera
mathematical model is illustrated in Fig. 2 by using twelve numbers of neurons, which are
validated through the optimal performances of overfitting or underfitting based on the
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corroboration and training statics at epochs 33, 28 and 33. The performance of the scheme can
be obtained better by taking higher numbers of neurons, but in this case the complexity cost
gets high and overfitting can be performed, while to go against it the underfitting or premature
results can be achieved by taking small neurons. For the lesser training values, i.e., 44 % to 55
%, the increment is performed in MSE and poor observations have been assessed normally. In
the disparities of this, the training is used around 76%, while 12% for both endorsement and
testing. While the computing strength solver is not severely documented using the unbiased data
to choose the targets. Fig. 2 performs the layer structure to represent the solutions of the

fractional BU and cholera mathematical model.

Imput

T T Hiddem ™)
L~1 [ = |
@
| — I
- 1=
- T Dulpuﬁ
L~1 [ = |
@

. L Ly

+ Cutpui

Figure 2: A design of the layers to solve the BU and cholera model
3. Numerical solutions

This section represents the calculated outcomes based on the BU and cholera model by
applying the procedure of LMBNN. The numerical results of the system (2) are provided by
choosing the values of the parameter as 7, =0.1, $=0.12, v =0.14, §=0.16, g, =0.18,

p,=02, =026, =024, k=022, 1=03, 0=0.28, =032, §=0.36, @ =0.34,
=038, w=042, 4 =04, n,=046, x4, =05, B =048, p=04 and the initial
conditions are selected as S, (0)=0.1, 1,(0)=0.15, 1,(0)=0.2, D,.(0)=0.25, R,(0)=0.3,
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R.(0)=0.35, R,.(0)=0.4, B(0)=0.45, S,(0)=0.5 and 1,(0) =0.55. Three cases have been

derived based on the fractional order values, which are selected as 0.5, 0.7 and 0.9.

The numerical performances based on the fractional BU and cholera model are presented by
applying the procedures of artificial neural networks. The graphical depictions to solve the BU
and cholera model are provided in Fig. 3to 7. Fig. 3 presents the best verification and a gradient
for the fractional BU and cholera model that have been obtained through the proposed
stochastic scheme for solving the fractional BU and cholera model. Fig. 3 (a to c) presents the
obtained performances through MSE, which are reported based on the best curves,
endorsement, and training, while the gradient for each case of the BU and cholera model are
presented in Figs. 3(d-f). The best performances of the fractional BU and cholera model are
illustrated at epochs 33, 28 and 33 that are shown as 2.5935 x10%°, 6.458 x 101° and 4.3858 x
10L, The gradient is performed through the LMBNN approach for fractional BU and cholera
model is depicted as 9.5628 x 10°%, 9.7781 x10%, and 9.913 x 10 for case 1 to 3. These
representations designate the outputs of the fractional BU and the cholera model in order to
check the exactness, accuracy and convergence. Fig. 4(a to c) designates the representations of
the fitting curve values to solve the fractional BU and cholera model. The error histogram (EH)
is shown in Fig. 4(d to f) that is observed as 3.39 x 10°%, 2.42 x 10°% and 7.10 x 10’ for
variation 1 to 3 to solve the fractional BU and cholera model. The plots of the correlation are
illustrated in Figs. (5 to 7) to solve the fractional BU and cholera model by applying the
designed stochastic scheme. R? represents the coefficient determination that is 1 for variation
1 to 3 of the fractional BU and cholera model. Table 2 is designed based on the convergence

by applying the training, endorsement, complexity, epochs, backpropagation, and testing.

Table 1: MSE for solving the fractional BU and cholera model.

Variant MSE Performance Gradient Mu Epoch Time
Testing Training Validation
| 3.3x1010 2.4x10%°  25x1010 2.14x10%°  9.56x107 1x 100 33 3
2 5.8x1010 1.2x10%°  6.4x10%° 8.44x10°  9.78x10% 1x 10° 28 2
3 1.9x10  4.4x10™M  43x10  447x10M  9.01x10° 1x 10 33 2
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Figure 3: Best verification and gradient for the fractional BU and cholera model
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Figure 7: Regression for case 3 of the fractional BU and cholera model
For the solution of the fractional BU and cholera model based cases 1 to 3, the illustrations of
the result comparisons and AE are shown in Figs. 8 and 9. The calculated and source outputs
of the fractional BU and cholera model are depicted in Fig. 8 and the performances of the
results designate the overlapping. These matching perform the correctness of the designed
scheme to solve the fractional BU and cholera model. Fig. 9 provides the AE illustrations for

each class of the fractional BU and cholera system. For the parameter S, (t), the AE are 10°%
to 10 for case 1 and 2, and 10°% to 10 for case 3. For the class I, (t), these values are
reported as 10 to 100, 10% to 109" and 10 to 107 for respected BU and cholera model’s
cases. For 1 (t), these performances are measured 10% to 1077, 10 to 10 and 10 to 10
% for fractional BU and cholera model’s case 1 to 3. The AE for the category D, (t) are

measured around 10%* to 10 for case 1, 10°% to 107 for case 2 and 10 to 10 for case 3.

For class R, (t), these performances are shown as 10%° to 10%, 10 to 107" and 10 to 10"
7 For R_(t), the AE for each case of the model are reported as 10% to 107", For R_(t), the
AE performances are presented as 10 to 107 for first two cases and 10 to 1077 for the
third case. For B(t), these values lie in the ranges of 10%* to 107 for variation 1 to 3, while
for the categories S, (t) and 1,(t), these values are reported as 10?4 to 10’ for each case of

the model. These negligible performances of the AE designate the accuracy of the stochastic
designed scheme for solving the fractional BU and cholera mathematical model.
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Finally, the developed computational neural network framework for fractional-order modeling
of Buruli ulcer and cholera provides a novel methodology for studying infectious disease
dynamics with a focus on microbial genetics and host-pathogen interactions. The integration
of fractional-order systems enhances the understanding of disease progression and the impact
of genetic factors on pathogenesis and drug resistance. By building on the foundational
principles of mechanical and mathematical modeling applied in diverse biological contexts,
such as the nanoscale mechanical behavior of protein microtubules [37-39], thermal stress
effects on cellular structures [40], and biomechanical applications in mosquito control [44-46],
this research bridges interdisciplinary fields to address the complexity of infectious diseases.
The insights drawn from this framework, supported by robust validation techniques and
computational accuracy, align with the broader efforts in applying mathematical models to
biological systems, such as tumor growth and shear deformation theories [42-43], enabling
precise control strategies for disease management and public health interventions. Future
applications may extend these models to explore genetic mutations, pathogen evolution, and
co-infection scenarios, building upon the success of fractional-order and neural network-based
approaches [41].

4. Conclusions

This study implemented a stochastic Levenberg-Marquardt backpropagation neural network
(LMBNN) to numerically solve the fractional-order Buruli ulcer (BU) and cholera model,
which incorporates ten distinct categories. The research highlights the intersection of
computational methods, microbiology, and genetics, with the following key conclusions:

e The fractional-order model provides more accurate and biologically relevant insights
into the dynamics of Mycobacterium ulcerans (BU) and Vibrio cholerae (cholera)
compared to traditional integer-order models.

e The solver effectively integrates microbial and genetic parameters, such as host-
pathogen interactions and genetic resistance dynamics, offering a robust framework for
understanding disease progression and control.

o A well-structured dataset, optimized using the Adam solver, achieved high accuracy by
splitting data into 76% training, 12% validation, and 12% testing to minimize the Mean
Square Error (MSE).
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e The neural network's structure, featuring twelve neurons, a log-sigmoid activation
function, and n-fold cross-validation, demonstrated excellent performance, achieving a
coefficient of determination (R?) of 1 for variations of the model, signifying perfect
prediction accuracy.

e The solver's accuracy was validated through statistical presentations, showing
negligible absolute errors and reliable overlapping of results with reference solutions.

o This approach provides a computational framework for studying the genetic factors
influencing pathogen evolution, host immune responses, and drug resistance in
microbial systems.

Future applications of this methodology include solving complex nonlinear models in
microbiology and genetics, such as pathogen evolution, genetic mutations, and host-pathogen
dynamics in fluid and epidemic systems.
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