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Abstract: Infectious diseases continue to be a significant threat to human health and civilization, and
finding effective methods to combat them is crucial. In this research, we investigate the impact of
awareness campaigns and optimal control techniques on infectious diseases without proper vaccines.
Specifically, we develop an SIRS type mathematical model that incorporates awareness campaigns
through media and treatment for disease transmission dynamics and control. The model displays
two equilibria, a disease-free equilibrium and an endemic equilibrium, and exhibits Hopf bifurcation
when the bifurcation parameter exceeds its critical value, causing a switch in the stability of the
system. We also propose an optimal control problem that minimizes the cost of control measures while
achieving a desired level of disease control. By applying the minimum principle to the optimal control
problem, we obtain analytical and numerical results that show how the infection rate of the disease
affects the stability of the system and how awareness campaigns and treatment can maintain system
stability. This study highlights the importance of awareness campaigns in controlling infectious
diseases and demonstrates the effectiveness of optimal control theory in achieving disease control
with minimal cost.

Keywords: mathematical model; basic reproduction number; stability theory; forward bifurcation;
minimum principle; numerical simulations

1. Introduction

Infectious diseases remain a significant public health threat in the modern era despite remarkable
advances in science and technology. Microbes such as bacteria, viruses, parasites, and fungi can easily
spread from person to person or between humans and animals through various means, including
food, water, air, and soil. Deadly infectious diseases include Human Immunodeficiency Virus (HIV),
Tuberculosis (TB), and Hepatitis B Virus (HBV). Additionally, diarrhea is a common problem caused
by contaminated food or water that can lead to dehydration and death, particularly in low-income
countries. According to the World Health Organization, around 17% of deaths worldwide are due to
contagious diseases, and HIV/AIDS and TB accounted for 1.5 million deaths in 2019, respectively. In
the same year, diarrhea was responsible for nearly 300,000 deaths. The recent pandemic caused by
SARS COV-2 has caused around 6.4 million deaths in 2022, making it another deadly infectious disease.
Effective prevention and control strategies for infectious diseases are urgently needed to reduce their
impact on public health [1,8,9].

Infectious diseases can have devastating consequences for individuals and communities. To stop
the spread of such diseases, basic awareness knowledge is crucial among the population. Health
education on different measures can bring the desired change in human behavior, playing a key role
in such awareness campaigns [3]. An awareness method requires proper technicality and devices
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to teach the message to the population. The essential elements of such an awareness campaign are
prevention by using specific measures, early detection of the problem, and correct treatment under
medical supervision. Reaching out to people through different media channels like social media, mass
media, seminars, workshops, and health camps, can disseminate the message of disease prevention
and control, tailored to the rural or urban setting of the population [5].

Media campaigns can have a significant impact on controlling the spread of infectious diseases. By
educating the public about the signs and symptoms of an infection, how it spreads, and what measures
can be taken to reduce the risk of transmission, media campaigns can help to reduce the number of
new cases and prevent outbreaks from becoming widespread [7]. For instance, social media platforms
can provide accurate and up-to-date information to the public to dispel myths and avoid the spread of
misinformation. Public service announcements (PSAs) on television and radio that educate people
about infectious diseases and how to protect themselves and others can also be effective. By educating
the public about the importance of handwashing, wearing masks, and maintaining social distancing to
prevent the spread of infection, media campaigns can encourage people to take preventive measures
[10].

In addition, an awareness campaign can promote the importance of vaccination and encourage
people to vaccinate in order to reduce their risk of getting sick [4]. Designing and distributing posters
and flyers with information about infectious diseases and how to prevent their spread in public places,
such as hospitals, schools, shopping malls, and other high-traffic areas, can also be useful. By educating
the public about the signs and symptoms of infectious diseases, an awareness campaign can encourage
people to seek medical attention if they suspect they may have been exposed. This leads to early
detection and treatment, reducing the severity of the illness and preventing its spread to others [12].

It is essential to note that all awareness campaigns should align with the latest guidance from
public health authorities and medical professionals to ensure the accuracy and effectiveness of the
information being shared. Therefore, media campaigns can be a powerful tool to increase awareness,
provide accurate information, and encourage individuals to take preventive measures to stop the
spread of infectious diseases.

The impact of media awareness on epidemic outbreaks has been analyzed through model-based
mathematical studies [11,13,20,23]. These studies examine the disease dynamics of a well-mixed
population, where a portion of the susceptible and infected populations are aware of the disease. In
these models, aware susceptible individuals are also vulnerable to disease infection, but at a lower rate
than unaware susceptible individuals.

Another area of study focuses on the impact of information transmission on the dynamics
of sexually transmitted infections, assuming that the entire population is aware of the risk, but
only a certain proportion is able to respond by limiting their contact with infected individuals [27].
Additionally, epidemic models have been developed that consider the cumulative density of the
awareness program as a separate variable [19,22].

This research also takes into account the assumption that infected individuals can recover through
awareness-induced treatment and join the aware human population. The model incorporates both
local awareness, through information from local people and relatives, and global awareness, through
radio and TV campaigns. The level of awareness, M(t), decreases over time as aware individuals
become unaware. Aware individuals are assumed to become infected at a lower rate than unaware
individuals.

Finally, optimal control theory has been applied to maximize awareness and minimize disease
control costs. These studies highlight the important role of media awareness in controlling epidemic
outbreaks and provide insights into how awareness campaigns can be optimized to be more effective.

Optimization techniques are a key tool for developing effective control strategies for infectious
diseases. One important aspect of this is cost-effectiveness, where a cost function is used to capture
the economic and social costs of implementing control measures and the health-related costs of the
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disease. These costs can include things like the cost of treatment, lost productivity, and the cost of
implementing control measures such as media campaigns.

To address this, an optimal control problem is proposed in this research, which aims to minimize
costs by controlling both media campaign costs and treatment costs. The proposed optimization
problem is solved using techniques such as Pontryagin’s maximum principle, which helps to identify
optimal control strategies that balance the costs and benefits of different control measures, while taking
into account the level of public awareness.

Numerical methods are then used to solve the optimization problem and identify the optimal
control strategies. This can help to develop effective and cost-efficient control measures that can
be implemented to reduce the spread of infectious diseases. By combining mathematical modeling
with optimization techniques, we can develop evidence-based strategies that take into account the
complex interactions between the disease, the population, and the various control measures that can
be implemented.

The organization of this paper is as follows: Section 2 presents the model and its underlying
hypotheses. Section 3 offers analytical findings such as equilibria, stability analysis, and bifurcation
analysis. In Section 4, the optimal control problem is formulated. Section 5 presents numerical
simulations and discussions. Finally, in Section 6, the paper concludes by highlighting the benefits and
usefulness of the results.
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Figure 1. Interactions between populations is shown.
2. The Mathematical Model

The mathematical model proposed in this study is based on several assumptions. The model
has five variables, where S(t) and I(t) represent the density of susceptible and infected populations
at time ¢, respectively. The disease is transmitted from infected to susceptible individuals following
a mass action functional form. A media campaign, denoted as M(t), can be carried out to increase
awareness in the susceptible population. This campaign divides the total susceptible population into
two subclasses: the unaware susceptible population S, and the aware susceptible population S;. As
awareness disseminates, people change their behavior to alter their susceptibility. It is also assumed
that infected individuals recover through treatment at a rate 7y and after recovery, a fraction p of
recovered people join the unaware susceptible class, while the remaining fraction 4 =(1 — p) join the
aware susceptible class.
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Several parameters are used to describe the model. These include b, which is the constant
recruitment rate in the susceptible population; A, the disease transmission rate; d, the natural mortality
rate of the population; J, the disease-induced mortality rate of the infected population; and r, the
recovery rate. The disease spreads due to direct contact between susceptible and infective individuals
at a rate A, and the transfer rate from aware class to unaware class is denoted as f.

All newly recruited individuals are assumed to be unaware, and the rate of being aware is
proportional to the number of infected individuals reported by the media and/or health organization.
The depletion of the aware state is inversely proportional to the number of cases. Unaware
susceptible individuals become aware susceptible at the rate of M, where « is the maximum rate
at which an unaware susceptible individual becomes aware susceptible. On the other hand, aware
susceptible individuals become unaware susceptible at a rate of /(1 + M) due to memory fading
and/or carelessness. Level of awareness increases when an awareness programs are implemented
proportionally with the change of unaware infective individuals at a rate of 7 and cut down at a rate of
6 due to their ineffectiveness. Level of awareness also increase from global sources like radio, TV etc.
[22] at a rate w.

The above assumptions lead to the following model:

dSu ,Bsa

Ch = b aMSy—ASI+ {22 —dSu+ R,

is. BSa

W lXMSu 1+ M dSa + q')’R,

dl

= ASu—(d+8)I- ML,

dR

—-— = I—dR — <R

dt M L

‘%4 — Wyl —6M, )

with the initial conditions:
S4(0) >0,S,(0) >0,1(0) >0,R(0) >0,M(0) > 0.

For the analysis of model (1), the region of attraction is given by the set:

,OgMgdeb}. o)

B:{(su,sa,I,R,M)eRi:ogsu+sa+1+Rg o

Ul

Thus, all solutions of the model (1) are bounded in B for all ¢ > 0.
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Table 1. List of parameters used for numerical simulations.

Parameter Definition Reference  Value
(day~")
b Constant recruitment rate [21] 12
A Disease transmission rate [16,19] 0.0005
o Contact rate between unaware [21] 0.0002
susceptible with media
A Transfer rate of people from [19,21] 0.0052
aware individuals to unaware
d susceptible class Natural death rate [17,21] 0.005
e Additional death rate due to infection [17] 0.007
B Contact rate between - 0.1
unaware infected with media
n Rate of implementation of awareness programs [21] 0.005
0 Depletion rate of awareness program [19,21] 0.06

due to ineffectiveness

3. Dynamics of the system

The system (1) is a set of nonlinear ordinary differential equations. In order to understand the
dynamics of the system, we can analyze its steady states, which are the values of the variables at which
they do not change with time.

3.1. Existence of Equilibria

The system has two equilibria namely the disease-free steady state Ey is always existing and is
given by E%(S,,, S,,0,0, M), where,

. w
M = 'k
c b0 (deo + PO + d6) -
T d(aw? 4 awb + dwb + B2 + de?)’
abw(w + 6)
Sqa =

d(aw? + awb + dwb + pO% + d6?)’
and the endemic equilibrium point E*(S}, S}, I*, R*, M*) where

rM*I* rM* + (d +9)

r = (M- , R"= , Sp=
(aS}M* +qyR*)(1+ M*)
B+d(1+ M) ’

S, =

and M* satisfies the following equation:

coM® + e M?> + ;M +¢3 =0, (4)
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where,

co = —ad*yr—d*Ar — adyyr — dyAgre,

o = —ad’y—dByr—dA0 — ad?oy — ad?ny — ad?nr — dPyyr — d?OA0 — d*yAO + d*Awr
—d?\r0 — addyy — adyyr — dSyAB — bydAre + dyAwqr — dyAqré,

o = —dty—ad®y 4+ Pyrw —d36n — EByy — dyr + dPAw — dPA6 — ad?oy
—ad?ny — d?ony + bd*yA — byd*nr — d*nyr + d25Aw — byd? A6 4 d>yAw
—d?5A0 — d*yAB + d*Awr — addyy + bdyyA — bydyyr — bydSA8 + déyAw
—bndyAl — bydyA8 — doyA8 + bydAwr 4 dyAwqr,

3 = —dty—byd®y —dy — dyy + dPAw — byd*oy — byd*yy — d*ony + bd*yA
+byd*Aw + d*SAw — byddyy + bbydyA + bbyyyA + bdyyA + byddiw
+bydyAw + bydyAw + ddyAw.

It should be noted that since ¢y < 0, the following cases can be distinguished: (i) if c; > 0 and c3 > 0,
there exists a unique endemic equilibrium; (ii) if c; < 0, ¢ > 0, and c3 < 0, then (4) has two positive
roots, resulting in the possibility of two feasible endemic equilibria; and (iii) if c; > 0, c < 0, and
c3 > 0, then (4) has three roots, leading to the possibility of three feasible endemic equilibria.

3.2. Stability analysis of Eg

The Jacobian matrix at the disease-free equilibrium E is

[ —aM—d HLM —AS, Py HLM ]
aM — HLM - 0 qy HLM
A(Ey) = 0 0 ASy—rM—(d+6) 0 0o |
0 0 rM —-d 0
i 0 0 7 0 -0 |
At the disease-free steady state Ey, the eigenvalues are p; = —6, pp = —d which are both negative.

Additionally, p3 = AS, — rM — (d + §) is also negative when the basic reproduction number R < 1.
The remaining eigenvalues can be found by solving the given equation:

p2+<od\71+2d+1fM)P+ (1 + ) (f”lf]\;ﬁd)} =0

The expression for M is provided in (3). We can apply the Routh-Rurwitz criteria to determine that
the roots of (5), represented by p4 and ps, have negative values or negative real parts. Therefore, the
stability of Ej is guaranteed if p3 < 0.

Remark 1. The detailed numerical calculations indicate that the interior equilibrium E* is feasible when
Ro > 1, i.e., when the disease-free equilibrium Eg is unstable. The system (1) has a parameter known as the basic
reproduction number, denoted by Ry, which is given by the following equation:

ASy

Ry = ——2%
O M tdto

©)
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Therefore, based on the definition of Ry and the stability analysis of Eg, we can state the following
theorem.

Theorem 1. For the system (1), the disease-free steady state E is stable if Ry < 1, and unstable if Ry > 1. At
Ro =1, the system undergoes a forward transcritical bifurcation.

3.3. Stability of E* and Hopf bifurcation

The Jacobian matrix 5.5 at any equilibrium point E(Sy, Sq, I, R, M) is determined and its elements
Jij are given below by,

p BSa
g —_ —_ I —_ = — = — = — = —_——
Ji1 aM—Al—d, iz T M J13 ASu, 14 Py, s T+ M)’
p BSa
= M, = —-—— = d, = 0[ = , = —,
Jo1 o J22 T+ M) J23 Joa =47, Jos {1+ M)
Ja = Al J=0, Ji3=ASy—rM—(d+90), Jsa=0, Jss= -1l
Ju = 0, Jp=0, Jg=rM, Ju=—-d—7, Jis=rl, (6)
]51 == 0/ ]52 = O/ ]53 - 77/ ]54 == O/ ]55 = —0.
The characteristic equation is given by
X2 4 a1xt + a3 +asx® +agx +a5 =0, (7)
where
ar = —Ju—Jo—J33—Jua—Js5,
ar = —JioJor+ )2 — J13J31 + J11J33 + J22J33 + Ji1Jaa + J22Jaa
+J33Jaa — J35J53 + J11J55 + J22J55 + J33 )55 + Jaa]ss,
as = JizJ22J31 — J12J23f31 + Ji2Jo1J33 — Ji1J22J33 — Jial31)a3 + J12J21Jaa —

J11)22Jaa + 13J31]aa — J11J33Jaa — J22J33Jaa — J15J31)53 + J11J35)53 +
J22J35]53 + J35]4)53 + J12J21]55 — J11J22)55 + J13J31)55 — J11J33]55 —
J22J33]55 — J11JaaJ55 — J22Jaa]55 — J33]a4)55,
ay = J1aJnJ31Jaz — 12)oal31]a3 — J13)22)31]aa + J12)23)31)aa — J12)21)33]aa + J11)22)33]aa +
J15J2231)53 — J12J25)31)53 + J12J21)35]53 — J11J22)35)53 + J15)31)a4)53 — J11)35]a4a )53 —
J22J35]a4]53 — J1aJ31)a5)53 — J13J2231)55 + J12J23)31)55 — J12J21)33)55 + J11J22]33 )55 +
J1aJ31]a3]55 — J12J21]a4]55 + 11 J22Jaa55 — J13)31]aa)55 + J11/33]aa]55 + J2233 )44 )55,
as = Ji5]22J31)s4)53 + J12J25]31]s4)53 — J12J21)35]a4)53 + J11)22)35]a4]53
+NaJ22)31)a5)53 — J12)24)31Ja5]53 — J1aJ22)31]43]55
+N12)24)31)43)55 + J13)J22)31 Ja4 )55 — J12)23]31]44]55
+J12J21/33J44)55 — J11J22)33J44)55.

If the following conditions hold, all roots of the characteristic equation have a negative real part
according to the Routh-Hurwitz criterion:

as >0, ajap —az > 0, az(ayap —az) —ay(ayagy —as) >0

and (a1a2 — a3)(asag — azas) + (ara4 — as)(as — aray) > 0. 8

Thus endemic equilibrium E* is stable if the conditions in (8) hold. The following theorem ensures the
occurrence of Hopf bifurcation at the endemic equilibrium.
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Theorem 2. The stability of the interior equilibrium E* depends on whether the conditions in (8) are satisfied.
If the conditions are met, then E* is stable, otherwise, it becomes unstable. Moreover, E* undergoes a
Hopf-bifurcation at the critical value 60" of the generic parameter 0 if either of the following conditions is
satisfied

. ¢(0*) =0and ¢ . # 0, where

do le=o

¢(0) = (a3 — araz)(asaz — asay) — (as — ﬂ1ﬂ4)2,

with
as —apdy
=
asz —ayap
as = ayay, a3 = a1ay, a4 < 0, a1a3 # 0,

>0, a3—a1¢ #0,

(0197 + (mas —a3)p — (may—ab)] | #0

where a}(i = 1,2,..5) represent the derivatives of a;(i = 1,2,..5) with respect to the the genic bifurcation

parameter 6 and
1
p=3 (az + /a3 —4a4> > 0.

A formal proof of the Theorem 2 can be found in [28].

4. The optimal control problem

In this section, the aim is to study the impact of optimal treatment and awareness campaign. For
this two control parameters u1 (t) (for treatment cost) and u;(t) (for the cost of awareness campaign).
Based on the above assumptions, the above system (equation ??) would be:

% _ b—aMsu—AsulJrl/f‘]‘w—dSqumR,

% _ chSu—lr/faM—dSa+Q’YR

= NSl (d+8)1 — ()M

%f =y (t)rMI —dR — R,

6%4 = 1—u(t)w+nl—06M, )

For the later use, we rewritten the system (9) in the following form:

= htt), (10

where f; (i=1,...,5) are the right sides of system (9) and x; (i=1,...,5) are the state variables corresponding
to Sy, Sy, I, R, M respectively. Our objective is to minimize the cost of the media campaign, treatment,
and the number of infected cases. Therefore, we formulate the cost function as follows:

tr
Ju(t)] = / [AW2 (1) + Bud(t) — PM? + QI2(1)]dt. (11)
0

tf is the final time. The parameter P > 0), Q > 0 are the weight constants on the benefit of the
cost production and A > 0 is the penalty multiplier. Now, the objective is to find the optimal control
pair u*(t) = (u1(t), up(t)) such that
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J(ui,uz) = min (J(uy,uz) : (u1,u2) € U) where U = Uy x Uy,
where, Uy = (u1(t) : uq is measurableand 0 < u; <1, t € [0, tf]) and
Uy = (uz(t) : up is measurableand 0 < up <1, t € [0, £4]).

Here Pontryagin Minimum Principle [29] has been used to find the optimal control pair

(ui (1), uj(t)).
4.1. Characterization of the Optimal system

The necessary conditions for the optimal control problem can be obtained using Pontryagin’s
Minimum Principle, as presented in [29]. Applying this principle to the system, we get the following
theorem.

Theorem 3. Suppose the given optimal control u*(t) and the solution (S, (t), Sa(t), I(t), R(t), M(t)) of
the corresponding system (2?) minimize J(u) over U. Then, by applying Pontryagin’s minimum principle in
state, the following theorem holds: there exist adjoint variables §1, Co, C3, G4, and s that satisfy the following

equations:
d
% = —(61Ju +G2Ja +G3Ja1),
d
% = —(Gih2+ &),
% = —2PI—(C1)13 + C2Jo3 + C3J33 + CaJas + C5/53),
% = —(61)14 + G2)oa + C3J3a + Cafaa + C5]54),
% = 20QM — (8115 + G225 + G3J35 + GaJas + G555)- (12)

along with the boundary conditions, {;(t f) =0,i=1,..,5.

Proof. The Hamiltonian can be taken as:

6
H = Auj(t) + B(1 —up(t))> — PM*(t) + QI* + Y _ &, i=1, 2, ..., 6. (13)
i=1

According to the maximum principle [? ], the unconstrained optimal control variables u*(t) satisfies

aH * * *
w = 0, u = (Ul,uz). (14)
Thus from (14), we have
“ i3 — Ca)rMI
wiy = GBS 5)
N 2B+ ¢sw
W) = 2Brosw (16)

2B
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Due to the boundedness of the optimal control,
3 — I
uj(t) = max(0, min(1, W)), (17)
2B
w5(8) = max(0, min(1, %)). (18)
According to minimum principle [29], we have
ag; oH .
- = ——) i=1,234 1
dt axi/ 1 7 /3/ /5/ ( 9)

where x; = (Sy, Sa, I, R, M) and the necessary condition satisfying the optimal control pair u*(t) are

H(xi(t)/ u* (t)/ gi(t)/ t) = mi&(H(xi(t)/ u(t)/ gi(t)/ t))/ i=1,2,3,4,5,6.
ue
(20)
So, the adjoint system (12) corresponding to the system (??) can be obtained by equation (19). Boundary

conditions for adjoint system (12) are {;(tf) = 0, (i = 1,...,6) as the salvage function in objective
functional (11) is assumed to be zero. [

Figure 2. Forward

(a) (b)

0.08 0.5

0.4

0.06
E0 unstable

0.3
0.04 E, stable w

0.2
0.02

E, unstable 01

0

0 0.01 0.02 0.03 0.04 0.05 0.06 0

w
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Figure 4. Time series solution of the system 1 is plotted. Parameters values are as given in Table 1.
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Figure 5. Hopf bifurcation taking A as main parameter. Values of the parameters are same as Figure 4.
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Figure 6. Hopf bifurcation taking global awareness rate w as the bifurcating parameter. Here, A = 0.001

and rest of the parameters’ values are same as Figure 5.
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Figure 7. Solution trajectories for two different values of the local awareness rate 7.

5. Numerical Simulation

This section presents the numerical simulations conducted to investigate the system dynamics.

The goal is to examine the impact of increasing infection rate on the system’s behavior using simulations
with and without control, in order to verify the theoretical findings.

Figure 4 shows the solution trajectories for two different values of A. For lower values of A, the
model populations oscillate initially and then converge to the endemic equilibrium (since Ry > 1).
However, when A exceeds a certain threshold value A*, all populations exhibit periodic oscillations,
indicating that they bifurcate into periodic solutions. The bifurcation diagram for the maximum and
minimum values of the periodic solutions is shown in Figure 5, where we observe that the stability

switch occurs at A = A*.
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We also explore the bifurcation of w in Figure 6 for a fixed value of A = 0.001, where periodic
oscillations exist. As we increase the value of w, the unstable endemic state becomes stable when w
exceeds a threshold value w*.

5.1. Numerical solution of the Optimal control problem

We used MATLAB to perform numerical simulations of the optimality system (??).
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Figure 8. Numerical solution of the system (9) with and without control.
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Figure 9. Optimal profiles of the optimal control u} and u3.

The state equations are solved iteratively using an initial guess for the control functions over a
desired time interval, employing the fourth-order Runge-Kutta scheme. The adjoint equations are
then solved backward in time using the current iteration solutions of the state equations. The control
functions are updated using a convex combination of the preceding control functions and the values
from the characterization until the change between the values of unknowns at the earlier iteration and
the current iteration is negligible [31].

The numerical simulations of the optimal control problem are shown in Figures 8 and 9. Figure
8 illustrates a comparison between the system with and without optimal control. It is evident that
optimal control plays a vital role in monitoring the system. The corresponding optimal profiles of the
control variables are plotted in Figure 9. The optimal profiles indicate that a high density of awareness
campaign is required initially, and treatment is necessary from a later time (after three weeks of disease
outbreak).
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6. Discussion and Conclusion

The global outbreak of infectious diseases has brought about the urgent need for effective control
strategies that can reduce their spread while minimizing the economic and social costs associated
with control measures. In this study, a mathematical model has been proposed for the prevalence
of infectious disease, taking into account the influence of awareness programs, treatments, and
optimal control. This model can help policymakers and public health officials develop effective and
cost-efficient control strategies for infectious diseases by incorporating public awareness into the model
and using optimization techniques to produce cost-effective control strategies.

Specifically, the proposed awareness-based model is functional and can capture the dynamics of
Malaria with awareness-based interventions, while the control-induced model can minimize the cost
of malaria management. The dynamics of disease propagation have been studied using the proposed
mathematical model both analytically and numerically. The next-generation matrix has been used to
derive the basic reproduction number Ry. Equilibria assessment shows two equilibria of the proposed
model: the disease-free and endemic. The disease-free equilibrium is stable for Ry < 1, and the
endemic equilibrium exists for Ry > 1 when the disease-free equilibrium becomes unstable. The
endemic equilibrium, when it exists, is globally asymptotically stable.

To further improve the effectiveness and efficiency of control strategies, optimal control theory
has been applied to awareness-induced interventions for the cost-effective administration of Malaria.
The proposed optimal system has been analytically solved using the Pontryagin minimum principle
and numerically solved using a specific scheme, which is explained in detail in the study. Optimal
profiles of the control variables have been plotted, providing insight into the effect of controls on
malaria disease development and the cost sustained in their implementation numerically.

The optimality system consists of six Ordinary Differential Equations (ODEs) from the state and
adjoint equations. The optimal solution has been established to be essential and effective in infectious
disease control, indicating the potential of this approach for reducing the spread of contagious diseases
and minimizing the economic and social costs associated with control measures. Overall, the proposed
mathematical model and optimal control strategy can be valuable tools for policymakers and public
health officials to develop effective and cost-efficient control strategies for infectious diseases.

To conclude, this article emphasizes the importance of awareness campaigns in controlling the
spread of infectious diseases. By educating the public, promoting healthy behaviors, and dispelling
misinformation, an effective awareness campaign can help reduce the transmission rate of infectious
diseases. Furthermore, the article highlights the role of the World Health Organization in providing
resources, guidelines, and tools for the prevention, diagnosis, and treatment of infectious diseases.

The optimal control approach to infectious diseases with awareness-based controls is a promising
strategy that can help reduce the spread of contagious diseases while minimizing the economic and
social costs associated with implementing control measures. By incorporating public awareness into
the model and using optimization techniques to develop cost-effective control strategies, policymakers
and public health officials can develop effective and cost-efficient control strategies for infectious
diseases. The obtained results from the control-induced model using the maximum principle can be
helpful for policymakers in proposing suitable control strategies against infectious diseases.

In summary, this study suggests that awareness campaigns are crucial in controlling infectious
diseases, and optimal control theory, combined with media consciousness, is a necessary strategy for
infectious disease control. By using this approach, policymakers can develop effective and cost-efficient
control strategies that can minimize the economic and social costs associated with controlling infectious
diseases.
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