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Introduction: This study aims to assess the performance of an analytical model
for tuberculosis transmission using different numerical approaches and to
compare the effectiveness of these methods in simulating disease behavior under
various conditions.

Methods: This paper analyzes the dynamics of tuberculosis using the VSEIT
epidemiological model and the numerical method NSFD (Non-Standard Finite
Difference). The VSEIT model describes the community in terms of five key
populations: vaccinated (V), susceptible (S), exposed (E), infected (1), and treated
(T). The results demonstrate that the NSFD method is effective in accurately
capturing the dynamic characteristics of the proposed model and also confirms
the local and global stability of the disease equilibrium.

Results: Simulation results demonstrate that the NSFD method is a unique and
effective approach for controlling and predicting the spread of tuberculosis. This
comparison underscores the effectiveness of this method compared to traditional
Euler and fourth-order Runge-Kutta (RK4) methods.

Conclusion: The importance and effectiveness of the NSFD method in modeling
the dynamic nature of tuberculosis are highlighted. This study is a valuable
recommendation for policymakers and public health officials by providing
concrete insights into the control and prediction of tuberculosis spread, thereby
enhancing the efficacy of intervention strategies.
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1. Introduction

Mycobacterium tuberculosis, a bacterium, is
the source of the infectious illness known as
TB. It mostly has an impact on the lungs.
Additionally, it can spread to different body
areas, such as the spine and brain. It is
important to note that indirect touch is another
way to contract it. Both with an infected person
as well as by breathing in airborne droplets
carrying the microbes. When TB patients
cough, polluted air is discharged into the air
and disseminated by the germs that cause TB.
TB is the second-leading cause of death among
illnesses brought on by a single infectious
agent. The sickness that is fatal everywhere,
One of the top 10 Kkillers in the world, TB
affects 1.8 million lives globally. In 2020, 86%
of all new TB cases were found in the 30
nations with the greatest burden of illness.
According to the World Health Organization
(WHO), Eight countries, with India leading the
pack, are responsible for two-thirds of the
cases, with China, Indonesia, the Philippines,
Pakistan, Nigeria, Bangladesh, and South
Africa following (1). This indicates how the
spread of TB endangers human health and
impacts social and economic life (2-4).

Mathematical modeling allows researchers to
simulate the spread of infectious diseases,
taking into account various factors such as
population size, transmission rates, and
intervention measures (5-7). By analyzing
these models, policymakers can make
informed decisions on implementing control
strategies and interventions to mitigate the
impact of the epidemic (8). Additionally,
mathematical modeling also helps in
predicting future outbreaks and identifying
areas that require immediate attention and
resources. The study of mathematical
modeling of infectious illnesses has gained
popularity during the 20th century. The older
works in this area are available in. To control

TB efforts involves the use of mathematical
models  extensively. Understanding an
epidemic's dynamics with the use of modeling
can help contain its spread. Additionally,
models help with disease control and epidemic
forecasting (9, 10). Bernoulli made the first
work on the mathematical modeling of illness
transmission in 1766 (11). P.D. Enko is
recognized for making several significant
contributions to mathematical epidemiology
between 1873 and 1894. However, it might be
stated that Sir Ronald Ross presented the first
mathematical model of malaria transmission in
1911.

This laid the foundation for mathematical
epidemiology based on compartmental
models. Compartmental models clearly take
into account the many stages of illness
progression and the transitions between them,
which distinguishes them from other disease
models. This enables a more thorough
comprehension of the spread of illnesses and
the implementation of actions to stop that
spread (11). Their findings suggest that there is
a decrease in the prevalence of the virus and a
reduction in the significance of the smart
crown infection [12-15]. During COVID-19
vaccination, the virus's spike proteins attach to
ACE?2 receptors, allowing the RNA to enter
our cells and create more COVID-19 viruses.
This process spreads the infection to other cells
(16).

The study of epidemiology is important in
various fields such as engineering, chemistry,
medicine, economics, and physics (17).
Various mathematical models have been
examined, as detailed in (18). These models
illustrate situations in which variability occurs.
Although numerical schemes converge, it is
unclear if they preserve the system's dynamic
properties (19). To achieve symmetry with the
continuous model and solve such problems, a
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stochastic nonstandard finite difference
method must be constructed (20). There are
four compartments in the delayed epidemic
model of diarrhea: susceptible, infective,
treated, and recovered. The model has a
saturated incidence rate structured in the
artificial delay parameter (21).

The dynamics of tuberculosis morbidity are
determined by mathematical models of
epidemiological processes that are taken into
consideration in the survey. In the early 1960s
of this century, the first models of tuberculosis
epidemiology were created and released (22).
Epidemiologists who love mathematics
pioneered the study of epidemic transmission
(23-25). The follow-up will demonstrate that,
despite these limitations, the fatigue of
susceptible individuals in the community does
not always indicate the end of an epidemic
(26). Mathematical modeling is a crucial tool
for understanding the spread of diseases and
developing effective control strategies. Over
the past few decades, a number of biologists
and mathematicians have developed various
epidemic models to study the dynamics of
tuberculosis in different parts of the world
(27). Since it was initially believed to have a
negative effect on those already infected with .
tuberculosis, the vaccine was limited to
tuberculin-negative children, as it was not
expected to be beneficial for them (28).

The susceptible-exposed- Infected - Recovered
(SEIR) model, which incorporates the exposed
group, significantly enhances the SIR model
(29). The SEIR model was first used by Aron
and Schwartz (31) to examine the significance
of seasonality in epidemic transmission. Li et
al.'s (30) analysis of the SEIR model's global
dynamics with a changing population size. An
SEIR model was created by Newton and Reiter
(26) to study dengue fever's behavior. SEIR
models were then utilized in the research on
TB. Compartmental models used in

epidemiology may be generally divided into
two groups: models employing differential
equations to describe the dynamics of
infectious illness functions that are continuous
and may record the ongoing changes in state
variables across Systems of ordinary
differential equations and difference equations
are commonly used to depict time. Models of
equations are frequently employed when facts
are accumulated at discrete time intervals or
when a discrete technique is superior at
capturing population dynamics (33).

The relevance of vaccination for TB
mathematical modeling depends on making
forecasts about curing the illness. Numerous
earlier investigations are included. With regard
to this subject, the objective of (9) was to
ascertain the dynamics of TB. A mathematical
formula was created by Egonmwan et al. in a
framework that includes vaccination of infants
and elderly wvulnerable individuals in the
dynamics of TB transmission in a community
in an effort to safeguard people of all ages who
are vulnerable (10). Models for the distribution
of economic resources were developed by
Revelle et al. (11). Some measures were used
to combat TB.

To better understand the dynamics of the TB
infection, we suggest a VSEIT
epidemiological model in this work. We
computed the parameters of the biological
model to validate its performance. nursing
particular TB data, such as illness prevalence,
incidence, and other pertinent data on
epidemiology from 1990 to 2020 taken from
the WHO Global TB Report (1). The author of
the  research  paper used  different
methodologies, such as Euler, RK-4, and a
discrete NSFD system. The NSFD method was
specifically designed to investigate aspects
related to biological sustainability and other
model characteristics. The goal was to use
strategies like Euler, RK-4, and the advanced
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NSFD to control the spread of TB and assess
potential public health risks. Notably, the
NSFD approach was effective across various
step sizes, producing positive outcomes.
Additionally, the study examined the local and
global stability of disease-free equilibria
within the NSFD framework. These equilibria
were found to be suitable and unconditionally
stable for the continuous model, and a
comparison revealed their precision and
efficacy.

This paper is structured as follows: In Section
2, we introduce the TB scourge model and
make sense of its related boundaries. Section 3
outlines the current equilibrium and
reproduction numbers for the deterministic
model. Section 4 discusses the local and global
stability of disease-free for the continuous
model, utilizing the generation number. In
Section 5, we develop the Euler, RK-4, and
discrete NSFD schemes to examine the
convergence and divergence of disease-free
states for the proposed model. Our
computations demonstrate that the NSFD
scheme is an effective and robust method,
providing a clear representation of the
continuous model. Mathematical simulations
are also included to reinforce our theoretical
results. Finally, the last section presents a brief
conclusion.

2. Various basic mechanisms

characteristically type of a mathematical

model

In this paper, we analyze the dynamics of
tuberculosis (TB) disease using a VSEIT
epidemiological model. To classify the entire
population, five classes are used, i.e.,
vaccinated persons, susceptible persons,

exposed persons, infected persons, and treated
persons.

S =qv— (m+mV(t)

% =1 —-qu+mV(t)—BS)I(t) —nS(t)
% = BS(OI(t) — (Y + ME() + (1 —y)dT(t)
j_i = YE(t) + ydT(t) — (6 + 1 + VI(D)

T 91(6) — (n +d + P)T().

dt
1)

Here V(t) = 0,5(t) = 0,E(t) = 0,1(t) = 0,
and T(t) = 0 with N > 0.

Figure 1. shows the model flowchart and Table
1. lists the variables and parameters.

3. Equilibrium and reproduction number
(Ro)

3.1. Equilibria of model

The TB-free (TFE) point is get by putting the
equations (1) of given model is equal to zero.
The system give us, E, = (V°,5° E?,1°,T?)
for model (1), then it is easy to search out the

_(_av_ (-aw
TFE o = ( i ,0,00).

The given model (1) is all together the state
variables were resolved V, S, E,I,and T to find
the TB endemic equilibrium (TEE) point.

If the TEE point is represented by
E*(V*,S* E*, I*,T*), then model (1) yields

qv — * * ((1—q)v+mV*(t)) E* —
(m+n) ’ m+BI: () ’
(BS*OI"(O+A-p)dT* (D) I = (WYE* (£)+ydT" (1))
@W+n) ’ (6+n+V) '
* 01" (t)
and T* = )
(m+d+¢)
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Figure 1. Flowchart of VSEIT model.

Variable | Description

V(t) The vaccinated population at time t.

S(t) The susceptible population which is able to be infected at any time t.

E(t) The exposed population, which is not yet infectious.

I(t) The infected population at time t.

T(t) The treated population at time t.

q Vaccination rate

Recruitment rate

<

Rate of moving fromV to S

Natural death rate

Transmission rate

Progression rate

Treatment rate

Treatment failure rate

Disease death rate in |

QA 9 °© =R &€& ™ 3| =3

Disease death rate in T

Table 1. Description of variable of the model (1).

3.2. Basic reproduction number (Ry)
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The reproduction number, an approximation use of the matrices for translation and
provided by epidemiological research, can be transmission, respectively, to calculate. The
used to estimate secondary infections, even if translation and transmission matrices are,
it is difficult to do so accurately (45). We make respectively, determined.
BS(H)I(t) W +mEQ®) — (A —y)dT(t)
F(x) = [ 0 ] and V(x) = [—yE(t) —ydT(t) + (6 + 1 + V)I®)|.
0 —0I)+(m+d+P)T(t)

As R, = p(FV 1), therefore simple calculation employs

R — (6 +n +Vq)Bvp;
® 7 n(m +n)((p1p2ps — Yydp, — (1 — )Pyd))

4, Euler scheme

For model (1), Euler scheme can be created as shown below.

Sns1 = Sp + O((1 — Qv + M (t) — BSp () () — nSn(t))

Similarly,
Vi1 = Vo + @(qv — (m + )V, (1))
and
En1 = Co+ ®(BSni1 (D0 = @ + M Enya () + (1 = y)dTR (D)
and

Inyp =1 + ¢(¢En+1(t) + VdTn(t) - (9 +n+ V)In+1(t))
Thy1 =T + q)(91n+1(t) -(m+d+ ¢)Tn+1(t))
4.1 The RK-4 Scheme

The RK-4 scheme is a common method that we use, especially when we don't have other instructions. To
create the Rk-4scheme for system (1), wedo thisS = K,V =L,E =M, = Nand T = P, then

Stage 1

Ki = ©((1 = v + ml, (1) — BSp () (t) — nSp (1))
Ly = ®(qv — (m + MV, (1))
My = O(BSp(O(1) — (@ + MEp(t) + (1 = y)dT, (1))
Ny = PWEL(t) +ydTp(t) = (6 + 1 + V(D)

Py = ®(0L,(t) = (n + d + ¢) T (1))
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Figure 2. Numerical simulation for model by using Euler scheme (1)

In Figure 2, by using the Euler scheme with (a) 0.01 and (b). (a-c) Stable CFE point; other parameters remain
fixed. Figure 2. (a, ¢) When used for calculations, Euler's TFE method produces accurate results. We saw in
the picture Fig. 1.2 (d) that the TFE point becomes less steady (less powerful) as we take larger steps. Thus,
we can conclude that when using really large steps, the Euler technique does not maintain a positive and stable

situation.

Stage 3
Ks = cb((l v+ m (0 +22) = B (5,0 +22) (10 + ) =1 (5.0 +%))
L= (qv ~ G+ ) (10 +L2—2))

My =@ (8 (5,0 +52) (1® +2) = @+ ) (Ewa 0+ 52) + (1 =12 () + 2)

No= <¢ (o + %) +7d (Ty(0) + %) —@+n+7) (L + %))

P, = @ (9 (@ + %) ~(r+d+9) (1o + %»
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Stage 4

K4 = (D((l - CI)U + m(Vn(t) + L3) - ,B(Sn(t) + K3)(In(t) + N3) - n(Sn(t) + K3))
Ly = ®(qv — (m + ) (4(t) + Ls))
My = (B (Sp(t) + K3)Un(t) + L3) — (@ + 1) (Engr(O) + M3) + (1 —y)d(To(t) + Py )

Ny = @(Y(E, () + M3) + yd(T,(t) + P3) — (6 + 1 + V)1, (t) + N3))
P, = ®(0(I,(t) + N3) — (n + d + $) (T () + P3))

The final stage is

Ay, = %(K1 + 2K, + 2K; + K,)
Ay, = %(Ll + 2L, + 2L3 + L,)
Ay, = %(M1 +2M, + 2M5 + M,)
Ay, = %(N1 + 2N, + 2N; + N,),

1
Ayszg(P1+2P2+2P3+P4),

Where Ay;,Ay,, Ay; and Ay, are the subjective of k;, L;, P; and N; where i = {1,2,3,4}.
Now,
Yn+1 = Yn + Ay

We get

Sn+1 = Sn +%(K1 + 2K; + 2K3 + K,)

Vs =V + % (Ly + 2Ly + 2L + L)

Eni1 =E, +%(M1 + 2M, 4 2M; + M,)
Ly =1, + %(N1 + 2N, + 2N; + N,)

1
Tn+1:Tn+g(P1+2P2+2P3+P4)
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Figure 3. Numerical simulation for model (1) by using RK4- scheme

In Figure 3. with subfigures: (a) h = 0.01,(b) h = 0.1, (c)h = 1, (d)h = 1.5. (a-c) Stable TFE point with
v = 0.00498 q = 0.977, m = 811085,n = 0.25;o0ther parameters remain fixed g = 6.6752 = 10711,y =
0.0656,y = 0.1095,6 = 0.1325,V= 1.0043,¢ = 0.002981, € = 2.0136,d = 4.42327 * 1076,y =
0.0656,y = 0.1095,d = 4.42327 * 10~® When we utilize the RK-4 scheme for TFE, we observe favorable
outcomes in Fig. 1.3 (a-c). But when we take large steps, it becomes less stable, as seen in Fig. 1.3 (d).
Therefore, we draw the conclusion that the RK-4 strategy is ineffective for any step size.

4.2 Construction of NSFD scheme

The numerical estimates of S(t),V(t),E(t),I(t) and T(t) at t =nh for model (1) are denoted as
S Vo, En, Iy, Ty, the nonnegative integer ' n ' represents the time for each step (46,47), and can be written
based on model (1).

Sn+1 — Sn
o =1 —=qQv+mVp1(8) = BSns1 (O () — NSp41 (D)
Vi1 — W
g - av— (m+mVu. ()
(En+1 B En) _
— o BSn+1 (O () = (¥ + n)Ep1(t) + (1 —y)dT,(t)
In - In
T = WEaa () +ydTo () = (0 + 1 + Vs (D) @
Thi1 — T,

5 = O (D = (1 +d+ QT

After rearrange the above terms
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P(1—q)v + dmVy,4(t)
(1+ PBL,(T) +nP)
dqv + 1,
Vnea () = (1+ d(m + 1))
(q).BSn+1(t)In(t) + CI)(l - V)dTn(t) + En)
1+ +n)
PYEn41(t) + PydT, (¢) + I,
(+@(0 +n+V))
OO (O)+T,
T =G omrd T ¢)

Sns1(D) =

Eny1 (D) =

Ihp1 (D) =

(3

4.3 Positivity and boundedness of NSFD scheme

Suppose the initial values of discrete scheme (3) are non-negative, i.e. S, = 0,V, = 0,E, = 0,1, =
0, T, = 0. As of the expectations, the expected values for these variables are also non-negative.: S,, >
0,E,=>0,1,=>0,V, >20,T, = 0. Thus, solutions of NSFD scheme (3) indicate the positivity of
scheme (3), ie. $;,4,1=0E,,1=20,1,,,=20,V,,; = 0,Ty;=0. In order to discuss the
boundedness of solutions of the NSFD system (4), we consider B, = S,, + +V, + E,, + I, + T,,. Then

Wiy — Wy

A +ymWp = Pv+ W,

Therefore, we get
ch a m k 1 m
W = @ ony T @ v ony) © v, (((1 + CDn)) M <(1 + CDU))

k+1

Ifo<w()< % then by using Gronwall's inequality, we find

Wn < 5(1 B (1+;>n)") +Wo (1+1<I>n)m - %-I_ (WO B 727) (1+1¢77)m )

m
Since (1+1d>77) < 1, so we obtain W, — %as m — oo, This shows that the solutions of the system (4)

are bounded and the feasible region becomes

B={(Vn+5n+En+1n+Tn):osvn+5n+En+1n+Tns§}. )

4.4 Local stability of equilibria

In order to demonstrate that the TFE point is locally asymptotically stable (LAS), we will apply the
Schur-Cohn criterion (48,49) as definite in the following Lemma 1.

Lemma 1. The roots of M2 — QM + L = 0 guarantee |M,| < 1 for k = 1,2, < the following
requirements are satisfied.
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1. L<1,
2. 1+Q+L>0,
3. 1-Q+L>0,
where Q described trace and L mentioned determinant of the Jacobian matrix.

Theorem 1 if ® > 0, the TFE is LAS for NSFD model (4) when R, < 1.

Proof The Jacobian matrix can be expressed as the following using the data presented above

M, oM, OM, OM, OM;

as v 9E al aT
oM, oM, oM, oM, oM,

s av 9E ol aT
OM; OMs OMs OMs OMs

as a8V 9E ol T
oM, oM, oM, oM, oM,

as av 9E ol aT
OMs OMs OMs OMs OMs

LdS oV OE a1 oT

J(S,V,E,I,T) = , (6)

where M, M,, M5, M, and M5 are provided in (5) a list of derivatives that can be found in (6) is as
follows.

oM, 1 oM, —dm oM, 0 oM, -1 oM,
S (14 PRI, (t) +nd)’’ v ((1 + DBIL(E) + UCD))Z ) il ((1 + ORI, + 77CD))2 " oT
0 oM, _ 0 oM, _ 0 oM, _ 0 oM, _ 1 oM, _ 0Mz PRI (1) oM; _
" aS OF ol v  (1+em+n) 0T 73S (1+e@+n)) OF
1 OM; OMs  ®BS, (DI, (t) 0M; (1 —y)d oM, _OM,
(1+e@+m) oV~ o (1+@@+n) T  (1+d@+n) 05 " E
i) oM, _ 0 oM, _ 1 oM, _ dyd Ms _ 0 Ms _ 0 oMs _
(+(@+n+V)) oV "ol (+@(@+n+V) T (+P(O+n+V)) aS oV " OE
oM o6 OMs 1

0.1 :(1+¢(n+d+¢))' T  (L+0@ +d+¢))

Placing all the above derivatives in (6), we get
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—dm

0
PBIL (L)

0

0

1+ @@ +n)

1
A+ d(m+1n)

0
0

0

A+ @B +1D) (1 + BRI (L) +nd))’

0

1

A+ +n)
Py

1
(1 + DI (L) + D))’
0

0
1

(+P6 +n+V))
0

(+PB+n+V))
ole]

0

0 . @)

dyd
(+2(O+n+V)
1

A+P(n+d+ o))

A+P(n+d+ P))d

: _(_av_ (A-quv :
At CFE point E, = (—(m+n),—n ,0,0,0), the matrix (7) becomes
J(Eo)
1 —dm 0 -1 0
(1+n®) (1 +nP))? (1 +nP))?
1
0 0 0 0
A+P(m+1n))
1
= 0 0 0 0
A+ e@ +n))
0 0 Y 1 dyd
(+P@+n+V) (HPO+n+V) (+P(@ +n+V))
Do 1
0 0 0
A1+P(n+d+¢) A+P(+d+ ).
In demand to describe the eigenvalues, we adopt
U(Eo) —I| =0,
ie.
1 _ -dm 0 -1 0
1+n®) ((1+n9))? ((1+n®))?
1
0 (1+d(m+n)) 0 0 0
1
0 ° o 0 0 =0 @
0 0 DY 1 _ dyd
(+P(6+n+V)) (+P(0+n+V)) (+P(6+n+V))
0 0 0 (ol2] 1 _
(1+P(m+d+9)) 1+ (n+d+9))

Simple calculations, (8) yields
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1 A L
( 1 )( 1 _ )( 1 — A (+D(0+7+V)) (+@(6+n+V)) ~0
a+ne) T \a+emmin) T \arow+m) T3 ®6 1 _A
+e@+d+e))  (1+OM+d+e))
9)

1
T (1+D(m+n))

1

The equation (9) provides A; = <1 A, ro@r <1

(1+7®) B < 1 and A3 =

To find other eigenvalues, we take

1 A dyd

(+P(OB+n+V)) (+P(0+n+V))
=0

(o)) 1 A

A+P(n+d+¢) A+DP(n+d+9))
i.e.
TZ—T< 1 N 1 )+ Do dyd B 1 1 —0. (1)
(+0@+n+V) (1+om+d+¢)) (1+d@+d+))(+e@+n+V) (1+dn+d+¢)(+O+n+V))

1. L<1,
2. 1+0+L>0,

3. 1-Q+L>0,

Comparing equation (10) with T2 — QT + L = 0, we get Q = ( :

(+P(0+n+V))
1 _ o dyd _ 1 1
(1+d>(n+d+¢))) and L = A+dM+d+¢)) (+P(6+1n+V)) (A+PM+d+d)) (+P(B+n+V))’ If Ry <1,
1. L = (7] dyd _ 1 1 <1
) T 4+ DM+d+¢)) (+P(O+n+Y))  (1+D(M+d+d)) (+P(8+1+V)) ’
1 1 @0 dyd

2.1+D+E=1+ (+P(O+n+V)) (A+P(M+d+e)) + (1+P(M+d+¢)) (+P(6+n+V)) N

1

A+ 0 +d+) GO +n+7) 0

1 1 + @6 oyd _
(+®(0414Y))  (A+PM+d+p))  (1+PN+d+¢)) (+P(8+n+V))
1

3. 1-D+E=1-—

A+dPM+d+¢)) (+P(0+n+V)) > 0.

4. In (2) when we put the numerical values of all positive parameter its gives us greater value of
zero. So we can say that the point (2) is greater than zero.
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Figure 4. Numerical simulation for model (1) by using NSFD scheme.

In Figure 4, we can see the numerical simulation for model (1) by using the NSFD scheme with (a).
(a-c) Stable CFE point with other parameters remaining fixed When we use the NSFD scheme for
TFE, we see the results in Fig. 1.4 (a—d). However, if we take huge steps, it always shows stability
for all steps. So, we can say that the NSFD scheme is in place for all steps that we take.

4.5 Global stability of equilibria

To find the global stability of TFE points for NSFD scheme (4), we describe the function M (x) = 0 such that
Jx)=y—Iny—1and,solny <y —1.

Theorem 3 For all p > 0, the CFE point is GAS for NSFD model (4) whenever Ry < 1.
Proof Create a discrete Lyapunov function

S.
Un(Sn' Vi Eny I, Tn) =S'M (S_rol) + GV + d2En + D3l + PuT,

where ¢, > 0 for all j = 1,2,3,4. Hence, X,, > 0 for all S,, >0,E, >0,I, >0, H, >0, and R,, > 0. In
addition, X,, = 0, ifand only if S,, = S°,V,, = V%, E, =E° I, =1°and T, =

TO. We take

i.e.
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n+1

S S
AU = SOF (Z222) + $1Viss + §2Bnen + Bsler + $aTnes — (SOF (35) + duth +
¢3En + In + ¢3Tn)-

0 5h+1 Sn Sn
=S ( S0 g0 + lnS 1) + &1 (Vg1 = W) + @2(Engr — En) + 3y — In) +
n+
¢4(Tn+1 - Tn)- (11)

Using the inequality Iny < y — 1, (11) becomes

Sn

AUy < Sppy = Sn +5° (-1 +

Sn+1

(=14 72) 03U = 1) + (=14 22=) @a(Trss = To).

= = (1=2) Gnrr = S0 = (1=32) 01 Vs = Y) = (1= 22) 02 (B —En) -

Vn+1 Ent1

( Bl I,iﬁ) P3(n+1 — In) — ( B %) ©4(Tpy1 — Tp). (12)

By utilizing system (3), (12) can be written as

S0 v,
AUn <- ((1 - ) ((1 - Q)v + mVn+1(t) - ,BSn+1(t)In(t) - nSn+1(t)) + (1 - V.

5n+1 n+1

E

n
Enq

B1(av = On 4 Vs 0) + (1= =) 2 (BSn 1 1)) = O + M (O +

In
(1= )ATn () + (1= ) B3 W (O) + VATR(®) = (0 + 71+ Dlya (0 + (1 -

n+1

Tn

T

) #(6la(6) — G+ + ¢)Tn+1(t)>>. (13)

Let ; for j = 1,2,3,4 be nominated so that

$1(1 — Qv+ mVyi1(t) — BSps1 () () — NSp41 () = P2(qv — (M + V11 (D)),
G3(BSne1 () () — W + MEns1(t)) = Pa(WEp41(t) +ydT(t) — (6 +1 +
Va1 (D), (03 WEn41(8) +ydTy(t) = (0 + 1 + Vi1 (1)) = $a(Oly41(8) —
M+ d + P)Tp41 (D).

By putting the above values, from (13) we get

0
AU, < - ((1 - SSH) (1= @0 + MV (8) = BSns1(OIn(8) = MSpa () + (1 =

Ve En
) 81(q0 = (Vo () + (1= ) 2 (BSia (VIn(®) = (b + M)Ensa(6)) +
n+1 n+1
In T,
(1= 72) 3 WEna (6 + YATa®) = 0 + 71+ Dl () + (1= =) BBl (0) -
n+1 n+1

(1 +d + ) Trs1(1))).

Simple calculations yields

V; E
)+ (14 52) 01 Vs = V) + (-1 +52) 03 (B = Ep) +
Vn+1 En+1

71
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Sn+1 Vas

AU < - ((1 Nk ) (0= 102 = (1= 5 B2+ MVraa ) + 1 -

E, In
) $2BSne1 (DIn(®) + BotEnss + bl + (1= 2) 30 + 1 + Dlnar (0 +

Ent1 n+1
B+ (1= 122) 640 + 4+ 9Taia(©)
<~ (=52 (= =1S0a(® = (1= 52 $um + Vo (0 (1 -

) 2Snen (OIn(6) — (1 =) avEn + (1= 22) huln +d + ¢)Tn+1(t))). (14)

Eﬁ+1 n+1 n+1

As S0 = % which implies S°q(m + 1) = v. By substituting  in (14), we obtain

° Vo

S
AX, < — <1 - )¢1(m + MVns1 () +

5n+1

) (5°90m +m) = nSpaa (0 = (1=

Vn+1

(1— En )qﬁ BSns1 (DI (t)—(1— n )¢ vE +(1— I )¢ m+d+
Eny,/) D20 A m [ AGH T % n
$) T2 (1))
_—q(m+n) v,
= —Sn+1 ((Sn+1 - SO)Z — (1 - Vn+1> dp(m+nVy1 M+ Mm+d+
Y6 +n+Vq)Bups )
D T O+ 02 n(m +n)((P1p2ps — Yydp, — (L —y)Pyd)) °
_ Y(0+n+Vq)Bvps
LetCy = n(m+n)((p1p2p3—Pydp1—(1-y)Pyd))
_Zam+m) oz _(1_ "k
=5 ((Sn+1 59 (1 Vn+1) dr(m+ Ve () + (n+d +

®) Tn1 () + 92C4R,). (15)

So, here arises as a constant 0 such that lim,,_,, U,, = U which recommends lim,,_,o, (U471 — U,,) = 0. From
system (3) and lim,,_,., AU,, = 0 we have lim,,_,.,S,, = S°. For the case R, < 1, we have lim,_,cSp4+1 = S°
and lim, oV, = 0,lim, ,E, = 0. From system (3), we attain lim,_./, = 0,lim, T, =0 and
lim, T, = 0. For the case R, =1, we have lim,_.S,+; = S°.Thus, from system (3), we obtain
lim,_ T, = 0,lim,_, 1, = 0,lim,,,,E, = 0,lim,_,,T,, =0 and lim,_,.I, = 0 . Hence, E, is globally
asymptotically stable.

Hence, if Ry < 1 then from (19) employs AU,, < 0 for all n = 0. Therefore, U,, is a nonincreasing sequence.

5. Comparison

Here we show that NSFD is how much better than other methods (Euler, RK4) graphically represent as
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Figure 5. Numerical simulation for model (1) (a) h = 0.01,( b)h = 0.1, (c)h = 1, (d)h = 1.5. (a-c) Stable
TFE point with v = 0.00498,q = 0.977,m = 811085,n = 0.25 ;other parameters remain fixed g =
6.6752 * 10711,1) = 0.0656,y = 0.1095,8 = 0.1325,V= 1.0043,¢ = 0.002981,c = 2.0136,d =
4.42327 * 1076, = 0.0656,y = 0.1095,d = 4.42327 = 107

Conclusion

In this study, we used a mathematical model to
analyze the spread of tuberculosis (TB) while
considering both symptomatic and
asymptomatic cases. To ensure the reliability
and stability of key points in the model, we
established a critical threshold value. We
developed three algorithms—Euler, RK-4, and
NSFD—for the continuous model. However,
the accuracy of the Euler and RK-4 algorithms
is affected by the step size, which can lead to
unpredictable results. In contrast, the NSFD
algorithm continuously converges regardless
of the step size. We examined the stability of
critical locations in the NSFD scheme by
considering both local and global factors.

Global stability was assessed by analyzing
monotonic sequences. This approach helped to
emphasize the similarities between discrete
and continuous models, which could be
beneficial for society and medicine. Finally,
we presented our findings in Figures 2, 3, and
4, which could help predict the spread of TB.

Our research aims to delve into broader
epidemic models in future investigations,
enhancing our understanding of the dynamics
of disease spread. To better understand disease
transmission dynamics, we will combine
sensitivity approaches with NSFD.

Data Availability
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