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Abstract

To understand how a disease spreads through a society, mathematical formulations are
a crucial tool for comprehending the complete dynamics of cholera. Model formulations
are essential for thoroughly understanding the propagation of cholera throughout a pop-
ulation. For an assessment of the stable state of a newly established SEIRB system,
both qualitative and quantitative evaluations are conducted. The reproductive number

is derived to observe the infection spread rate among patients. Additionally, sensitivity
analyses are performed to assess the impact of each parameter and to determine the
rate of change in each. The existence of positive solutions with linear growth has been
verified using global derivatives, and the level of effect in each subsection is determined
through the application of Lipschitz criteria. By employing Lyapunov’s first derivative of
the function, the framework is analyzed for global stability to evaluate the overall effect
of both symptomatic and asymptomatic measures following early detection interventions.
The Mittag-Leffler kernel is utilized to obtain a robust solution via a fractal-fractional oper-
ator, enabling continuous monitoring for improved control measures. Simulations are
performed to assess the global impact of both symptomatic and asymptomatic conse-
quences of cholera and to observe the actual behavior of the disease. It has been con-
firmed that individuals with strong immune systems will recover efficiently if the infection
is diagnosed early through timely detection measures. This analysis provides insight into
the current state of cholera control, comparing outcomes for those receiving treatment
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and those whose robust immune systems negate the need for medication. Such investi-
gations will enhance our understanding of disease transmission and support the develop-
ment of effective control strategies based on our validated findings.

1 Introduction

Since Fibonacci introduced the well-known Fibonacci series to model population growth in
the early 12th century, mathematics has been an integral part of biology [1]. Daniel Bernoulli
used mathematical concepts to demonstrate their application to microscopic objects. In 1901,
Johannes Ranke [2] coined the term ’biomathematics’ The primary objective of biomathe-
matics is to theoretically examine mathematical models to uncover the laws governing the
growth and behavior of biological systems [3]. It aims to help us understand the complexities
of living organisms. Mathematics has made significant contributions to the natural sciences,
and it can be equally useful in advancing our understanding of the biological sciences [4]. For
this reason, it is crucial to begin educating students about the interrelated aspects of mathe-
matical biology early, starting with foundational knowledge [5]. An investigation in mathe-
matical biology can be structured into several steps [6]. The first step involves presenting bio-
logical techniques that may raise additional biological questions, which mathematics could
help address. The second step aims to explain a mathematical procedure that can be used to
characterize a suitable biological model. The next step involves implementing mathematical
models and additional techniques to apply them in the formulation of mathematical laws. The
final step is to draw conclusions regarding the mathematical results within the context of the
biological methods used.

Aspects of fractional calculus (FC) [7] can be useful for solving a wide range of scientific
problems. Various operators, including Caputo [8], Griinwald-Letnikov, Riemann-Liouville,
Fabrizio (CF), Caputo-Fabrizio [9], and Atangana-Baleanu [10], have been explained. The
bacterium Vibrio cholerae is responsible for the severe intestinal disease cholera [11]. The
fecal-oral route is the primary mode of transmission, where infectious bacteria are passed
from an infected person to another, typically through vomit or feces [12]. This disease causes
severe diarrhea and vomiting when contaminated food or water is ingested [13]. For many
years, cholera has raised serious concerns regarding hygiene and the lack of social infrastruc-
ture, even in affluent countries.

Cholera remains a global public health concern due to recent outbreaks in Zimbabwe
[14], Tanzania [15], Ethiopia [16], Kenya [17], Yemen [18], and other nations. A combina-
tion of human factors, climate, and microbial agents contributes to the spread of cholera
[19]. It spreads both directly through human contact and indirectly through climate-related
pathways. Cholera has had a significant impact and has been widely studied for its effects
on public health and economic development. In theory and practice, cholera can be con-
trolled by taking appropriate measures, such as treating infected individuals and maintaining
good hygiene. Over time, efforts can be made to develop effective prevention and treatment
strategies

Toxic diseases such as cancer have spread globally in recent years, affecting all levels of
society (see [20]). The complex mechanisms behind the spread of cholera have been explored
and understood [21]. In [22], an optimal control mechanism for cholera epidemics was devel-
oped in a mathematical model and analyzed using Pontryagin’s maximum principle. Experts
emphasized immunizations, medical care, and public education programs as key strategies for
controlling widespread cholera outbreaks. However, the model did not include a safe house-
hold water source as a control parameter. A model was developed in Zimbabwe between 2008
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and 2009 to examine the spread of cholera, according to the authors [23]. Cholera epidemics
in Africa highlight the importance of the person-to-person (p-to-p) transmission channel.
The model considers both direct (p-to-p) and indirect (environment-to-person, e-to-p) trans-
mission routes. The analysis in [24] modified the proposed cholera model, while [25] inves-
tigated the most effective intervention strategies and other control options; however, neither
took human infection into account. In Tanzania, researchers modified and studied a deter-
ministic cholera model by incorporating human education campaigns along with water treat-
ment and control technologies. In the analysis of this model, they did not conduct a quanti-
tative assessment of the basic reproduction number, which is essential for understanding dis-
ease transmission. The authors of [26] presented a mathematical model of cholera, in which
public health measures serve as the primary cholera control strategies.

Additionally, some authors utilize different fractional operators to investigate various
physical phenomena. For example, authors employ the Caputo operator, which significantly
advanced fractional-order differential theory after the Riemann-Liouville operator [27,28].
Different fractional-order operators have been applied to physical problems in biological and
engineering systems [29]. These fractional-order operators reflect the genetic and behavioral
aspects of memory present in biological and engineering systems [30]. It is well-known that
integer-order operators cannot capture memory effects as effectively as fractional-order oper-
ators, which can model these effects in geographical systems, even in the absence of exter-
nal variables [31]. Moreover, for various disease models, fractional derivatives provide more
accurate predictions compared to actual data; see [32]. The computation of solutions for cor-
ruption systems is performed using the Power-Law, Mittag-Leftler, and Exponential Decay
kernels via fractional derivatives [33]. A mathematical model for boosting the immune system
was developed in [34] and transformed into a fractional-order model through the application
of the Caputo fractional operator. Another immune system-boosting mathematical model
was created and then transformed into a fractional-order model using the ABC operator
[35]. The goal of that work was to investigate the use of cytokines and anti-PD-L1 inhibitors
in the diagnosis and treatment of lung cancer in individuals with compromised immune
systems [36]. The fractional-order derivatives in studies on cholera models account for the
impact of personal hygiene practices, travel, and treatment of affected individuals. Several
other related studies have investigated liver cirrhosis caused by HBV with early detection and
chemotherapy [37], the stabilizing effect of small prey immigration in predator-prey systems
[38], and the influence of psychological panic, glucose risk, and estrogen on breast cancer
dynamics [39].

We conducted research on cholera using an innovative approach to effectively control the
disease, particularly in populations that are both protected and infected. The main goal of this
work is to develop a new mathematical model for the recovery effect that incorporates early
detection and control methods for cholera. Cholera poses a serious threat to human life. To
aid readers in understanding the innovation, Section 1 provides an introduction and histori-
cal background, including the basic definitions used in the subsequent research. In Section 2,
a new mathematical model is introduced for the recovery effect under the proposed hypothe-
sis, along with control measures. Section 3 discusses the analysis of the cholera model, focus-
ing on positivity, boundedness, and the study of positive solutions using non-local kernels.
Additionally, qualitative and quantitative analyses, reproduction number analysis, and sen-
sitivity analysis are presented. Section 4 examines the impact of the global derivative using
the Riemann-Stieltjes integral and norm. The global stability of the model is addressed in
Section 5, employing Lyapunov’s derivative for data analysis. Numerical solutions are con-
structed in Section 6, utilizing an ML kernel and a fractional operator. Section 7 outlines the
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simulation, which provides a comprehensive physical understanding and was implemented
using MATLAB code. Finally, the conclusion is given in Section 8.

1.1 Basic definitions

Definition 1
For 0 < #,1 < 1, the function [ [ (#) in the Riemann-Liouville fractional operator with a
generalized Mittag-Leftler kernel is specified as follows:

FFMDg;;(H(t)):AlB_(i)%/OzEe [—&(t—c)”pn(g)]dg

where0 < ¢, 1 < 1andAB(€)zl—€+ﬁ.

Thus, [ (¢) with order (¢,1) and having Mittag-Leffler type kernel is defined as:

[Ty - OO0, b e [T

2 Formulation of SEIRB generalized Cholera model

In this paper, we employed differential equations for the constructed model under created
hypothesis of early detection and vibrio bacteria spread in the environment, which also
includes a Fractal-Fractional order derivative operator for continuous monitoring of spread
for better control of the cholera epidemic. The portions of the recommended investigation are
used to highlight the relationship between an individual’s physical health state and the level
of Vibrio bacteria present in their surroundings. The straight lines depicts movement while
dotted lines depicts contribution of the bacteria and can be seen in flow diagram. The ensu-
ing presumptions serve as the foundation for the proposed and investigated mathematical
model:

1. We divided the analysis into 4 subcategories for human beings: S, E, I, and R indicate
the people who are susceptible, people who were exposed treated as early detection
in which symptom does not appear but infection exist at acute stage and are recov-
ered without medication, people who were infectious need proper medication and are
considered symptomatic individuals, and people who were recovered for both asymp-
tomatic and symptomatic individuals, respectively. Therefore, N(t) indicates the entire
population of humans. It is described as follows, N=S + E + I + R;Bisthe amount
of Vibrio bacteria present in the surrounding environment which causes environmen-
tal effects. The purpose is to improve the immune system at asymptomatic stage by
early detection measures to stop to become infectious as symptomatic stage. Also to
reduce the vibrio bacterial infection from the environment release by cholera infected
individuals.

2. Parameters and variables are defined as follows and are presumed to be non-negative
throughout the document: The new recruitment rate and the natural mortality rate
of humans are represented by the symbols o< and w, respectively; these indicate the
average amount of time that individuals spend during the infectious phase.

3. People are linked to the percentage of recovered-class people who didn’t lose their
understanding or immunity throughout the epidemic of cholera, and it is expected
that people learn about the disease through instruction and advertising. On another
note, patients who do not take treatment for themselves ultimately pass away at a rate
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known as w; from their disease, whereas patients who receive a standard rate of disease
recovery known as ¢ are achieved with efficient medical treatment.

4. The parameters u and v represent the level of infection and expansion of Vib-
rio bacteria, the pace of patient recovery, the dispersal of Vibrio bacteria in their
environment, and the propagation of exposed people. The parameters 5, and
B. represent the effects of infection associated with the propagation of trans-
mission from person to person and from the environment to human beings,
respectively.

The flow chart according to our created hypothesis is shown in Figure 1.
So, the mathematical form of the generalized cholera disease model by taking asymp-
tomatic measures, as follows.

©5(8) = < -HBIS(DE(E) - BvS()B(1) - wS(0)

2 B(1) kBHS(DE(1) - (a + @) E(1),

%I(t) =aE(t) - (¢ +w +w)I(t), (1)
d

S R(H) =$1(1) - R (1),

%B(t) =vf.B(1)S(t) + oI(t) — w,B(t).

The system indicated above is consistent with the initial conditions. S° = $(0), E® = E(0),I° =
1(0), B” = B(0),R” = R(0).

Now, applying the definition of the Fractal-Fractional operator with the Mittag-Leftler
kernel, we obtain the model presented below:

SPMDETS(8) = o< - B uE(H)S(t) - vBeS(1)B(1) - wS( 1),

SPMDETE( ) = ufiS(HE(L) - (o + w)E(t),

EMDETI() = aE(£) - (¢ + 0 + ) I( 1), )
SMDETR( 1) = I( 1) - wR( 1),

EMDETB(£) = oI( £) + vBS(£)B( t) - w,B(t).

—> s - L[E “ﬁw‘
I
vﬂg: V/ .
I -

¥ v
wz-/ <® R

Fig 1. Flow Chart. The model formulation is shown in the flow chart.

https://doi.org/10.1371/journal.pone.0319684.9001
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Considering initial conditions matching the system defined above $° = $(0), E® = E(0), I’ =
1(0), B’ = B(0), R® = R(0).

3 Analysis of SEIRB generalized Cholera model
3.1 Positiveness and boundedness of generalized Cholera model

We Search regarding the criteria that secure positive outcomes of the suggested model’s solu-
tions to show that they are appropriate and limited, presuming that they consist of actual
circumstances with pertinent values. For this, we have

S(f) > §0¢~ (MBIl +VBe|Bloo+@)t sy > (3)

and the remaining equations will be

E(f) > E% @) yi>0 (4)
1(£) > % (#+erent yi > (5)
R(t) > R% (@ v >0 (6)
B(f) > B! vt > 0 7)
Define the norm
|[%|oo = sup [x(t)] ®)
t€Dy

so the Dy is the domain of x. employing the Norm, we get for function S(¢);

EEMDETS = oc — By, UES - vBeSB - wS,
> —BuuES-vB.SB - wS,
> —(BuME+vB.B+w)S,
= ~(Butt|Eleo + vBe[B| o + @)S,
For ordinary derivative, we have
S = Sye BrtlElorvBelBlore@)t vy

Positive outcomes utilizing a non-local operator are detailed in the following.

3.2 Positive solutions with non-local operator

For non-local operators, all outcomes of system (1) are positive [40] if all initial conditions are
met.
o With a power law kernel for the Fractal-Fractional operator, we have V¢ > 0.

S 2 SEg (-0 (uBhlElew + vBelBleo + ),
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t
\%

E°E; (—¢1‘T(w + oc)tg),
IPEe (' T (¢ + 0+ w1)tf),
REg (-9 (0)#),

B'E; (—cpl‘f(wz)ﬁ) .

~
\'

R

\%

B

\%

Where the time component is ¢.
e We obtain V¢ > 0 for an operator with an exponential kernel that is fractal-fractional.

17
S > Soexp( X' TE(UBK|E|oo + VBe|Bloo + @)t ),

_M(g) = (1-8) [4Bn|Elco + vBe|Bloo + @]
X T (wra)t )
M(E)-(1-§[w+al)’

xTE(P+w )t
b= Ioe’“p(‘ws)—(l—f)[¢+w+w1])’

E > Eoexp(

R > Roexp( X TE(w)t ))

CME)-(1-6)w]
X ()t )
M(E) -(1-§)[w] )0

B > Boexp(

e With a Mittag-Lefller kernel for the Fractal-Fractional operator, we have V¢ > 0.

SOE (_ Xl_fg(:uﬁhlEloo+Vﬁe|B|oo+w)t )
S\TAB(E) - (1-8) [uBulElw + vBe|Blew + @] )’

: 2w+ )t
b= EEf(‘AB(&)—(I—&)[maJ)’

X TE(P+w+ )t
b= IOE§(‘AB(&)—u—f)[quml])’

R > R(O)Eg( X TE(w)t )

AB(E) - (1-8)[w]
. 2 ()t
b= BEg(_AB(ﬁ)—(l—f)[wz])'

3.3 Qualitative and quantitative analysis
The feasible equilibrium of cholera model will be given in this part.

Theorem 1: To ensure the existence of an equilibrium in the generalized cholera model,
the following statement must hold:

1. The cholera model’s disease free point, Fsoooo(%> 0,0,0, 0) Y 1, o<, v, 0, w1, W2, B Be, T,
a,¢d > 0.
2. 'The cholera model endemic point, Fig5(S*, E*, I*, R*, B*).

Proof: Epidemic and endemic equilibrium points are two distinct types of equilibrium
points. To find them, the right-hand sides of the equations associated with the system are set
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to be “0”. If there is no cholera spread in the population of Fy, the constant production is the
disease-free equilibrium point. Now, by setting

FFM T FFM T FFM T FFM T FFM T
EMpDET - EMpETE  FEMpETp  FEMpETp _FEMpETR g,

and right-hand sides of system to be zero, we get

o< —uPLES - vB.BS - wS,
= UPBLES-(a+w)E,
aE- (¢ +w+w)l,

= ¢I-wR,

= ol+vf.BS-w,B.

S O O o o
I

After simplification, we get

Fo= (8", E° I°,R°, B®) = (% 0, 0, 0, o), (9)
and
F* = (S*, E*, I', R*, BY), (10)
where
. 0t
S oc By’
- (w+wi+¢) (w(a+w)=pocp) (Bev(a+w) - PBupcwr)
Bru(a + @) (B, (w + @y + @) = Bev (wy(a + ) + w(ax+w +¢)))’
ro- a (w(a+w) = Bn o< ) (Bev(a +w) - Bupcwr)
Brp(a + ) (Buuws (w+wy + @) - B (w(a+w) +w(a+w+¢)))
R - a¢ (w(a+w) - Bu o< p) (Bev(ar + ) - Bupcws)
Bruw(a + @) (Brpws (w +wy + @) - By (w1 (a+w) +w(a+w+¢)))’
5 i (o(t + @) = B o< 1)

(a+@) (Bev (w1(a+w) +w(a+w+¢)) - Buuws (w + @1+ @)

Theorem 2: The disease-free equilibrium of the model (2) is locally asymptotically stable if
Ro <1.
Proof: That the Jacobian Matrix model is given below.

wr —uBrS 0 0 -v.S
BrME  w; 0 0 0
Jisers) (S, E, LR, B) = 0 a (p+w+w)) O 0 . (11)
0 0 ¢ —w 0
B.vB 0 o 0 BvS-w;

Where

w1 = -uPrE-vfB.B-w
wy=—(w+a) + uBuS
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o< VB
~w _ b 0o - 0
0 = _(wia) 0 0 0
][SEIRB](%: 0,0,0, 0) =[ o0 a ws 0 0 (12)
0 0 $ - 0
0 0 o 0 (= _g,

Where
w3 = —¢ - W - W

So that the given below equation is Characteristic polynomial of (12)
—((—/1—@)(/1+co)(—A—wz)(—/l—w—col _ ) (—oc+ %ﬁh_x_w)):o.

The above model Eigen Values are given below

/11 = -,
/‘12 = -,
—aw + By o< U - w?
/13 = >
w
/14 = -W- ¢ - Wi,
/‘15 = —-W).

The fact that all of the eigenvalues have negative real values indicates that the system (2) is
locally asymptotically stable.

3.4 Reproduction number of the generalized Cholera model

The matrices P and Q are the Jacobian matrices corresponding to the functions P and Q,
respectively, and are examined at the disease-free equilibrium point of Fy. In the setting of
these matrices, the element at the (i,) location of matrix P denotes the rate at which an
infected person in segment j transmits the virus to segment i. The point at position (i,j) in
the matrix Q indicates the propagation of an infection that presently occurs. The reproduc-
tion number can be calculated by measuring the PQ™! matrix’s spectrum radius at the disease-
free equilibrium state, similarly in [41]. This matrix is known as the “next generation of the
matrix,” and it is described as follows:

0 = _(wia) 0 0 0
Jo = 0 o -p-w-w; 0 0
0 0 ¢ —w 0
0 0 o 0 = _g,
Jo=P-Q
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The following equation can be used to find the vectors P and Q in our constructed

model: 12
0 0 0 0 0
R
pP=]1 0 a 0 0 0
0 0 ¢ 0 0
°<V65
0 0 g 0 -
<pf o<V,
w = 0 0 =
0 a+w 0 0 0
Q=| o0 0 w+w +¢d 0 0
0 0 0 W 0
0 0 0 0 w;
a+a __<HBn _ 0 0 w
aw+w? w(aw+w?) w; (aw+w?)
0 W0 +w) Wy +wrw> P 0 0 0
-1 _ ww; (aw+w?) (w+wi+¢)
Q - 0 0 Wy 0 0
0 0 0o =+ 0
1
0 0 0 0 L
Where
_ awrw*+wyw’
W4 = G (aw+w?) (w+or +6)
K=P.Q"
So
0 0 0 0 0
oy (w20’ +wiwrw? +wrw’P)
0 wzwz(gcw+w2)(w+w1+2¢) 0 0 0
(w2’ +w1 w0 +wrw’P)
K=] 0 wws (aw+w?) (w+wi+¢) 0 0 0
P (w0’ +wr0%)
0 0 ww; (aw+w?) (w+w+¢) 0 0
0 0 o (awyw’+wy0*) 0 B,
ww; (aw+w?) (w+wi+P) ww
Thus
|K-mI|=0
-m 0 0 0 0
oy (@r00° +ew wrw* +wr 0’ P)
0 wzwz(aw3+w2)(w+zw1+¢)2 -m 0 0 0
(w0’ +w1 @y 0° +wr 0’ P)
0 ww; (aw+w?) (0+w1+P) _72’” . 0 0 =0
¢ (awrw’ +wrw’)
0 0 ww (aw+w?) (w+wi+¢) m 0
0 0 o(awyw’ +w,w’) 0 o<vfe
ww; (aw+w?) (w+w1+¢$) ww,
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By solving the determinant of the mentioned above matrix, we obtain the values of m.

mi = 03

my = 0)

mz = 0,
o<
w(a+w)
o<V

ms = 7‘86.
ww)

Considering that the reproductive number Ry and the primary eigenvalue of the matrix
PQ7! are associated as follows:

o<V
Ry = 5?
[©]02p)

3.5 Sensitivity analysis

Sensitivity analysis is helpful in figuring out how various parameters, particularly those
dealing with unclear data, affect a model’s stability in relation to one another.

Additionally, this study aids in determining the most crucial characteristics. Since the
number of reproductions is.

< v,
ww,

R0=

By calculating the partial derivatives of the criterion with respect to the pertinent parame-
ters, we can investigate the sensitivity of R in the following ways:

It is clear that when we adjust the settings, the value of Ry is quite sensitive. The parameters
B> o<, and p show expansion in our analysis, whereas o and w show contraction. Therefore,
medication shouldn’t occur before treatment for effective elimination of infections.

% - Lﬁe > 0)

0 o< W,

% = & 62 > 0)
ov W,

aRO o<y

L = —>0,
9Be wWw,

Oy _ _o<vhe <0,
ow w2w,

% = - b er <0.
da ww;

It can be observed in Figs 2, 3, 4, 5, and 6 that the behavior of the rate of change of R,
with respect to different parameters impact which suggests that it is highly responsive. The
behavior of v and 3, with respect to o and the behavior of 8, with respect to v is approxi-
mately similar with only minor variations. Similarly, the behavior of w with respect to o<, v,
and (5, and the behavior of w, with respect to 3, and w shows analogous patterns, with minor
effects observed. All the sub-figures indicate that the rate of change of each parameter pro-
vide bounded results and is in specified range, which is important for maintaining stable
conditions.
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Fig 2. The behavior of » and S, with respect to o< (a) v with respect to parameter o< (b) 8, with respect to parameter o<.

https://doi.org/10.1371/journal.pone.0319684.g002
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Fig 3. The behavior of w and w; with respect to o< (a) w with respect to parameter o< (b) w, with respect to parameter oc<.

https://doi.org/10.1371/journal.pone.0319684.g003

4 Impact of global derivative

Riemann-Stieltjes integration is a commonly recognized integration method that is often used
to get the integral of a function over its curve. If

HO) = [ h(y)dy.
The given function h(y) with respect to g(y) has the riemann-stieltijes integral
H() = [ hy)dg(y).

The definition of the global derivative, which has a close connection to this integral, is
given as follows
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Fig 5. The behavior of w; and w with respect to v and 8, (a) w> with respect to parameter » (b) w with respect to parameter 3,.

https://doi.org/10.1371/journal.pone.0319684.9g005

m U1 =)

befly) = h*og(y+h) s’

By the definition of the derivative, we get

)
Dyf(y) = i0)

where g(y) # 0, forally € D,

DyS(£) = o< ~uBKSE - vB.SB - wS,
D,E(t) =uBhSE - aE - wE,

D,I(t) =aE - ¢I - wl,

D,B(t) =01+ vf.SB - wB,
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Fig 6. The behavior of w, and w with respect to 8, and w; (a) w; with respect to parameter B (b) w with respect to parameter w,.

https://doi.org/10.1371/journal.pone.0319684.9006

DR(t) =¢I - wR. (13)
For the sake of simplicity, g will be taken to be different. Thus

=g[ o< ~uprSE - vBeSB - @S] = My [t, 9],

$[ uBKSE - aE - wE] = Ma[£,7],

S[oE - ¢I- wI| = M3[t, 7], (14)
[

[

=g[oI+vB.SB - wB] = My[t,7],

$
E
1
B
R=g[¢I - wR] = M5[t,7],

where

n=S.ELB,R

|lle0 = sup <N,

’
nGDg

The following condition M(t,S,LE,B,R) <k(1+|S]*)V Sy and S,
We have |M(t,$1,E, I, B,R) - M(t,S,,E,I,B,R) | < K||S; - S| 2.
Initially

|My (1,81, E. LB, R)|” = |g[oc ~4fS1E - vB.S1B - S ]I,

|Mi(t,S1,E, LB, R)|” = || [o< ~(UBHE + vB.B + )S1][%,

|My (2,81, E, LB, )| < 2[3°[| o< |” + (KBLE + vB.B + @)*[S,[*],

IMy(t,S1,E, LB, R)[* < 2|g°[| o< |* + {2(uBn)’|E]* + 4(vB.)*|B* + 4(0)*}[S1]’],
, 2(uBn)’|EP +4(vB.)*|BI + 4(w)*}|S:

oc2

My (1,51 E LB R)P <2lg| o< [ 1

>

|M,(t,S1,E, I, B,R)|* < Ky (1 +|S:]*),
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under the condition

where

(kP IER + 4B IBE + 4P US|

oc2

K =2[gl*| o< .
|My(t,S,E1, I, B,R)|?
|My(t,S,E1, 1, B,R)|*
|M,(t,S,E1, I, B,R)|
|M,(t,S,E1, I, B,R)|

= |g[uBKSE) - aE; - wE ][,
2{uBnS - (a +w)P|EL,
<20gP|[BilSI + (o + w)*]|EA [,
<20gP|[BrISI +20° +20°] | [,

2

2
202 SZ

|M2(t,s,El,1,B,R)|2gz|g|2(za2+zw2)[1+”Bh” E,

202 + 2w?
Mo (1,5, E1, 1B, R)* < K[ 1 +|S]],

under the condition

where

#BilSI*
202 + 2%

K, =2|g* (2a® + 20%)|E|*.

|M3(t,S,E, I, B,R)|* = |g[aE - ¢I, — w1} - I} ]|
|Ms(8,S, E. 1, B,R)|* = || [€E - (¢ + @1 + @)1 ],
|Ms(t,S, E, I, B, R)|* < 2|g|*[|E|* + (¢ + w1 + @) |1 [*],
|M3(t,S,E, I}, B,R)|* < 2|g*[a®|E|* + {29 + 2w} + 20” }| 1 |*],

2 2 2 2
M (6,8, E, I, B, R)|? < 2lgle|B | 1+ 128721 + 22} D]

O(2|E|2

|Ms(t,S,E, I, B, R)|* < K31 + |I|*],

under the condition

where

|12 {2¢* + 2% + 2c0*}
<
|E|ZO(2

1)

K; =2|g*a’|E .

|Ma(t,R1)[* = g[$I - wRi ][,
My (8, R = [1gP]I[# - wRi P,
|Ma (8, R P < 2[ 1817 ][ 1117 + @Ry ],

2 2
, w’|Ry|
My (6, R)|* < 2082?11 |1 + ,
|My (8, Ry)|” < 2[g"¢7|1| S
IMy(t,, Ry < Ks [1+|R;[*],
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under the situation
COZ |R1 |2

1

<1,
where

Ky =2[gP¢* 1),

|Ms(t,B)|* = |g[o] + vB.SB, - w,B,]|%

|Ms(t,B)I” = (§)*|[0] + (vBeS - @) Bi]%,

|Ms(t, B> <2(8)*[0*|I]” + (vBeS - @2)*[By ],

|Ms (8, B1)|* < 2()*[0*|1]* + {2v°BZIS|” + 2003} | B[],
{2v*B2ISI> + 203 }|B,

Ms(t,s,E, 1By, R)|? <20%(&)*I)* |1 +
|5 LRIF <20° (@) =

>

|M5(t,Bl)|2 <K4[1 + |Bllz],

under the situation

{2v°B2IS| + 2003 }|B1
O'2|I|2

<1,

where
Ks =2(g)*a*(|1)*.

Hence the linear growth criteria is satisfied.
Now we verify the Lipschitz condition as follows.
If

My (t,51) - M1 (£,S,)]* =

My (t,51) - Mi(£,8,)]* =

IMi(t,51) - Mi(£,5,) < [2(BhiE + vB.B)* + 2(@)*]|(S1 - $) P,

IMi(t,51) = My (,5,)” <[40 B E|* + 4v° B7|BI* + 200°]|(S1 - $5) P,
[

[My(t,51) - My (£,8,)|* < [44°B; sup |E|* + 4v*B2 sup |B|* +20%] sup |(Si-S2)|%
teDgp teDp teD(S]*SZ)

|[-BukE - vBeB - @] (S - S:)I°,
|[-(BhUE + vB.B) -~ w][*|(S1 - S2)I%,

<
<

IMy(t,51) - My (5, S2)|> <[44 BR] EN%, + 4v* B2 |B| %, + 200° ]| (S1 - S2) |25
IM, (t,51) - M1 (5,8:)|> <K [[(S1-52) %

where

Ky = 4B} | E5, +4v°B2|| Bl + 2007,

IMy(, Ey) - Mo (t, )| = |[uBnS - @ - ] | (Er - E) P,

|My(t,E;) = My(t, Es, I, B, R)|* < [2|uBrS|* + 2| + w|*]|(E1 - Ex)|%

IMy(1, Er) - My(t, Ey) > < [2|1Bh|S| + 4a + 400]|(E, - By) [,

|My(t,E;) - My (t, E)|* < [2|1*B; sup IS|* + 40 + 4w®] sup |(E,-E)|%
t€Dg

€D (g, £y)
IMy (8, Ey) - My (8, ) |* < [2|u*B5|IS]12, + 4a® + 40°]| (E - E») 2,
IMy(t,E1) - My (1, E>) | < K[| (Ey - E2) |2,
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where

Ky = 2|i2BF|IS|%, + 40 + 4.
IM3(t,11) - M3 (, 1)|* = [[-¢ - w1 - @] ]*|(L - L)%,
[Ms(t, 1)) - Ms(t, 1) |* < [2¢% + 207 +200*] sup |(I, - L)%

t€D(1y-1y)
IMs(6, 1)) - M3 (4, ) |* < [2¢° + 2007 + 200°]| (I - ) [ %,
IMs(t,1)) - M3 (,L)|* < K3 || (I - ) | 2,

where

Ks = 2¢% + 207 + 200”.

|My(,Ry) = My(, Ry)|* = |[]*|Ry - Ry,
|My(t,R1) - My (£, Ro)[” = |w]*[Ry - Ry,
|My(t,R1) = Ma(t, Ry)[* = *|Ry = Ry,
IMy(t,Ry) - Mu(t,R,)|* <@® sup |R; - Ry|?,

€D (R, -r,)
|My(t,Ry) - My(t;Ry)|* < 0? [ (R - Ry) [,
IMy(t,Ry) - My(£,Ry)|* < Ks| (R, - Ry)|%,,

where

Ky=w".

|M5(t,By) - Ms (£, B,)|* = [vB.S - wa|*|(B1 - By) |7,
|Ms(t,B1) - Ms(t, B,)|* = [2v*B;|S” + 2w3]| (B - B2)[7,

|Ms(t,By) - Ms (5, B,)|* = [2v°B; sup |S|> +2w3] sup |(Bi-By)[,
1€D ) 1€D(5,-85)

|M5(t,By) - Ms (1, B,)|* = [20°B2]|S|3, + 203][ (B1 - By) |2,
|M5(t,By) - Ms(t,B,)|* < Ky|(B1 - By) 2>

where
Rs = 20B2SI2, + 262,

The system 2 therefore has a unique solution under the following conditions using global
derivative impact results.

{2(!115’11)2|E|2+4(Vﬁe2)2|B|2+4(w)2}Isl|2 :

2521q12
H B8]
202 +2w2 >

I 2292 +20% +20*
max | D28 a0} |{¢|E|2a21 }, < 1

CU2|R1|2
¢2|I|2 >

{(2v* I8 +203 } |By
O'2|I|2 >

PLOS ONE | https://doi.org/10.1371/journal.pone.0319684 March 31, 2025 17/ 26



https://doi.org/10.1371/journal.pone.0319684

PLOS ONE Modeling Cholera Epidemic with Asymptomatic Measures for Early Detection

5 Global stability analysis

The Lyapunovs approach and LaSalles invariance concept are used to show the global sta-
bility assessment and estimate the necessary conditions for the eradication of disease see
in [42].

5.1 Lyapunov first derivative

The Lyapunov function for the endemic equilibrium, denoted as {S*, E*,I*, R*, B*}, with
L >0, is represented by F*.

Theorem 3: If the reproductive number Ry > 1, then the endemic Fx of the cholera disease
outbreak is globally asymptotically stable.

Proof: By definition, we get

S* E*

S- 8§ - S'log — E- E- E*log —
{ o8 s}+{ o8 E}
. . B*
+{I—I*—I*logzl}+{B—B*—B*log§}

* % R
+{R—R' - R log?}

L(S%, E*, I, BY, R*)

L S-Stdo E-Bdp I-Td,
at S dt E dt 1 at
B-B* d_ ,R-R" d
L () 2R
(gt )G
S-§* E-E*
= (S o0 HBISE-vBSB w8} + (=) {uBiSE
I-r R-R*
—ocE—coE}+( ; ){aE—¢I—w11—wI}+( - ){¢>1—coR}
+(B_B ){O’I+ v,BeSB—cozB}

Substituting S= (S-S*), E=(E- E*), I=(I- I*), B=(B- B*),and R=(R- R¥).

T D B E) (BB r)(5-8)
I ui(s-5) - @) (B-E))
(D aE B - @+ @)1 +D)
BB o= 1) + (0B(s- ) - ) (BB
HEE pr v -wr-r)),

T = ocrg (o 8) L (WS- S"VE) + & (Bu(S-5")VE") -

é (vBe(S-5*)%) + é (vB.(S-5")°B") - é ((S-8)?) +
= (BB~ E'?S) - — (Wu(E-E')S") - = ((E-E')?)
—% (w(E-E*)*) +aE-aE* - % (aEl*) - % (¢(I-1)%)
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- % (w(I-T*)*)+ol-oI" -

%(O’IB*) " aI;B* . % (vﬁe(B—B*)ZS) B % (VBE(B—B*)ZS*)

% (aE'I*) - % (i (1-T)?)

%\ 2 =3 1 * 1 *
(w(B-B*)?) + pI- @I —E(¢IR )+§(¢R I)

=l

(w(R-R*)?),

which can be written as

dL
T N-N,
where
1 * 1 s\ 2 Tk 1 *\2 p¥*
N = (xS )+§(u5h(s_s )’E )+§(vﬁe(s—s )*B*)
+% (uBn(E-E*)*S) + % (aE'T*) + % (oI"B*) +
% (vB.(B-B*)*S) + aE + oI+ ¢l + % (¢I*R*),
and

(uBn(S-S*)E) + é (vBe(S-8)%) + é (w(S-5%)%) +

o=l

(uBn(E-E*)*S*) + % (a(E-E*)*) +aE* + % (w(E-E*)?)
% ($(I-T)) + % (@ (I-P) + (-1 + % (aEI*)

1
1

+% (oIB*) + % (vB.(B-B*)*S*) + é (w2(B-B*)?)
+% ($IR*) + % (w(R-R*)*) +oI" + ¢I".

We conclude that if 1 < R, this yields " MDf "L < 0, However, in the case where the S = S*,
E=E* I=T, B= B*,and R= R".
N<R = [MPETL=0,

Now
{(§*,E*,I*,B*,R*) eI: gFMDf’TL =0} illustrates the point F* for the accomplished

model.
In accordance with Lasalles’ theory of consistency, the system F* is uniform stability across

the globe in T if M <NR.

6 Computational analysis with Fractal-Fractional operator

The requirements that need to be fulfilled in order for our solution to attain global stability are
examined in this part, and we make understanding of them by utilizing to Lyapunov functions
and the LaSalle principle. Using the Fractal Fractional with Mittag-Leffler Kernel Model 1 so

we have
FMDETS(H) = Si(4T),
EMDETR(E) = Ey(1,T),

19/ 26

PLOS ONE | https://doi.org/10.1371/journal.pone.0319684 March 31, 2025



https://doi.org/10.1371/journal.pone.0319684

PLOS ONE Modeling Cholera Epidemic with Asymptomatic Measures for Early Detection

SMDETI()  =L(6T),
SMDETB(r) = By(5T),
EEMDETR() = Ry(4,T).

By using Mittag Laffler kernel, we get

§
1-7 _ _
S(tag) = Sot (AB(T))g (181 (M(tg)) +h ) Si(e.T)e™ (g1 - 9)de,
R=0
§
1-7 __ _
E(tug) = Eo+ AB(7) t; Er(M(tg)) + 7 ) Ex(e.T)e™ (.1 - 0)de,
R=0

;
1-7 _
I[(ta.g) = Io+AB(T)t§ 1II(M(t§))+hm§:Il(e’r)§’T1(t§+1_9)d9’
=0

B £
B(ta.g)) = Bo+ AlB(:) (5 By (M(tg)) +h ) Bi(e,T)e" (tz - 9)de,
R=0
B £
R(taig) = Ro+ AIT(TT)%'IR&M(%)) +h Y Ri(e.T)e (1. - 0)de.
R=0
where
M(i’g) = (té‘,B(té‘),S(tg),E(l’g),](tg),R(tg)).
Now
s&+! = 8o+ FL T [ 581 (M(t)) {F }
~tp i SIN(te ) (- R+ )T - (§-R)T(E-R+1+ T))],
ES*! =By + el S5 [ B (M) ()
~tg t E\(N(te ) ((E-R+ D)™ - (§-R)T(E-R+1+ f))],
o =1y + ;E?j);) D [tgglh (M(te))(F)
~tg i l(N(te 1)) ((E-R+ 1) - (§-R)T(E-R +1 +T))]>
BE*! = Bo+ R Th, [ B (M(1)) (1)
5L BI(N(t, ) (E- R+ D)™ - (E-R)T(E-R+1+7))],
R = Ro+ He il Y [ Ri(M(t)) (F)
g b RI(N(te ) (E-R+ D)7 = (E-R)T(E-R+1 +f))]-
where
(N(tz41)) = (t1eeS(te1)s I(tesr)s E(te ), B(tei1), R(te41))s
F o= E-R+D(E-R+2+7)-(E-R)(E-R+2+21).
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Fig 7. Using Fractal-Fractional operator, the value of S(¢) at multiple dimensions with different fractional values (a) 0.6 dimension (b) 0.8 dimension.

https://doi.org/10.1371/journal.pone.0319684.g007

7 Simulation and discussion

We employed the fractal-fractional derivative of the cholera model being connected to the
Mittag-Leffler operator under preset initial conditions to investigate disease transmission
employing simulations that comprised both symptomatic and asymptomatic modes of trans-
fer. The simulation data for both dimensions are displayed in Figs 7-11 with different frac-
tional order values 0.6 and 0.8. The effectiveness of the obtained theoretical implications

is illustrated by a number of cases. Reliable findings are obtained when non-integers para-
metric possibilities are used for cholera disease, taking consideration of both symptomatic
and asymptomatic propagation. Figs 7, 8, 9, 10 and 11 display the outcome for each sub-
compartment in dimensions 0.66 and 0.8. A computerized simulation for the fractional-order
cholera model is generated via MATLAB coding, taking into account both symptomatic and
asymptomatic propagation. The parameters values which are adopted from [21], are 4 = 0.01 ,
o<c=0.00005480 , B, = 0.124 , B, = 0.04444 , 0 = 0.0006 , & = 0.034 , v = 0.02 , ¢ = 0.029, along
with the initial numerical values $° = 200, E° = 160, I° = 120, B’ = 130, and R° = 100 which

are employed in the developed system. Fig 7 depicts the behavior of susceptible people, indi-
cated by S. The number of persons grows and then steadies after a brief rapid fall, reaching

at steady state at dimensions 0.6 and 0.8, respectively. Figs 8, 9, and 10 indicate the exposed
peoples, infected people, and the existence of vibrio in the climate. In both scenarios, the pop-
ulation grows at first and steadies at dimensions of 0.6 and 0.8, respectively, after a while all
sub-compartments approaching at steady state. Fig 7 shows the dynamics of Recovered people
(R), showing an initial rise, a subsequent decrease, and a point of equilibrium at dimensions
of 0.6 and 0.8, respectively.

A combination of immune-system-boosting tactics and treatment causes infected persons
to fall significantly, as demonstrated in Figs 9, 10 and 11 using various dimensions. It is found
that behaviors are similar when utilizing dimensions of either 0.8 or 0.6 with small effects;
however, they produce more appropriate outcomes by decreasing dimensions. Addition-
ally, the infected increases due to an increase in Vibrio virus in the environment, as shown in
Figs 8a, 9a, and 8b, 9b, respectively. The work makes predictions about the future and offers
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Fig 9. Using Fractal-Fractional operator, the value of I(¢) at multiple dimensions with different fractional values (a) 0.6 dimension (b) 0.8

dimension.
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better strategies for reducing the level of cholera that spreads through the gastrointestinal
tract. For all sub-compartments at fractional derivatives, the FEM approach provides superior
results than the standard derivatives. It is observed that cholera infected either asymptomatic
or symptomatic rises due to vibrio bacterial increase in the environment and approach to sta-
ble situation as will as reduces due to control in the stabilization of vibrio bacteria spread in
the environment released from cholera infected individuals. Infection can be reduced more
effectively by early detection on asymptomatic individuals at acute stage, then automatically
symptomatic will reduces, also need to elimination of released infected vibrio bacteria in

the environment. Furthermore, it is claimed that lowering dimensions and fractional values
improves the dependability and precision of the solutions for every compartment. Researchers
may be able to predict what this study can support in the future.
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8 Conclusion

A fractional-order dynamics cholera disease model that includes asymptomatic cases healed
without medical intervention is discussed in this research as well as symptomatic cases includ-
ing vibrio bacterial infection spread in the environment are under consideration in this inves-
tigation. Using a fractal-fractional operator (FFO) with a Mittag-Leffler kernel for the solu-
tions’ dependability to examined the continuous monitoring of spread of cholera. For those
with vigorous immune systems, we offer advice on how to prevent the spread of disease by
using asymptomatic measures for early detection, consequently avoiding the need for medica-
tion which is helpful for better control measures. The full global impact of the deadly cholera
disease with and without symptoms is being examined to see the rate of impact of cholera
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spread in the environment. In order to verify the created system which is stable or not in a
continuous dynamical system, it is necessary to analyzed developed system quantitatively
and qualitatively. Next generation technique is utilized to determine the verge condition to
observe the rate of spread and also identify that how much parameters are sensitive and we
need to maintain the rate of each parameter in specified range. We also examine the results of
global efforts to halt the propagation of cholera.

The FFO is utilized to provide accurate and plausible results together with a range of frac-
tional values for ongoing viral spread monitoring. We utilized numerical simulations with
MATLARB to witness the real-world dynamics of controlling cholera disease in society by com-
bining asymptomatic and symptomatic interventions to strengthen the immune system and
early detection measures. Furthermore, in order to establish control strategies to reduce the
threat of cholera in the society, numerical simulation can be used to ascertain the true nature
of cholera affects in society using various fractional values. It is being observed that a strong
immune system and a combination of treatment modalities are responsible for a rapid elim-
ination of cholera disease, also helpful in reducing the vibrio bacteria release from cholera
infected individuals spread in the surrounding environment. On the basis of verified findings,
predictions can also be produced for additional study, which will help with early detection
and climate diffusion caused by the cholera virus.
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