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ORIGINAL STUDY

Analysis of the Effect of Vaccination, Efficient
Surveillance and Treatment on the Transmission

Dynamics of Cholera

Adedapo C. Loyinmi *" @, Adebisi S. Ajala °

, Tjaola L. Alani "

@ Department of Mathematics, Tai Solarin University of Education, Ijagun, Ijebu Ode, Ogun State, Nigeria
P Department of Mathematics, Federal University of Agriculture, Abeokuta, Ogun State, Nigeria

Abstract

In this study, we presented a modified SIR-SI model to investigate the dynamics and potential controls for cholera
transmission, with an incident rate equipped with a saturation factor to investigate the combined impact of three vital
measures which include effective surveillance, vaccination campaign and proper treatment in case severity. We estab-
lished among other things, the qualitative analysis of the model to validate the results. Furthermore, the reproduction
number (Ro) was found to be less than unity (1), through the stability analysis. Additionally, finite different scheme was
utilized in solving the differential equations of the model. MATLAB software was used for the numerical simulation to
examine the effect of these control measures on the population density, findings from the graphical solutions depicts that
these measures will aid in flattening the curve Cholera propagation in the population if properly implemented.

Keywords: Cholera, Stability, Endemic, Control strategies, Optimal control

1. Introduction

he impact of common calamities including

extreme weather, wildfires, earthquakes, heavy
rains, and floods is significant for the human popu-
lation. Aside from these, the global spread of infec-
tious diseases is one of the most significant problems
facing humanity. Numerous people get crippled as a
result of these diseases, and the cost of treating
human health concerns is high [1-3]. The bacteria
Vibrio cholerae is the cause of cholera, a watery
diarrheal illness. The usage of contaminated food,
particularly fish, and water are the primary and most
fundamental causes of the cholera epidemic [4—8].
The transmission of cholera can occur through direct
contact between humans as well as indirect human-
to-environment contact. Household individuals who
are cholera patients are particularly vulnerable to
infection, potentially as a result of contaminated
household water storage containers or contaminated

food preparation [3—11]. A small number of places in
North America and Europe, as well as South Africa,
are home to the majority of cholera cases [12]. Asia
has been the source of seven cholera pandemics that
have struck humanity since 1817. The seventh
cholera pandemic started in 1961 in Indonesia and
lasted over forty years, making it the longest
outbreak in recorded history [13—15]. The first signs
of cholera in patients are loose, watery stools.
Dehydration, a reduction in blood pressure, and
renal failure may result from these. If treatment is
delayed, death might occur in a matter of days. In
recent times, there have been several cholera out-
breaks in South Asia, Africa, and South America. The
World Health Organization (WHO) estimates that
3—5 million cases of illness occur each year in these
regions [16—18]. Any infectious disease's mechanism
can be understood with the use of mathematical
modelling. We can gain a profound understanding of
disease transmission with the help of the relevant
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theoretical framework. It also aids in the accurate
and effective planning of our infection control
approach. The SIR model, which divides the popu-
lation into three compartments—susceptible, infec-
tious, and recovered—is the fundamental model
used to describe the spread of infectious diseases. In
1929, Kermack and McKendrick put out this model
[19]. For a deeper understanding, a plethora of
mathematical models based on the system of ordi-
nary differential equations have been presented for
cholera infection. The cholera model was created in
1979 by Capasso and Paveri-Fontana and consisted
of two ordinary differential equations: the population
of bacteria and the population of infected humans.
They conducted phase space analysis and came to
the conclusion of their results [20—22]. They also
established the minimal requirements for the spread
of endemic and epidemic cholera. A structure based
on hierarchies has been utilized to describe the in-
fluence on natural factors, such as meteorological or
climate-related variables, in Refs. [23—25]. Jensen
and colleagues examined the function of bacterio-
phages in managing cholera outbreaks. Patients
suffering from cholera are split into two groups:
those infected with V. cholerae only and those infec-
ted with both V. cholerae and phage. They discovered
that bacteriophage induction can lessen the intensity
of a cholera outbreak and aid in its decline [26—30].
Longini et al. talked about using oral vaccine (re-
hydration treatment) to manage prevalent cholera
[31—33]. Three interventions were introduced by
Neilan et al. to construct the optimum control
problem: rehydrating and treating cholera patients
with antibiotics; immunizing vulnerable individuals;
and maintaining water sanitation. For both asymp-
tomatic and symptomatic people, the effectiveness of
single and combination controls has been visually
displayed in Refs. [34—37]. The cholera disease
model was qualitatively analyzed in 2011 by Mwasa
et al, both with and without public health in-
terventions. These interventions consist of immuni-
zation drives, educational campaigns, and the care of
contagious people. They identified the prerequisites
for reducing the fundamental reproduction number
that is brought about by education, immunization,
and therapy [38—42]. In 2017, Lemo-Paido et al.
investigated the model of cholera disease propaga-
tion by assuming that treatment control was carried
out on isolated patients. In this investigation, the
assumption of contaminated person isolation has
been made [43,44] (see Fig. 1).

Many studies on Cholera propagation abound but
the present ravaging manner by which Cholera
springs up unexpectedly around the globe despite
existing measures implies continuous study on
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Fig. 1. Cholera schematic diagram.

taming this killer infection cannot be over empha-
sized. Many part of the globe still don't have access
to quality drinkable water and sanitized environ-
ment, hence we hereby further investigate the ef-
fects of measures and combination of measures on
the transmission dynamics of this deadly infection
with a modified SIR-SI epidemic model between
host and vector, solving the system of equations
numerically using finite difference element method.

2. Model description

The current model for cholera transmission is
based on the division of the entire population, rep-
resented by the variable (N), into two distinct
groups: (Ny,) for humans and (Ny) for flies. This di-
vision allows us to study the dynamics of the disease
separately within these two major groups.

In this model, (N};,) represents the human popu-
lation, which includes individuals susceptible to
cholera, those who have been infected and recov-
ered human (Sy, I, R,). On the other hand, Ny rep-
resents the flies' population. Additionally, the rates
at which flies and humans are recruited into the
system through immigration or birth are I'y and I'f,
respectively as the rate of transmission of the
cholera bacterium to humans and flies is ¥, to W5,
respectively, when they come into contact with an
infected person's stools.

~ Biln BoIr
Y =T oL, T ok @
Bsle
W, = 2
2T 1+ 0l )
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3. The cholera model

In order to describe the dynamics of the bacte-
rium, the following system of ordinary differential
equations has been developed, based on the
detailed description and basic assumptions of the
model:

ds

TZI =Ty +pRy — (W1 + uy)Sh

dl

d—f:‘IﬁSH — (a+ wyy + 0)Iy 3)
dR,

d—tH = aly — (p+ uy)Ru

ds

d_tF =T — (W + up)Sr

il (4)
d_f = W,5F — uglr

3.1. Mathematical analyzing the cholera model

3.1.1. Existence and uniqueness of solution
Using the Lipschitz condition, from the systems of
equations (3) and (4)

G1 =Ty + pRy — (Y1 + g )Su

Gy = ¥15u — (@ + gy +0)In

Gs =aly — (p+ up)Ru (5)
Gy =TF— (Yo + ue)Sk

Gs = ¥,5r — uelr

Theorem 1. Let K denote the region 0 < x < M, then
the systems of equatlon (5) possess a unique solu-
tion if and only if abl are continuous and bounded in
K, for i#j

Proof

We need to establish the partial derivative (5) with
respect to the state variables which yield;

0G,
955 =|— (W1 +pug)
3G, 0G|
| < oo, |5 oL, =10] < 5%, =|p|<oo,

GGZ an
G,
<00 | Tel=loi<
3Gs| _ el < o0 |95
:|_(:0+/~LH)|<°°7
6G4 G4
— W
0Gs| 0Gs|
a—SI; |III2‘ o0, a—IF —‘ /Jq:|<00

Clearly from the partial derivative above of sys-
tem (5), the solutions to the systems of equations
exist, unique and remains bounded.

3.1.2. Positivity and boundedness of the solution

In this section, we demonstrate that the variables
representing population compartments maintain
non-negative throughout the simulation. Addition-
ally, we establish that the total population remains
constant at all time. This implies that from the
human population Ny=Sg + Iy + Ry is written as;
dNH dSH dIH dRH

Gt a @ @

And putting in each state variable accordingly we
obtain

dN,
d—tH ueNE — 0w (In) (6)

Furthermore, for the reservoir's system, where (4)
and the corresponding differential equations are
given as follows:

Ny
dt

:FH—

= FF - ,LLFNF (7)

Theorem 2. Let (Sy, Iz, Riy, S, Ir)be the solution of
the cholera system equation (3) and (4) with the
initial conditions in a feasible region IT = ITy x Il
where:

r
Iy = (Su, I, Ry) € R® : Ny gM—Z (8)
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And

r
Iy = (Sk,Ir) €R? : N; gi (9)

Then II is positive invariant.
Solving (6), with the method of integrating factor,
we have

dN,
d_tH =I'y — uyNy
Where 3y = 0 at DFE

T
Ky

Similarly, by applying the use of integrating on
(7), we obtain:

Ast — oo, Ny(t) < (10)

dN;

= Tr el
Iy

Ast — oo Ny(t) <1 (11)
My

Here, we are able to establish that the model is well
posed mathematically for time (t).

3.2. Presence of the cholera-free equilibrium state

The term “cholera-free equilibrium state” de-
scribes a stable situation in which the population
under consideration is resistant to the illness.

Thus S%#0, S2+0

For S%+#0,I% = 0,R% =0, and S2+#0,5% = 0,

Then, the systems (10) and (11) become

FH - IU'HS?{ =0
FF - /.LFS?: =0
Thus gives
syl
My
I'r
So="= 12
P (12)

This gives us the DFE point for the human and the
flies” population,

Ty 0, L 0) is the
MH ME

E0 = (S}, 19, Ry, SL12,) = S
system.

DFE points for the propose

3.3. Basic reproduction number

The basic reproduction number of the cholera bac-
teria, was denoted as Rn is a critical epidemiological
parameter that signifies the potential for the disease to
spread in a population without any immunity.

Mathematically, the basic reproduction number
Rn was calculated based on the parameters of the
disease transmission and progression. This basic
reproduction number Rn provides valuable infor-
mation about the potential severity and speed of an
outbreak. The accurate estimation of this our Rn is
crucial for public health officials to understand the
dynamics of an outbreak and design effective con-
trol measures to prevent and contain the spread of
the cholera bacteria. From the system of ODEs,
equation (3) and (4). And by utilizing the next gen-
eration matrix method.

To calculate the reproduction number, we only
consider the terms related to infected compartments.

R,=A(FV ) (13)

Where F is the matrix of new infection and V is the
matrix of other transfer terms infection A is the
spectral radius of FV !

ILHSH (0(+MH+5)IH
W,5r HE
F= 0 ,V: —FH — pRH + (lpl + /’LH)SH (14)
0 —Lr+ (Y2 + urp)Se
0 —aly + (p + uy)Ru

Solving 14 using (13)
The spectral radius for both human and fly pop-
ulation is;

B15u

B35k
up(1+ @)

ROH: 23 4NOF =

Rn =V ROH ROF
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R — B1B263uT'r
g (a + gy + 0) (1 + @Iy)* (1 + @IF)

3.4. Stability analysis

3.4.1. Local stability

Theorem 3. If Ry < 1, then the system (3, 4) is
locally asymptotically stable (LAS), and unstable
otherwise

Proof
We establish the above theorem by calculating the
Jacobian matrix of system in (3, 4) at DFE point

I T
EO = (5?17110{71{21752,12’ ) = <_Ha0705_1:7 O>
My M

It is necessary for the computation of the stability
J(Su, I, Ry, Sk, Ir) of the system which is given as;

AL-BAHIR JOURNAL FOR ENGINEERING AND PURE SCIENCES 2024;5:94—107

Now at DFE

After necessary simplification on (17), we obtain the
Eigen Values as;

M= — g, o= —(ug+p),

6.
la= — ((a+ﬂH+5)_ - H)MM: — ME, As = fhg,
My
r
15: _,LLF+163 F
Mr
From 4; = —((a +ug +6) —ﬁbﬁ) and s = — up+
BT H
MF
S S
Roy = B1SH 2R0F= B3S5r .
r
A3: - ((a+ﬂH+6) —61 H)
MH

From A3 we can write that

B1Su
A= — 0)[1-
3 (4 ug + )( (a+,LLH+5)(1+(I>IH)2>

i BiTn Bol |
—MH p 0 -
My My
r r
0 fjl—H—(a+uH+5) 0 0 Bol'u
My Ky
J=| o a ~(p+my) O 0 (16)
r
0 0 0 o Bl
HE
0 0 0 o Ble_ 1y
(- MF -
Now, the eigenvalue yields:
_ - . :
I 61T , . BTu
My Ky
r r
0 BT e . . B:Tw
My Ky
J—2l= 0 a —(p+ug)—4 0 0 (17)
0 0 0 g — BsTr
M
r
0 0 0 0o B E =2
- #F -
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B15u
3= — ) —
3 (a+uy+ )(1 (oz+uH+5)(1+‘I’IH)2>

< —(a+uy+06)(1—Ron)
(18)
And

S
ds= —pup| 1 _Lz
wr(1+ @I)

B3Sk
A = — - — —
’ Hr (1 up(l+ @Ip)2> < ~#r(1 = Rer) 19)

Since (18) and (19) remain negative (stable) then
Rog <1 and Rgr <1. Hence Theorem 2 has been
established.

3.5. Global stability of disease-free equilibrium
(DFE) Theorem 4

The positive equilibrium point of system (3, 4) is
globally stable, if Ry < 1.

Proof

Using the method of Lyapunov function to
establish stability at E°, the following Lyapunov
function was constructed.

0
G(Su,In,Ru, Sr,Ir) = (SH -8y —Sy logi—H)
H
o 0. Iy
+ (1 -1y~ 13 log
H

0

+ <RH —RY —R), log&) (20)
Ry

SO

+ <S}? -80-s) log—F>

F
IO

+ (IF _pp logI—F>
F

By direct calculation and solving for the derivative
of G along the system path of (3, 4) we obtain;

AK _(Su=SY\ dSu , (a—Ih) dln
it \ Sy dt Iy dt
Ry —RY\ dRy  (Sp—SY\ dSe
Y e S it 21
+( RH>dt+< S ) @)
Ir— I\ dIf
+_( Ip ) dt
Expanding (21), representing the positive and
negative terms with X and Y respectively, we have;

—=X-Y
dt

S0 I?
P= <1 — S—H> (FH —i—pRH) + <1 — Iﬂ> ‘IHSH

H H
Ry St I
+ (1_E>OJH+ (1—E FF+ 1—E IyzSp
(22)
Similarly,
Sy —S0)? 1y —1%)>
NZ%(‘E "V‘IU'H)—F%(Q'FNHJ'_(S)
Ry —R%)’ Sy — 80)?
*4( HRH H) (er:uH)Jr—( d S F) (¥, + ur)
(Ir —19)?
+T"LF
(23)

If X<Y, then %K will be negative definite along the
system (solution) path. And so, means only at
Cholera bacteria free system (E®) would ”;—It( < 0. This
simply means the system is stable globally at the
Cholera bacteria disease free system.

3.6. Existence of the endemic equilibrium points
(cholera present state)

Here, we examine the presence of endemic equi-
librium points which refers to the presence of stable
solutions in the model where the cholera bacteria is
persistently present in the population. These equi-
librium points represent the stable disease states
where the number of infected individuals and other
compartments reaches a steady state. Mathemati-
cally, we find the endemic equilibrium points by
setting the time derivatives of the model variables to
zero and solving the resulting system of equations.
These equilibrium points represent the stable solu-
tions of the model where the disease persists over
time, and they provide important clues about the
long-term dynamics of the cholera disease in the
population.

The endemic equilibrium points are defined as
(SH* (t)a 0, Sg (t), 0) satisfying 5;17 I;Ia RL? S;,I;I =0

Equating (3) and (4) to zero gives;

Ty + pRy — (W1 + py)Su =0

‘IHSH — (0[ + My + 6)11.1 =0 (24)
alg — (p+ py)Re =0

Tr— (W +up)Sr=0

WSk — uplp =0

Where
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Bilu BolIr BsIr
it enL 1roL M 2T ol

Simplify the equation accordingly we have

R — (W1 + ppg) (o + pgg +0) (p + pyr) — Pya¥q
H paWy
S — (a4 pgg +0)(p + pa )Ry
H Oélpl
. R;
I _(pt 1Ry (25)
@
*® FF
(Wy + p)
. W,oI'r

B (W + )

From (25) it shows that the proposed population
possesses a distinct endemic point which existed
only when Ry < 1.

3.7. Sensitivity analysis of the flies-human model

Here, we examine the sensitivity analysis of the
flies-human bacteria model which involves studying
how changes in the model's parameters affect the
model's output or predictions. The goal is to un-
derstand which parameters have the most signifi-
cant influence on the model's behavior and which
ones have a lesser impact. This analysis helps in
identifying the critical parameters that should be
accurately.

So, the reproduction number analysis was per-
formed Ry = /RouRgr of the model which checks for
the effect of a parameter on Ry when increased or
decreased.

Using the normalized Forward-Sensitivity Index
of a variable R, on Y we obtain:

The normalized sensitivity index of Bl obtained
as:

aRn 61
Xpr=—"—
b aﬂl Rn

(27)

R — 818285 ul'r
g (a + g+ 0)(1+ @Iy)* (1 + @I;)

Solving and computing the derivatives in (27)
gives;

Ry _ 1R, Then X =

_ LR 1o By
961 26, 961 R,

26; "R,

Rn p—
Xfr =405

Thus we obtain the sensitivity index B;. In the
same procedure, we evaluate the sensitivity indices
for the parameters that made up of the reproduction
number, the sensitivity indices of the parameters are
given in the table below:

4. Interpretation of sensitivity indices

This analysis aids in determining which parame-
ters have a significant impact on our investigation's
findings. Nonetheless, some elements that are not
very important in the real process of disease trans-
mission are purposefully left out of the sensitivity
analysis. For instance, parameters related to natural
births and deaths in both humans and non-human
primates are excluded because their impact on dis-
ease transmission is relatively minimal compared to
other critical factors. Focusing on the most influen-
tial parameters allows us to gain greater under-
standing of the dynamics of the disease and better
target control strategies for more effective disease
management (see Table 1).

The estimated sensitivity indices for parameter R,,
are presented in Table 2. From the table, we observe
that an increase in the values of parameters
Up, M, 0, and o leads to a decrease in the value of
the parameter R,. Conversely, a decrease in the
values of parameters B, B, I'y, and I'r results in an
increase in the number of cholera cases.

Table 1. The table includes human and flies state variables and
parameter descriptions.

variables Description

Su humans Susceptible

Iy humans Infected

Ry humans Recovered

Sk Susceptible flies

Ir Infected flies

'y Humans' recruitment rate

I'r Flies' recruitment rate

61 Fies contact rate to humans

62 Human to humans contact rate
O3 Flies to flies contact rate

LH Humans' natural death rate

U Flies' natural death rate of flies

1) The disease-induced rate for humans
p Rate of being re-susceptible

V21 Humans' rate of force of infection
2 Flies' rate of force of infection

a humans Recovery rate
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Table 2. Values of sensitivity indices for model parameters in Reproduction Number.

Parameters Sensitivity indices (S.I) Value of indices Values Sources
61 + +0.5 0.04 Loyinmi et al., 2021
B3 + +0.5 0.005 Loyinmi et al., 2021
'y + +0.5 1.2 Estimated
T + +0.5 0.70 Estimated
5% - —0.50311 0.0003465 Assumed
UE - -1 0.00261026
OH — —0.0200378 0.01710615
a - —0.4765122240 0.4 Assumed

This sensitivity analysis will help researchers to,  dSy
identify key parameters, and assess robustness: 4t = Tr ot pRy — { (1=K (W + ) S
optimize control strategies, and quantify uncertainty. Bt

Overall, this sensitivity analysis provides valuable df (1—K;)W1Sy — (a+ uy + 6)ksly
insights into the model's behavior and improves our
understanding of the cholera disease dynamics in ~ 4Ru _

. —=klg — (p+ pup)Ru
the flies-human system. dt
4.1. Optimal control strategies for cholera virus ds
p gies f = Te— (W2 + up)Sr

The transmission rate is lowered by (1— K1), where gy, J

K1 denote implementing efficient surveillance and 3~ WoSk — pelr

early detection in affected regions to increase im-
munity in the population and reduce the risk of
cholera outbreaks; k2 denote vaccination campaign
and K3 connotes treatment: Implementing these
three techniques to reduce the severity of outbreaks.

ds
dtH =Ty + pRu — (1 — K1) (W + ug)Su
dly
= (1K) WSy — (at g + 0kl (28)
dR,
d_tH =koly — (p + py)Ru
ds
d_tp =T — (W + ug)Sk
i (29)
d_f = W,5; — ugly

5. Analysis of the model incorporating
preventive measures

Let L = {C;1,C;,C3} €L be Lebesgue measurable
on [0,1] where 0 < C(¢) <1€][0,1],i = 1,2,3
The objective function, O is given by

k
O(Ky, Ky, K, ) = / <T1RH +Toly+= (LIle + LK
0

n U3K§)>dt

Constraint to

The point of terminal is represented by the value
K, where T;, T, represent the weight constants
attributed distinct group with the virus. Further-
more, our investigation extends to encompass an
analysis of the social cost U;K?, U,K3 and U;K3. In
order to establish the control problem, let

(K1*(t),Kx*(t) K3*(t)), such that O(Ky *(¢), ky *(¢),
Ka*(t)) =min{O(K), (K) €L}
(30)

6. Control analysis

We denote the control measures as ki, k, and k3.
And assume 0 is the infection probability, then the
model equations become;

(1 —k1)0811uSy

dSh(t) - 1+ ¢ly

'y +eRy — — UySH

(1 —k2)0B114SH
1+ QDIH
dR}{(t) = OCIH — (e + ,LLH)RH + k3IH

dIl (t) = — (a4 gy + 0)Iy

7. Quantitative analysis of the model with
control measures (t)

Using the maximum principle of Pontrgagin and
creating an objective function, we present the
presence of the control option in an analytical viable
region [0, 1] signifying reduction in the transmission
of the disease with k = {ky, k2, ks Ck} measurable in
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Lebesque terms [0, 1], 0 < k; < 1C[0,T], where j =
1,2,3.We present the objective function to be:

1
M(kl,kz,k3):/{L15+L21+2(u1k§+u2k§+u3k§) dt

(32)
Equation (32) is constrained to (31) equipped with
positive initial constrains, Sy (0)>0, Iy(0)>0 and
Ry (0)>0, Uy, U, and U; are fitted functions for the
disease.
To establish the control problem, the function is
implemented as;

M(K;(t), k5 (1), k3 (t)) =min{M(k1, k2, k), k1, ka, ks C k}
(33)

8. Presence of optimal measure (control)

Theorem 4. If we consider (33), setting k to be finite
in (31) with initial constrains at + >0, then k" =
(ki (#),k5(t), k3(t)) exists in such a way that M{k;(t),
k;(t), k;(t)} = min{M(k1, kz, k3)}, k1, kz, k3 C k

Proof

The integral of M to develop ki, ky, k3, the positive
region of the system pertaining to Sy, Iy, Ry, thus,
the control to the model exists.

Next is to demonstrate the Hamiltonian (M) and
Lagrangian (L) for the control problem. The
Lagrangian is given by;

Differentiating (36) and considering (35) with
respect to the control parameters ki, k; and k;, we
obtain;

diy 00811uSu 0B11uSu

Uk — S =0 =k = a; Sy HIH

at T gl T M gl
(37)

dky 0B1IuSu _ 0B811uSn

a —UZkz OZLIH1+ IH =0 =>k2_aLIHU2(1+(pIH)
(38)

Ryl
%: U3k3 — OZLRHIH = k3 = A HH (39)

dt Us;

Applying the condition of transversality, we
obtain;

k; =min{1,max{0,¢; }},k, =min{1,max{0,c,}},

S 0B:14Su
k,= 1 0 h =S
3 =min{1, max{0,c;}} wherec; =, L+ gl)
o = oyl 2BinSH g, —aRalu
Uy(1+ oly) Us

This completes the proof.

8.1. Numerical solution

We approach the sets of differential equations
used numerically by using one of the well-known

L=JiS+]I + 1 (UK + UL K2 + UK2) (34)  method called Finite Difference Scheme (FSD) in
2 order to achieve numerical values (see Fig. 2).
And the Hamiltonian function is;
dSy
M=],Sy+ oIy + (Ulk% + Uk5 + U3k§) i T+ PRy = (V1 + ) St
(1 —k1)0B11ySu dl
+arSu |:FH +eRy — ﬁ — MpSH d_il,‘{ =¥1Sy — (a4 uy + 0)Iy
(1 —k2)681IuSu dRy
+arly |: 1+ (PIH (0[ +ug+ 6>IH 7 =aly — (p + ,LLH)RH (4-0)
+0[LRH[OZIH - <€+,LLH)RH+k3IH] dSr .
(35) e Tr — (Y + up)Sr
dlr
Where «r,, i€{Sy, Iy, Ry}, by applying the con- 77— V2S¢ — trlr
straints in theorem 5 to the Hamiltonian function
and also differentiating (35) with respect to the state g, (+)>0,I;(t) > 0,Ry(t) > 0,5¢() > 0,Ix(¢) > 0,
variables Sy, Iy, Ry, we obtain;
dOlLSH o (1 — kl)éﬂllH (1 — kz)lx,81IH
it ]1+‘XLSH|: 1+ ol — | touly 1+ ol
dO(LIH (1 - k])éﬁlsH (1 - k2)661SH
=h+aSy|———————| +aly|———————— (@ + uy +0)I
at J2 LOH l (1 " <P1H)2 L (1 +(pIH)2 ( My ) H (36)
+C(LRH(01)
dOlLRH o

P = OZLSH(E) + DZLRH(B + ,LLH)
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Fig. 2. Solution trajectories of human population without control.

Using the finite difference as stated earlier (40) can
be decomposed as;

S -S

W: Ty + pRux — (¥4 + py ) Shx

I —1

W: zplSHK — (0( +ug+ 6)IHK

R —R

W: adpx — (p+ pp )Rk (41)
S -S

7PU+1})1 i g (W2 + ur)Srx

I —1

% =Y,Sr — prplix

(41) Can be alternatively be written as;

Stg+1) =Swy +h(Ty + pRux — (¥4 + py)Sux)

Ings1) =Inp + h(¥1Sux — (a0 + pg + 0)Ink)

Ruyi1) =Ruy + h(adpk — (p + pgr)Rex) (42)

Srg+1) =Sy + h(Tr — (V5 + 1r)Sex)

Irgi1) =1 + h(¥,S — prlx)

Where | =0,1,2,3,4,5..., h is step size
8.2. Numerical simulation

In this section, we deploy a means to observe the
propagation of the disease with respect time, track
constraints in various parameters, and evaluate the
effectiveness of control plan. The state variables'
initial conditions are as follows:,

Sp = 5000, I g = 1000, Ry = 100, Sp = 1000 and
Ir = 500. Also, ¢; = 0.091193; ¢, = 0.32 and the
parameter values needed for the simulation are
displayed in Table 2

9. Discussion

In Fig. 3 The increase in the human susceptible
class indicate the effect of the combined control
measures in this category of population. This is a
positive outcome as it means that a larger portion of

Dynamics of human po
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Optimal Control
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K120, K2=K3=0
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K10,K2>0, K3>0
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1000

500

50

Time(Davs)

Fig. 3. Solution trajectories of susceptible population with (out) optimal control.
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Fig. 4. Solution trajectories of susceptible population with (out) optimal control.

the population is gaining immunity against cholera.
By increasing immunity, the risk of cholera out-
breaks is reduced. The susceptible individuals who
become immune via the cumulative effect of these
controls are no longer at risk of contracting cholera,
leading to a decline in the number of cases. Also the
increase in the human susceptible class also suggest
that early detection, vaccination measures and suc-
cessfully identifying and treating cholera cases.
When cholera cases are promptly identified and
treated, the infected individuals are less likely to
contribute to the spread of the disease, as they are
no longer in the susceptible category. Efficient sur-
veillance, Vaccination campaign and treatment can
break the chain of transmission and limit the
severity of cholera outbreaks. In summary, the in-
crease in the human susceptible class in Fig. 3 in-
dicates that the three optimal control measures,
vaccination campaigns efficient surveillance and
treatment, are effectively reducing the susceptibility
of the population to cholera. This, in turn, leads to a
positive impact on cholera control by decreasing the
likelihood of outbreaks and reducing the severity of
the disease when cases do occur.

Fig. 4 shows that the decrease in the human
infected class indicates that the implementation of

Dynamic of Human Population with control
T T

these three optimal control measures is effective in
reducing the number of people infected with cholera.
This is a positive outcome, as it signifies a lower
disease burden in the population. The decline in the
human infected class suggests that these control
measures are successful in curbing the transmission
of cholera within the population. Efficient surveil-
lance and vaccination campaigns help increase im-
munity, while early treatment prevent the disease
from spreading rapidly. The decrease in the number
of infected individuals has a positive impact on
public health. It means fewer people are getting sick,
leading to lower morbidity and, hopefully, a decrease
in cholera-related mortality. The effectiveness of
these control measures in reducing the human
infected class underscores the importance of timely
and proactive intervention strategies. Early detection
and treatment are critical in preventing severe out-
breaks. In summary, Fig. 4 shows that implementing
these three control measures have a positive impact
on reducing cholera infections in the population.
These control measures are effective in decreasing
the spread of the disease and improving public
health outcomes by reducing the burden of cholera.

In Fig. 5, in the human recovered class (recovery
from cholera) increases from (0—10 days). This
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Fig. 5. Solution trajectories of population with (out) optimal control.
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Fig. 6. Solution trajectories of fly population without saturation.

suggests that the efficient surveillance and vacci-
nation campaigns are effectively increasing immu-
nity in the population, which results in a higher
number of individuals recovering from cholera
more quickly. The positive impact of this control
measure is that it helps to reduce the number of
people who become infected with cholera and, as a
result, the duration of illness. This ultimately leads
to a decrease in the number of people suffering from
cholera and its associated complications. The
human recovered class increases from 0 to 10 days,
indicating that early detection, vaccination and
prompt treatment are effective in reducing the
duration of cholera in infected individuals, the
positive impact of this control measure is that it
helps identify cholera cases early, enabling timely
treatment, which is crucial for reducing the severity
of the disease and preventing further transmission.
Overall, based on Fig. 5, it appears that these control
measures have a positive impact on reducing the
severity and duration of cholera cases in the popu-
lation up to a certain point (10 days) and beyond, the
impact of the surveillance and treatment measure
may decrease, but it's still essential for managing the

outbreak effectively. These control measures are
crucial in mitigating the impact of cholera and
preventing its rapid spread (see Fig. 6).

In Fig. 7. Saturation was introduced in fly popu-
lation as a form of control which could be in form
pesticide and any other form to combat fly popula-
tion which acts as the carrier, as this factor decrease
the flies' infected class and increase the susceptible
class. This can be considered a positive outcome,
meanwhile, it indicates that the control measures
are primarily affecting the human population, which
is the intended target. You don't want the fly pop-
ulation to increase as it can act as a vector for
cholera transmission. These control measures are
designed to reduce the human-to-human trans-
mission of cholera and enhance early detection and
treatment. If the fly population were affected, it
might imply unintended consequences or ecological
disruptions. The key goal of these control measures
is to reduce the severity of cholera outbreaks in the
human population, by increasing immunity through
proposed control techniques, these measures can
effectively reduce the number of cholera cases and
associated human suffering.
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Fig. 7. Solution trajectories of fly population with (out) saturation.
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10. Conclusion

In conclusion, the findings presented in this
research paper underscore the effectiveness of three
critical control measures in the battle against cholera:
effective surveillance, vaccination campaigns and
treatment. The various figures and analyses
throughout the study reveal the positive impact of
these interventions on reducing the susceptibility,
infection rate, severity, and duration of cholera cases
within the human population. Fig. 3 demonstrated
that an increase in the human susceptible class sig-
nifies a greater portion of the population gaining
immunity against cholera through vaccination and
efficient surveillance. This not only reduces the risk of
cholera outbreaks but also limits the severity of the
disease when cases do occur. Treatment break the
chain of transmission, further minimizing the impact
of outbreaks. Fig. 4 illustrated a decrease in the
human infected class, indicating the successful
reduction of cholera cases through these control
measures. This outcome is significant, as it implies a
lower disease burden, lower morbidity, and, ulti-
mately, a decrease in cholera-related mortality. Fig. 5
provided insights into the rapid recovery of in-
dividuals from cholera, up to a certain point (10 days),
thanks to vaccination campaigns, early detection and
treatment. The timely identification of cholera cases
and treatment remains crucial for reducing the
severity of the disease, even as recovery rates might
decrease after a specific time frame. Fig. 7 demon-
strated that these control measures do not signifi-
cantly impact the fly population, thus preserving
ecological stability. However saturation factor works
as a form of control in fly population which reduces
infected class, as it indicates that the control measures
effectively target human-to-human transmission
routes without unintended ecological consequences.

Overall, this research paper's findings highlight
the crucial role of vaccination campaigns, efficient
surveillance and treatment in controlling cholera.
These measures contribute to the reduction of sus-
ceptibility, infection, severity, and duration of
cholera cases in the human population, ultimately
leading to improved public health outcomes. By
minimizing the impact of outbreaks and preventing
rapid disease transmission, these interventions offer
hope in the ongoing fight against cholera, show-
casing their value in safeguarding the well-being of
affected communities.

11. Future work and limitations

In order to localize response, we do aim to expand
the study to small geographical scale spatial
modeling of the disease in the future. However,

obtaining precise and reliable data is a hurdle in
developing a model that is based on real data. This
allows us to concentrate on creating predictive
models that can estimate the possible course of the
epidemic, allowing for the early deployment of re-
sources and measures to inhibit the disease's
spread.

Data availability

No datasets generated during and/or analyzed
during the current study.
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