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OPTIMAL CONTROL STRATEGY TO COMBAT THE
SPREAD OF COVID-19 IN ABSENCE OF EFFECTIVE

VACCINE

M.H.A. BISWAS∗, M.S. KHATUN, M.A. ISLAM, S. MANDAL, A.K. PAUL AND A. ALI

Abstract. Many regions of the world are now facing the second wave of
boomed cases of COVID-19. This time, the second wave of this highly
infectious disease (COVID-19) is becoming more devastating. To control
the existing situation, more mass testing, and tracing of COVID-19 posi-
tive individuals are required. Furthermore, practicing to wear a face mask
and maintenance of physical distancing are strongly recommended for ev-
eryone. Taking all these into consideration, an optimal control problem
has been reformulated in terms of nonlinear ordinary differential equations
in this paper. The aim of this study is to explore the control strategy of
coronavirus-2 disease (COVID-19) and thus, minimize the number of symp-
tomatic, asymptomatic and infected individuals as well as cost of the con-
trols measures. The optimal control model has been analyzed analytically
with the help of the necessary conditions of very well-known Pontryagin’s
maximum principle. Numerical simulations of the optimal control problem
are also performed to illustrate the results.

AMS Mathematics Subject Classification : 93A30, 49K15, 92D30, 34A34.
Key words and phrases : Mathematical model, COVID-19, non-pharmaceutical
measures, optimal control, computational analysis.

1. Introduction

At present, COVID-19 is the main concern of the whole world and the second
wave of the spreading of the infection has been already started. It is a blood
vessel disease caused by SARS-CoV-2 which was emerged in Wuhan, China
in December 2019 [34, 35, 42]. Several infectious diseases like COVID-19 which
taken millions of lives such as Bubonic plague (Europe and West Asia in 541-542
[19, 33, 40], Europe, Asia and North Africa in 1346-1353 [2], Italy in 1629-1656
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[23, 42]), Smallpox (Japan in 735-737 [29, 44], Mexico in 1519-1520 [1]), In-
fluenza (England in 1775-1776 [38]), Influenza A (H2N2, H3N2) (Worldwide in
1957-1970 [37]) Cholera (Asia, Europe and North America in 1817-1837, Middle
East in 1863-1875 [23]), Typhus (Russia in 1918-1922 [36]), HIV/AIDS (World-
wide in 1981 to present [45]), Ebola (Worldwide in 2013-2016 [22]) came in
several time. Since COVID-19 is one of the most infectious diseases, older peo-
ple with diabetes, cardiovascular disease, cancer, and chronic respiratory disease
are mostly in a dangerous region. The virus may be transmitted to others
through the sneezes, coughs, saliva, even respiratory secretions of an infected
individual. Therefore, separation, awareness, and self-protection are the best ef-
ficacious ways to control the spread of COVID-19 until an effective vaccine come.

The infected individuals having no symptoms spread the disease from human
to human. Therefore, the identification of the infected individuals is very im-
portant to separate them from uninfected individuals. The infection can also
spread through the household waste of infected individuals [17]. In this case,
mass testing is crying need to identify the infected individuals and it can control
the transmission of the infection in the mass community. But it is not possi-
ble to identify all the infected patients among more than 7 billion people. A
clinical report presented that COVID-19 positive patients with lower immune
systems lose the capacity of smelling but not for the patients with a higher im-
mune system [14]. In this case, the spread of COVID-19 can be controlled by
maintaining physical distancing (at least 6 feet) and wearing a virus protectable
mask especially a nose mask. Even in the hospital, proper physical distancing
and virus protecting mask should have to be ensured, otherwise, all the hospital-
ized uninfected patients may be infected widely [21]. However, after identifying
the COVID-19 positive patients, proper treatments should be served as soon as
possible according to the symptoms. Besides, in order to promote the immune
system, one may take immune-boosting foods and some vitamins because the
immunized individuals have less possibility to be infected by COVID-19 [3].

The mechanisms of spreading infectious diseases were described briefly at dif-
ferent times by Biswas et al. [4, 5, 6, 7, 8, 9, 10, 11, 12]. In these papers, the
spreading of infectious diseases and the control strategies were well-described
through several mathematical models and optimal control techniques. In the
pandemic situation of COVID-19, several research models on the spreading and
controlling of COVID-19 were developed. Kucharski et al. [30] developed a
mathematical model on early transmission and the control of the spread of
COVID-19. Lin et al. [32] developed a conceptual model for the outbreak
of COVID-19 in Wuhan considering the behaviors of individuals and the ac-
tions of the government, whereas Wu et al. [47] proposed and analyzed briefly
a mathematical model on the domestic and international spread of COVID-19.
Kabir et al. [24] developed nonlinear mathematical modeling to describe the
dispersal effect to moderate the infection of COVID-19 in Bangladesh. Lin et
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al. [31] showed that the infection of COVID-19 can transmit easily at lower
temperatures and hardly spread at higher temperatures. Considering in mind,
he developed an optimal control model considering relative humidity as the con-
trol measures to control the transmission of COVID-19. Readers can also follow
(Rowe, et al. [41]; Eckardt et al. [18]; Zhang et al. [49]; Zhao et al. [50, 51];
Chen et al. [15]; Xu et al. [48]; Khatun and Biswas [25, 26, 27]) for more infor-
mation about the spreading causes and controlling techniques of COVID-19 as
well as very recent implementation of models and optimal control techniques.

The spreading of infection of COVID-19 is continuously going on and will
remain until an effective vaccine will come in hand. In such a situation, we have
to aware of the factors by which the infection is spreading mostly, and have also
to adopt more testing to identify more COVID-19 infected individuals. To come
out from such a pandemic situation, mass awareness, more testing, and proper
treatment should be implemented. Therefore, we developed an optimal control
strategy approaching a nine compartmental nonlinear mathematical model con-
sidering three control variables. Mass testing and tracing or identification of the
COVID-19 positive patients, maintenance of physical distancing and wearing
face mask, and effective treatment for corresponding complications and taking
immune-boosting foods and drugs are the most effectual ways to defend COVID-
19 at this stage. We have introduced all these things in the formulated model.
The model has been analyzed both analytically and numerically. Our aim is to
employ the control strategies so that the number of symptomatic, asymptomatic
and infected individuals is minimized at the minimum cost of the optimal con-
trols and eventually, control the outbreak of COVID-19 among populations.

2. Optimal Control Model of COVID-19

Coronavirus-2 disease (COVOD-19) is exceedingly transmissible having no
specific drugs that can cure the infection. Although vaccines for this disease are
under development, several of these vaccines are still in the human testing phase
[46]. The WHO assures that when a safe and efficacious vaccine is discovered,
they will help to provide these vaccines to all countries in the world. In that case
they will prioritize the most vulnerable people in the world. Until then, we have
to fight with COVID-19 by adopting some measures like maintenance of physi-
cal distancing and identification of COVID-19 positive patients (mass testing).
Since COVID-19 is a highly infectious disease, maintenance of physical distanc-
ing is strictly recommended as much as possible to avoid unexpected infections.
Further, the more people will be tested, the more COVID-19 positive carriers will
be identified. That is why people are being highly suggested to come under test.
However, once COVID-19 is infected, doctors suggest treatment considering the
symptoms like fever, cough, and diarrhoea to control complications and give our
body time to heal. So, taking all these scenarios into consideration, we have in-
troduced three control measures (u1(t), u2(t), u3(t)) in our previously developed



636 M.H.A. Biswas, M.S. Khatun, M.A. Islam, S. Mandal, A.K. Paul and A. Ali

mathematical model [13]. In our prior study, we formulated a nine compartmen-
tal model of COVID-19 showing the impact of symptomatic and asymptomatic
individuals in the outbreak of this novel coronavirus disease through the follow-
ing set of nonlinear ordinary differential equations:

dS
dt = ∆+ ρS (t)Q (t)− (αE (t) + φ I (t))S (t)− µS (t)

dE
dt = αS (t)E (t)− (β1 + β2 + γ3)E (t)− µE (t)

dQ
dt = γ3E (t)− ρS (t)Q (t)− γ4Q (t)− µQ (t)

dM
dt = β1E (t) + γ4Q (t)− γ1M (t)− µM (t)

dA
dt = β2E (t)− γ2A (t)− µA (t)

dI
dt = γ1M (t) + γ2A (t) + φS (t) I (t)− (δ + ψ1 + ψ2 + µ) I (t)

dH
dt = δ I (t)− (λ1 + λ2 + µ)H (t)

dR
dt = λ2H (t) + ψ1 I (t)− µR (t)

dD
dt = λ1H (t) + ψ2 I (t)

(1)

with initial conditions, S(0) = S0, E(0) = E0, Q(0) = Q0, M(0) = M0, A(0) =
A0, I(0) = I0, H(0) = H0, R(0) = R0, D(0) = D0.

In model (1), ∆ represents the source rate of susceptible individuals and
ρS (t)Q (t) is the latent term of the individuals.β1E(t) and β1E(t) are the in-
fection terms of the symptomatic and asymptomatic individuals. γ1M(t), γ2A(t)
and φS (t) I (t) are the terms which represent the probabilities of transmission
of infections from symptomatic, asymptomatic and susceptible individuals re-
spectively. γ3E(t) denotes the quarantined term of exposed individuals. The
quarantined individuals move to the susceptible and symptomatic individual
compartment by terms ρS (t)Q (t) and γ4Q(t) respectively. δ I (t) is the term
at which the infected individuals become hospitalized. λ1H (t) and ψ2 I (t) are
the death terms of hospitalized individuals and infected individuals respectively.
λ2H (t) represents the recovery term of hospitalized individuals and ψ1 I (t)
is the recovery term infected individuals for self-immunity system. The terms
µS(t), µE(t), µQ(t), µM(t), µA(t), µI(t), µH(t) and µR(t) are the natural
deaths of susceptible, exposed, quarantined, symptomatic, asymptomatic, in-
fected, hospitalized and recovered individuals respectively.

Herein, we have proposed an optimal control problem based on this mathe-
matical model (1). The following Figure 1 shows the flow chart of the optimal
control system:

Taking the Figure 1 into consideration, a dynamical system can be re-constructed
in terms of the following set of nonlinear ordinary differential equations (ODEs):
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Figure 1. Schematic diagram of optimal control system of
COVID-19. In the diagram u1(t), u2(t), and u3(t) (shown by
orange color with dotted lines) represent the mass testing, phys-
ical distancing and treatment control measures respectively.



dS
dt = ∆+ ρS (t)Q (t)− (αE (t) + φ I (t))S (t)− µS (t)− (u1(t) + u2(t))S(t)
dE
dt = αS (t)E (t)− (β1 + β2 + γ3)E (t)− µE (t)
dQ
dt = γ3E (t)− ρS (t)Q (t)− γ4Q (t)− µQ (t)− u1Q(t)
dM
dt = β1E (t) + γ4Q (t)− γ1M (t)− µM (t)− u2(t)M(t)
dA
dt = β2E (t)− γ2A (t)− µA (t)− u2(t)A(t)
dI
dt = γ1M (t) + γ2A (t) + φS (t) I (t)− (δ + ψ1 + ψ2 + µ) I (t)− u2(t)I(t)
dH
dt = δ I (t)− (λ1 + λ2 + µ)H (t)− u3(t)H(t)
dR
dt = λ2H (t) + ψ1 I (t)− µR (t) + u1(t)(S(t) +Q(t)) + u2(S(t)

+M(t) +A(t) + I(t)) + u3H(t)
dD
dt = λ1H (t) + ψ2 I (t)

(2)
with initial conditions, S(0) = S0, E(0) = E0, Q(0) = Q0, M(0) = M0, A(0) =
A0, I(0) = I0, H(0) = H0, R(0) = R0, D(0) = D0.

The exhibited model (2) is an optimal control model and the set of control
variables (u1(t), u2(t), u3(t)) ∈ U is Lebesgue measurable, where

U = {(u1(t), u2(t), u3(t)) : 0 ≤ ai ≤ ui ≤ bi ≤ 1}, ∀t ∈ [0, tf ].

Considering these three control variables, the cost functional of the problem
is given by

Minimize J(u) =
∫ tf

0

(M(t) +A(t) + I(t) +
C1

2
u1

2 +
C2

2
u2

2 +
C3

2
u3

2)dt (3)

where C1, C2 and C3 are the weight parameters of the cost functional. This
indicates that we aim to minimize the average number of asymptomatic popula-
tions, symptomatic populations and infected populations of the model as well as
the cost of the three control measures. Hence, with the help of cost functional
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(3), we can reformulate model (2) as an optimal control problem in Lagrange
form:

(POC)


Minimize J(x, u) =

∫ tf
0
L(t, x(t), u(t))dt

Subject to
ẋ = f(x(t)) + g(x(t))u(t), ∀t ∈ [0, tf ]
u(t) ∈ U, ∀t ∈ [0, tf ]
x(0) = x0

 (4)

where, x(t) =



S (t)

E(t)

Q(t)

M(t)

A(t)

I(t)

H(t)

R(t)

D(t)



, g(x) =



−S −S 0

0 0 0

−Q 0 0

0 M 0

0 −A 0

0 −I 0

0 0 −H
S +Q S +M +A+ I H

0 0 0



,

f(x) =



∆+ ρS (t)Q (t)− (αE (t) + φ I (t))S (t)− µS (t)

αS (t)E (t)− (β1 + β2 + γ3)E (t)− µE (t)

γ3E (t)− ρS (t)Q (t)− γ4Q (t)− µQ (t)

β1E (t) + γ4Q (t)− γ1M (t)− µM (t)

β2E (t)− γ2A (t)− µA (t)

γ1M (t) + γ2A (t) + φS (t) I (t)− (δ + ψ1 + ψ2 + µ) I (t)

δ I (t)− (λ1 + λ2 + µ)H (t)

λ2H (t) + ψ1 I (t)− µR (t)

λ1H (t) + ψ2 I (t)



,

u(t) =

 u1(t)

u2(t)

u3(t)

 and the integrand of the cost functional is denoted by

L(t, x, u) =M(t) +A(t) + I(t) + C1

2 u1
2 + C2

2 u2
2 + C3

2 u3
2.

3. Characterization of Optimal Control

In the cost functional (3), Pontryagin’s Maximum Principle is applied to the
Hamiltonian (H) in order to attain the necessary conditions for the optimal con-
trol problem (4). According to Pontryagin’s Maximum Principle, the standard
Hamiltonian function H with respect to (u1(t), u2(t), u3(t)) can be defined as
follows [20]:
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H(t, x(t), u(t), p(t), λ) = ⟨p(t), f(x(t)) + g(x(t))u(t)⟩ − λL(x(t), u(t)), λ ∈ R
where, p(t) = (pS , pE , pQ, pM , pA, pI , pH , pR, pD) ∈ ℜ9 denotes the adjoint vari-
ables.

Let us assume that the pair (x∗, u∗) is the optimal solution of the above
optimal control problem (4). Then, the maximum principle states the existence
of a scalar parameter λ0 ≥ 0, an absolutely continuous function p(t), such that
the following conditions are satisfied:

(i) max {|p(t)| : t ∈ [0, tf ]}+ λ > 0;

(ii) p′
(t) = λLx[t]− ⟨p[t], fx[t] + gx[t]u

∗(t)⟩;
(iii) p(t) = (0, 0, 0, 0, 0, 0, 0, 0, 0);
(iv) H(x∗(t), u∗(t), p(t)) = maxu{H(x∗(t), u∗(t), p(t))}, here a1 ≤ u1 ≤ b1,

a2 ≤ u2 ≤ b2, a3 ≤ u3 ≤ b3,
where time argument [t] denotes the evaluation along with the optimal solution.

We write p(t) = (pS , pE , pQ, pM , pA, pI , pH , pR, pD), x∗(t) = (S∗, E∗, Q∗,M∗,
A∗, I∗,H∗, R∗, D∗), and u∗(t) = (u1

∗, u2
∗, u3

∗). Then, from equation (ii) adjoint
equations in normal form (i.e.λ = 1) are explicitly given by
pS

′
= αpSE

∗ − ρpSQ
∗ + φpSI

∗ + µpS + pS(u1
∗ + u2

∗) − αpEE
∗ + ρpQQ

∗ −
φpII

∗ − pR(u1
∗ + u2

∗)
= (αE∗−ρQ∗+φI∗+µ+u1

∗+u2
∗)pS−αpEE∗+ρpQQ

∗−φpII∗−pR(u1∗+u2∗)
pE

′
= αpSS

∗ − αpES
∗ + pE(β1 + β2 + γ3) + µpE − γ3pQ − β1pM − β2pA

= αpSS
∗ + pE(β1 + β2 + γ3 − αS∗) + µpE − γ3pQ − β1pM − β2pA

pQ
′
= ρpQS

∗ − ρpSS
∗ + γ4pQ + µpQ − γ4pM − u1

∗pQ
= (ρS∗ + γ4 + µ− u1

∗)pQ − ρpSS
∗ − γ4pM

pM
′
= 1 + γ1pM + µpM − γ1pI + u2

∗pM
= 1 + (γ1 + µ+ u2

∗)pM − γ1pI
pA

′
= 1 + γ2pA + µpA − γ2pI + u2

∗pA
= 1 + (γ2 + µ+ u2

∗)pA − γ2pI
pI

′
= 1+φpSS

∗−φpIS∗+ pI(δ+ψ1+ψ2)+µpI − δpH −ψ1pM −ψ2pD +u2
∗pI

= 1 + φpSS
∗ + pI(δ + ψ1 + ψ2 + µ+ u2

∗ − φS∗)− δpH − ψ1pM − ψ2pD
pH

′
= pS(λ1 + λ2 + µ+ u3

∗)− λ2pR − λ1pD
pR

′
= µpR with transversality condition pi(tf ) = 0, i = 1, 2, 3, 4, 5, 6, 7, 8, 9.

3.1. Existence of the Optimal Controls. In the present model, (x∗, u∗) is
the optimal pair where x∗ denotes the state variables and u∗ represents control
variables. So, in order to prove the existence of the optimal control, we have to
show the existence of the state as well as the existence of the control variables
[20].

3.1.1. Existence of the State Variables. The state equations in model (1)
with the initial conditions can be written in the following form

S
′
= ∆+ ρS (t)Q (t)− (αE (t) + φ I (t))S (t)− µS (t) + (0)M (t) (5)

+ (0)A (t) + (0) I (t) + (0)H (t) + (0)R (t) + (0)D (t)

E
′
= αS (t)E (t)− (β1 + β2 + γ3)E (t)− µE (t) + (0)Q (t) + (0)M (t)
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+ (0)A (t) + (0) I (t) + (0)H (t) + (0)R (t) + (0)D (t)

Q
′
= (0)S (t) + γ3E (t)− ρS (t)Q (t)− γ4Q (t)− µQ (t) + (0)M (t)

+ (0)A (t) + (0) I (t) + (0)H (t) + (0)R (t) + (0)D (t)

M
′
= (0)S (t) + β1E (t) + γ4Q (t)− γ1M (t)− µM (t) + (0)A (t)

+ (0) I (t) + (0)H (t) + (0)R (t) + (0)D (t)

A
′
= (0)S (t) + β2E (t) + (0)Q (t) + (0)M (t)− γ2A (t)− µA (t)

+ (0) I (t) + (0)H (t) + (0)R (t) + (0)D (t)

I
′
= γ1M (t) + (0)E (t) + (0)Q (t) + γ2A (t) + φS (t) I (t)

− (δ + ψ1 + ψ2 + µ) I (t) + (0)H (t) + (0)R (t) + (0)D (t)

H
′
= (0)S (t) + (0)E (t) + (0)Q (t) + (0)M (t) + (0)A (t) + δ I (t)

− (λ1 + λ2 + µ)H (t) + (0)R (t) + (0)D (t)

R
′
= (0)S (t) + (0)E (t) + (0)Q (t) + (0)M (t) + (0)A (t) + λ2H (t)

+ ψ1 I (t)− µR (t) + (0)D (t)

D
′
= (0)S (t) + (0)E (t) + (0)Q (t) + (0)M (t) + (0)A (t) + λ1H (t)

+ ψ2 I (t) + (0)R (t) + (0)D (t) .

Let N(t) = S(t) + E(t) +Q(t) +M(t) +A(t) + I(t) +H(t) +R(t) +D(t)
So that,

N
′
(t) = S

′
(t) + E

′
(t) +Q

′
(t) +M

′
(t)A

′
(t)I

′
(t) +H

′
(t) +R

′
(t) +D

′
(t) (6)

Now from all the above equations in (5) and equation (6), we can write
N

′
(t) = ∆− µN(t) + (γ1 − γ3)M(t)

=⇒ N
′
(t) ≤ ∆− µN(t)

∴ N(t) ≤ ∆
µ + (N0 − ∆

µ )e
−µt.

Here, N(t) is the total number of populations.

So we have, N(t) ≤ ∆
µ + (N0 − ∆

µ )e
−µt = V1 ∈ R+and lim

t→∞
supN(t) ≤ V1

which gives, (S(t), E(t), Q(t),M(t), A(t), I(t),H(t), R(t), D(t)) ≤ V1, as t→ ∞.
Then, we can rewrite equation (5) in the following form:

ϕt = Gϕ+ F (ϕ) (7)
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where ϕ =



S (t)

E(t)

Q(t)

M(t)

A(t)

I(t)

H(t)

R(t)

D(t)



, ϕt =



S
′
(t)

E
′
(t)

Q
′
(t)

M
′
(t)

A
′
(t)

I
′
(t)

H
′
(t)

R
′
(t)

D
′
(t)



, F (ϕ) =



ρSQ− (αE + φI)S

αSE

−ρSQ
0

0

φIS

0

0

0



, and

G =



−µ 0 0 0 0 0 0 0 0

0 k2 0 0 0 0 0 0 0

0 γ3 k3 0 0 0 0 0 0

0 β1 γ4 k4 0 0 0 0 0

0 β2 0 0 k5 0 0 0 0

0 0 0 γ1 γ2 k6 0 0 0

0 0 0 0 0 δ k7 0 0

0 0 0 0 0 ψ1 λ2 −µ 0

0 0 0 0 0 ψ2 λ1 0 0


where, k2 = −(β1+β2+γ3+µ), k3 = −(γ4+µ), k4 = −(γ1+µ), k5 = −(γ2+µ),

k6 = −(δ + ψ1 + ψ2 + µ), k7 = −(λ1 + λ2 + µ).

Now,

F (ϕ1)− F (ϕ2) =



ρS1Q1 − (αE1 + φI1)S1

αS1E1

−ρS1Q1

0

0

φI1S1

0

0

0



−



ρS2Q2 − (αE2 + φI2)S2

αS2E2

−ρS2Q2

0

0

φI2S2

0

0

0


(8)

Equation (7) is a non-linear form with a bounded co-efficient.
We consider D(ϕ) = ϕt = Gϕ + F (ϕ). For the existence of optimal control and
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optimality system, the boundedness of solution of the system for finite time is
needed and we assume for u ∈ U, there exists a bounded solution.

|F (ϕ1) − F (ϕ2)| = |ρ(S1Q1 − S2Q2) + α(E2S2 − E1S1) + ϕ(I2S2 − I1S1) +
|α(E1S1 − E2S2) + ρ(S1Q1 − S2Q2) + ϕ(I1S1 − I2S2)|
≤ 2ρ|(S1Q1 − S2Q2)|+ 2α|(E2S2 − E1S1|) + 2ϕ|(I2S2 − I1S1)|
≤M |ϕ1 − ϕ2|
where, M is a constant. Also, we get
|D(ϕ1)−D(ϕ2)| ≤ ||B|||ϕ1 − ϕ2|+M |ϕ1 − ϕ2| ≤ V |ϕ1 − ϕ2|.
where, V = max(M, ||B||) <∞.
Thus, it follows that the function D is uniformly Lipschitz continuous.
From the definition of the control U(t) and the restriction on S,E,Q,M,A, I and
D > 0, we see that asolution of the system (7) exists.

3.1.2. Existence of the Control Variables. Now, by applying Pontryagin’s
Maximum Principle [39] we have the following Theorem 3.1 and by proving the
theorem, we show the existence of controls.

Theorem 3.1. There exists optimal control (u1∗, u2∗, u3∗) that minimizes the
performance index J(x, u) over U given by

u1
∗ = max

[0,tf ]

{
0,min

(
1,

(PS − PR)S
∗ + PQQ

∗

C1

)}
,

u2
∗ =

max
[0,tf ]

{
0,min

(
1, (PS−PR)S∗+(PM−PR)M∗+(PA−PR)A∗+(PI−PR)I∗

C2

)}
and u3∗ = max

[0,tf ]

{
0,min

(
1,

(PH − PR)H
∗

C3

)}
Proof. According to optimality conditions, we have
∂H

∂u∗1
= C1u

∗
1−PSS

∗−PQQ
∗+PRS

∗ = 0 =⇒ u∗1 =
(PS − PR)S

∗ + PQQ
∗

C1
= u1

∂H

∂u∗2
= C2u

∗
2 − PSS

∗ − PMM
∗ − PAA

∗ − PII
∗ + PR(S

∗ +M∗ +A∗ + I∗) = 0

=⇒ u∗2 =
(PS − PR)S

∗ + (PM − PR)M
∗(PA − PR)A

∗(PI − PR)I
∗

C2
= u2

∂H

∂u∗3
= C3u

∗
3 − PHH

∗ − PRH
∗ = 0 =⇒ u∗3 =

(PH − PR)H
∗

C3
= u3

According to the property of U , the three controls (u∗1, u2
∗, u3

∗) are bounded
with upper bound 1 and lower bound 0.

u∗1(t) =


0 if u∗1 ≤ 0
(PS−PR)S∗+PQQ∗

C1
if 0 < u∗1 ≤ 1

1 if u∗1 ≥ 1
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This can be written in compact form as
u∗1(t) = max

[0,tf ]

{
0,min

(
1,

(PS−PR)S∗+PQQ∗

C1

)}
.

Similarly,

u∗2(t) =


0 if u∗2 ≤ 0
(PS−PR)S∗+(PM−PR)M∗(PA−PR)A∗(PI−PR)I∗

C2
if 0 < u∗2 ≤ 1

1 if u∗2 ≥ 1

In the same way, this can be written in compact form as
u∗2(t) =

max
[0,tf ]

{
0,min

(
1, (PS−PR)S∗+(PM−PR)M∗+(PA−PR)A∗+(PI−PR)I∗

C2

)}
Again,

u∗3(t) =


0 if u∗3 ≤ 0
(PH−PR)H∗

C3
if 0 < u∗3 ≤ 1

1 if u∗3 ≥ 1

which can be written in compact form as

u∗3(t) = max
[0,tf ]

{
0,min

(
1,

(PH − PR)H
∗

C3

)}
.

Thus, we get the optimal solutions as (u∗1, u
∗
2, u

∗
3) =

max
[0,tf ]

{
0,min

(
1,

(PS−PR)S∗+PQQ∗

C1

)}
max
[0,tf ]

{
0,min

(
1, (PS−PR)S∗+(PM−PR)M∗+(PA−PR)A∗+(PI−PR)I∗

C2

)}
max
[0,tf ]

{
0,min

(
1, (PH−PR)H∗

C3

)}


This completes the proof of the Theorem 3.1. □

4. Numerical Simulations

In this section, we have used Open-OCL [28] solver to perform numerical sim-
ulations of the optimal control model (1) in MATLAB programming language.
In order to carry out numerical solutions of the model, we use a set of parameter
values which are shown in Table 1. We perform numerical simulations to com-
pare the results of our model with the real data obtained from several reports
specifically Worldometer [16].

We use a set of suitable parameter values. The description of all the pa-
rameters with the estimated values used in the model (2) is presented in Table
1. We have considered the initial conditions S0 = 100 × 105, E0 = 50 × 105,
Q0 = 60 × 105, M0 = 70 × 104, A0 = 40 × 104, I0 = 60 × 104 H0 = 20 × 104,
R0 = 40× 104 and D0 = 5× 103. Firstly, we simulate the model (2) considering
the initial values and all other parameters that are shown in Table 1.
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Table 1. Description and estimation of the parameters of
model (1)

Symbols Descriptions Values Units Sources
∆ Recruitment rate of the susceptible individuals 0.0185 day−1 [20, 22]
α Exposed rate of the individuals 0.153 day−1 [22]
β1 Effective rate of exposed becoming symptomatic 0.138 Dimensionless [22]
β2 Effective rate of exposed becoming asymptomatic 0.013 Dimensionless [46]
γ1 Probability of being infected from symptomatic 0.025 day−1 [48]
γ2 Probability of being infected from asymptomatic 0.015 day−1 [6]
φ Probability of being infected from susceptible 1.56 day−1 [6]
γ3 Quarantined rate from exposed individuals 0.25 Dimensionless [16, 17]
γ4 Effective rate from quarantined to symptomatic 0.02 day−1 [16, 17]
ρ Effective rate from quarantined to susceptible 0.025 day−1 [20, 22]
δ Hospitalized rate of the infected individuals 0.4127 day−1 [46, 48]
λ1 Death rate of the hospitalized individuals 0.0427 day−1 [46, 48]
λ2 Rate of recovery from hospitalized individuals 0.8971 day−1 [6]
ψ1 Effective recovery rare using self-immunity system 0.5887 day−1 [46, 48]
ψ2 Death rate of the infected individuals 0.0412 day−1 [48]
µ Natural death rate 0.0078 day−1 [48]

Figure 2. Numerical simulation of the model (2) when no con-
trol measures are applied to the system.

Also, we have performed the numerical simulations for time interval t ∈
[0, 120] for 120 days. For convenient, on t-axis, we consider 1 unit is equiva-
lent to 6 days in Figures 2-5 and 1 unit is equivalent to 2 days in Figures 6-11.
We have considered three control variables: u1(t) as the control of mass testing
and tracing or identifying the COVID-19 positive patients, u2(t) as the control
of maintaining physical distancing and u3(t) as the control of effective treatment
for corresponding symptoms. The result of simulation of the combined classes
without optimal control model (2) is presented in Figure 2.
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Figure 3. Numerical simulation of susceptible, symptomatic,
asymptomatic, infected, hospitalized and recovered individuals
when both the three control measures are activated.

We observe from Figure 2 that when no optimal controls are applied to the
system then symptomatic, asymptomatic, infected and hospitalized individuals
are increased. As a result, the number of death people is also increased due
to this pandemic outbreak. Considering the optimal controls into account, the
behavior of the state trajectories is simulated in the Figure 3 and the control
trajectories in Figure 4.

We observe from Figures 3 and 4 that when optimal controls are applied to
the system then infected individuals are decreased whereas recovered individ-
ual is increased tremendously till the end of the period, at the same time the
overall cost of all the controls u1, u2, u3 are minimized. The model (2) shows
the significant result for considering the asymptomatic individuals which have
remarkably influenced on the spread of COVID-19. After employing the optimal
controls (i.e. mass testing and tracing among the individuals and maintaining
the physical distancing as well as wearing mask, the asymptomatic individuals
are decreased surprisingly as a result recovered individuals are also increased
from this pandemic outbreak. At the same time the cost of the management of
mass testing system and cost of buying mask is minimized. On the other hand,
the cost of the control u3 (i.e. treatment for corresponding symptoms and taking
immune boosting foods and drugs to develop self-immunity system) is maximum
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Figure 4. Illustration of the three control measures.

at the beginning of the period and then decreased after day by day that is our
objective to minimize the cost of the controls.

Now, we solve the model numerically for the classes of susceptible, infected
and recovered individuals to show how the changes in these states due to applying
mass testing control. The result in this case is presented in Figure 5.

Figure 5 shows the state trajectories of susceptible, asymptomatic, infected
and recovered individuals in the present of mass testing and tracing (u1) and
maintaining physical distancing (u2) as optimal control. We have observed that
from the beginning period the number of infected people is increasing but after
performing mass testing and tracing, it leads to quick identification of COVID-
19 and immediate isolation to prevent spread. It is also helped to trace anyone
who came into contact with infected individuals and quickly quarantined. We
also investigate that the infected population is extremely decreased due to de-
cay of asymptomatic individuals. An asymptomatic positive patient does not
exhibit the symptoms of COVID-19 outbreak but can transmit the virus to oth-
ers susceptible individuals rapidly. As a result, the symptomatic and infected
population is extensively diminished and recovered individuals are increased that
World Health Organization (WHO) has highlighted the eventual significant of
mass testing. They suggest that three things are important: tracing positive pa-
tient, identifying their household and identifying the people who are contacted
and quarantining them minimum fourteen days. The cost of the management
of tracing software or mass testing system is the largest value at the beginning
period and then it is remained constant. After implementing the tracing and
testing, the cost of the control (u1) is decreased till at the end of the period.
Due to managing the cost of maintaining physical distancing and wearing mask,
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Figure 5. The asymptomatic and infected individuals are sig-
nificantly decreased and recovered individuals are increased
due to maintain physical distance and applying mass testing
(u1 ̸= 0, u2 ̸= 0, u3 = 0) as optimal control.

the cost of the control (u2) is initially boomed but gradually reduced day by
day.

Then we run the program for the infected and recovered individuals to show
the effect of quarantined individuals, keeping the parameters value same as be-
fore. The result is shown in Figure 6.

In Figure 6, we see the variation of symptomatic, infected and recovered
individuals with time due to applying mass testing (u1) as optimal control. It
is easy to understand that the infected individual is significantly decreased due
to increase of quarantined rate. As a result, recovered individuals are increased
extensively. Thus, after the implementation of mass testing or tracing (u1)
and isolated the COVID-19 positive patient, the symptomatic individuals are
extensively decreased as a result infected individuals are also decreased and
recovered individuals are increased surprisingly.

Now, we solve the program to see the variation for the susceptible class after
using optimal control (u1). The result is shown in Figure 7.

Figure 7 shows the optimal trajectories of the susceptible individuals with
time. We observe that the susceptible individuals are extremely decreased due
to apply the optimal control mass testing and tracing to the community. Next,
we solve the model to see the variation for the symptomatic individuals after
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Figure 6. Dynamics of quarantined, symptomatic, infected
and recovered individuals where the symptomatic individuals
are significantly decreased as a result recovered individuals
are increased surprisingly due to applying optimal controls u1
whereas u2 = 0, u3 = 0.

Figure 7. The susceptible individuals are dramatically de-
creased due to apply the optimal control mass testing and trac-
ing (u1) .

using optimal control (u2), keeping the parameters value same as before. The
result is presented in Figure 8.
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Figure 8. Variation of symptomatic individuals by using op-
timal control (u2) where the symptomatic individuals is signif-
icantly decreased due to maintaining social distancing.

Figure 8 represents the variation of symptomatic individuals with time due to
maintain physical and social distance and other effects are not considered. We
observe that the symptomatic population is extremely decreased after applying
(u2) as optimal control. Because, we all are known that coronavirus is primarily
spread between people during close contact, often via small droplets produced
by coughing, sneezing, or talking. These small droplets have transmitted when a
person is in close contact (within 1 m) with someone who has respiratory symp-
toms. Thus, the symptomatic population is significantly decreased as a result
recovered individuals increased due to maintain physical and social distance at
least one meter from COVID-19 positive people as a protective measure.

Now, we run the program to see the variation for the asymptomatic class after
using optimal control u1 and u2. The result is shown in Figure 9.

We understand easily from Figure 9 that the variation of asymptomatic in-
dividuals with time due to apply mass testing and maintaining physical and
social distance. We observe that the asymptomatic population is extremely de-
creased after applying u1 and u2 as optimal control. Because an asymptomatic
positive patient does not exhibit the symptoms of COVID-19 outbreak but can
transmit the virus to others rapidly. Thus, after identifying the asymptomatic
individuals through mass testing and tracing who’ve contacted with them and
maintaining physical and social distance, the asymptomatic population is exten-
sively decreased as a result infected population is also decreased and recovered
individuals are increased tremendously.

Finally, we run the program to see the variation for the infected individuals
after using optimal control u2, keeping the parameters value same as before.
The result in this case is given in Figure 10.

From Figure 10, we observe the variation of infected individuals with time due
to maintain physical and social distance and other effects are not considered.
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Figure 9. Variation of asymptomatic individuals by using op-
timal control where the asymptomatic population is signifi-
cantly decreased due to apply mass testing and maintaining
social distancing (u1andu2).

Figure 10. Variation of infected individuals by using optimal
control where the infected population is significantly decreased
due to maintaining social distancing.

At present, there are no specific vaccines are invented for COVID-19. If we
controlled and reduced the symptomatic and asymptomatic population from
this pandemic situation through maintaining physical distance as well as social
distance from the sick people who has respiratory symptoms and spread small
droplets produced by coughing, sneezing or talking as a preventive measure then
the infected population is significantly decreased as a result number of recovered
individuals also increased surprisingly from this outbreak.
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Figure 11. Variation of recovered individuals by using opti-
mal control where the recovered individuals are increased sur-
prisingly due to apply the vaccine or treatment (u3) as optimal
control.

Next, we solve the model for the class of hospitalized and recovered individuals
to show how the change occurs in the recovered individuals using treatment as
optimal control. The result in this case is given in Figure 11.

From Figure 11, it is observed that the hospitalized population is decreased
due to applying treatment based on the patient’s clinical condition and devel-
oping self-immunity system. There are no specific vaccines or medicines for
COVID-19 still nowadays, so, to reduce the infected individuals from this out-
break and increased recovered individuals, self-immunity system must be devel-
oped for all the population of a community and the symptoms can be treated
and treatment through clinical trials. For that reason, it is mandatory for each
of the individuals to develop a strong immune system through indoor and out-
door activities, by trying muscle strength training, by eating a diet high in fruits
and vegetables with minimizing the consumption of red and processed meats.

5. Conclusions

In this contribution, a mathematical model on transmission dynamics of
COVID-19 is presented introducing three control variables such as mass testing
and tracing of COVID-19 positive patients, maintenance of physical distancing
and effective treatment for corresponding symptoms with taking immune boost-
ing foods and drugs to develop self-immunity system. We have used Pontryagin
maximum principle for the existence of the state variables, objective functional
and characterization of the optimal control to minimize the number of sympto-
matic, asymptomatic and infected individuals with minimum cost of the controls.
The major findings of this study are given below:
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• When no preventive control measure is applied, symptomatic, asymp-
tomatic and infected individuals are continuously increased due to this
highly infectious pandemic disease.

• After implementation of the optimal control u1(t) (mass testing and trac-
ing) in the community, the susceptible, exposed and infected population
is extensively decreased as a result recovered individuals are increased.
Moreover, WHO has encouraged to all of the people for mass testing
and tracing of COVID-19 positive patients, at the same time identifying
their household and quarantined them.

• When the optimal control u2(t) (maintenance of physical distancing and
wearing face mask) is applied, the infected individuals are significantly
decreased due to increase of maintaining physical distancing and wearing
face mask with high quarantined rate. As a result, recovered individ-
uals are increased extensively. Since an asymptomatic (but COVID-
19 positive patient) individual does not show the symptoms of corona
transmission but can spread the virus to others that leads to increase
the infected individuals rapidly. Hence after using the optimal control
u2(t), the asymptomatic individuals are extensively decreased as a result
the infected individuals are also decreased so that recovered individuals
are increased quickly.

After execution the optimal control u3(t) (efficacious treatment for corre-
sponding symptoms), the hospitalized individuals are decreased with the increase
of recovered individuals. In this pandemic situation, it is mandatory for each of
the individuals to develop a strong immune system through indoor and outdoor
activities, by trying muscle strength training, by eating fruits and vegetables.
Our study (the dynamics of the optimal control in Figures 2-4) also ensure that
the overall cost of the optimal control is minimized with the reduction of infected
individuals.

Conflicts of Interest : The authors declare that there are no conflicts of
interest regarding the publication of this manuscript.

Data Availability : The data used to support the findings of this study are
included within the article.

Funding Statement : This research is not supported by any research project
or financial organization.

References
1. R. Acuna-Soto, D.W. Stahle, M.K. Cleaveland, M.D. Therrell, Megadrought and Megadeath

in 16th Century Mexico, Emerging Infectious Diseases 8 (2002), 360–362.
2. A.S. Austin, A pest in the land: new world epidemics in a global perspective, University of

New Mexico Press, 2003.



Optimal Control Strategy to Combat the Spread of COVID-19 653

3. B. Batista, D. Dickenson, K. Gurski, M. Kebe, N. Rankin, Minimizing disease spread on
a quarantined cruise ship: A model of COVID-19 with asymptomatic infections, Math.
Biosci. 329 (2020), 108442.

4. M.H.A. Biswas, L.T. Paiva, M.D.R. de Pinho, A SEIR Model for Control of Infectious
Diseases with Constraints, Mathematical Biosciences and Engineering 11 (2014), 761-784.

5. M.H.A. Biswas, On the Evaluation of AIDS/HIV Treatment: An optimal Control Approach,
Current HIV Research 12 (2014), 1-12.

6. M.H.A. Biswas,. Necessary Conditions for Optimal Control Problems with State Con-
straints: Theory and Applications, PhD Thesis, Department of Electrical and Computer
Engineering, Faculty of Engineering, University of Porto, Portugal, 2013.

7. M.H.A. Biswas, AIDS epidemic worldwide and the millennium development strategies: A
light for lives, HIV and AIDS Review 11 (2012), 87-94.

8. M.H.A. Biswas, Optimal Control of Nipah Virus (NiV) Infections: A Bangladesh Scenario,
Journal of Pure and Applied Mathematics: Advances and Applications 12 (2014), 77-104.

9. M.H.A. Biswas, On the Immunotherapy of HIV Infections via Optimal Control with Con-
straint, Proceedings of the 18th International Mathematics Conference, Dhaka, 20-22 March
2014, 51-54.

10. M.H.A. Biswas, Optimal Chemotherapeutic Strategy for HIV Infections-State Constrained
Case, Proceedings of the 1st PhD Students Conference in Electrical and Computer En-
gineering, Department of Electrical and Computer Engineering, Faculty of Engineering,
University of Porto, Portugal, 2012.

11. M.H.A. Biswas, Model and Control Strategy of the Deadly Nipah Virus (NiV) Infections
in Bangladesh, Research & Reviews in Biosciences 6 (2012), 370-377.

12. M.H.A. Biswas, M.M. Haque, U.K. Mallick, Optimal Control Strategy for the Immunother-
apeutic Treatment of HIV Infection with State Constraint, Optimal Control. Applications
and Methods 40 (2019), 1-12.

13. M.H.A. Biswas, M.A. Islam, S. Akter, S. Mandal, M.S. Khatun, S.A. Samad, A.K. Paul,
M.R. Khatun, Modelling the Effect of Self-Immunity and the Impacts of Asymptomatic and
Symptomatic Individuals on COVID-19 Outbreak, Computer Modeling in Engineering &
Sciences 125 (2020), 1033–1060.

14. D.S. Ceron et al., Self-reported loss of smell without nasal obstruction to identify COVID-
19. The multicenter Coranosmia cohort study, Jourmal of Infection 81 (2020), 614–620.

15. T.M. Chen, J. Rui, Q. Wang, Z. Zhao, J. Cui, and L. Yin, A Mathematical Model for
Simulating the Phase-Based Transmissibility of A Novel Coronavirus, Infectious Diseases
of Poverty 9 (2020).

16. Coronavirus Pandemic Report, Retrieved from https://www.worldometers.info/coronavirus/.
Accessed on 10 October 2020.

17. F. Di, et al., Science of the Total Environment Minimization of spreading of SARS-CoV-2
via household waste produced by subjects affected by COVID-19 or in quarantine, Sci. Total
Environ. 743 (2020), 140803.

18. P. Eckardt, et al., Hospital affiliated long term care facility COVID-19 containment strat-
egy by using prevalence testing and infection control best practices, Am. J. Infect. Control
000 (2020), 7–10.

19. A.J. Ekonomou, Byzantine Rome and the Greek Popes, Lexington Books, 2007.
20. W.H. Fleming, and R.W. Rishel, Deterministic and Stochastic Optimal Control, Springer

Verlag, New York, 1975.
21. C. Garcia-vidal, et al., Incidence of co-infections and super-infections in hospitalized pa-

tients with COVID-19: a retrospective cohort study, Clinical Microbiology and Infection 27
(2021), 83–88.

22. E. Gignoux, R. Idowu, L. Bawo, L. Hurum, A. Sprecher, M. Bastard, K. Porten, Use
of Capture-Recapture to Estimate Underreporting of Ebola Virus Diseases, Montserrado
Country, Liberia, Emerging Infectious Diseases 21 (2015), 2265–2267.



654 M.H.A. Biswas, M.S. Khatun, M.A. Islam, S. Mandal, A.K. Paul and A. Ali

23. J.N. Hays, Epidemics and pandemics their impacts on human history, Santa Barbara, CA:
ABC-CLIO, 2005.

24. M.H. Kabir, M.O. Gani, S. Mandal, M.H.A. Biswas, Modeling the dispersal effect to reduce
the infection of COVID-19 in Bangladesh, Sensors International 1 (2020), 100043.

25. M.S. Khatun, M.H.A. Biswas, Optimal control strategies for preventing hepatitis B infec-
tion and reducing chronic liver cirrhosis incidence, Infectious Disease Modelling 5 (2020),
91-110.

26. M.S. Khatun, M.H.A. Biswas, Mathematical analysis and optimal control applied to the
treatment of leukemia, Journal of Applied Mathematics and Computing 64 (2020), 331–353.

27. M.S. Khatun, M.H.A. Biswas, Modeling the effect of adoptive T cell therapy for the
treatment of leukemia, Computational and Mathematical Methods 2 (2019), 15-45.

28. J. Koenemann, G. Licitra, M. Alp, M. Diehl, Open OCL-Open Optimal Control Library
Robotics Science and Systems, Workshop submission, Extended abstract, 2019.

29. G.C. Kohn, Encyclopedia of Plague and Pestilence: From Ancient Times to the Present,
Checkmark Books, Princeton, New Jersey, 2002

30. A.J. Kucharski, T.W. Russell, C. Diamond, Y. Liu, J. Edmunds, S. Funk, M.E. Eggo,
Early Dynamics of Transmission and Control of COVID-19: A Mathematical Modelling
Study, The Lancet Infectious Diseases 20 (2020), 30144-4.

31. J. Lin, et al., Science of the Total Environment Containing the spread of coronavirus
disease 2019 (COVID-19): Meteorological factors and control strategies, Sci. Total Environ.
744 (2020), 140935.

32. Q. Lin, S. Zhao, D. Gao, Y. Lou, S. Wang, S.S. Musa, M.H. Wang, Y. Cai, W. Wang, L.
Yang, H. Daihai, A Conceptual Model for the Coronavirus Disease 2019 (COVID-19) Out-
break in Wuhan, China with Individual Reaction and Governmental Action, International
Journal of Infectious Diseases 93 (2020), 211-216.

33. T. Maugh, An Empire’s Epidemic, Retrieved from https://www.ph.ucla.edu. Accessed on
20 March 2020.

34. Mayo Clinic, Coronavirus disease 2019 (COVID-19) – Symptoms and causes Retrieved
from https : //www.mayoclinic.org/diseases − conditions/coronavirus/symptoms −
causes/syc− 20479963 on 14 April 2020. Accessed on 18 October 2020.

35. NCBI, COVID-19 and Vascular disease, Retrieved from https :

//www.ncbi.nlm.nih.gov/pmc/articles/PMC7438984/. Accessed on 18 October 2020.
36. K.D. Patterson, Typhus and its control in Russia, Med Hist. 37 (1993), 361–381.
37. W.E. Paul, Fundamental immunology, Lippincott Williams & Wilkins, 2008, ISBN: 978-

0-7817-6519-0.
38. A. Prichard, J. Fothergill, Influenza in 1775, The Lancet, 143 (1894), 175–176.
39. L.S. Pontryagin, V.G. Boltyanskii, R.V. Gamkrelidze, and E.F. Mishchenko, The mathe-

matical theory of optimal processes, John Wiley and Sons, USA, 1962.
40. W. Rosen, Justinian’s Flea: Plague, Empire, and the Birth of Europe, New York, 2007.
41. T.A. Rowe, M. Patel, R.O. Conor, S. Mcmackin, V. Hoak, L.A. Lindquist, COVID-19

exposures and infection control among home care agencies, Arch. Gerontol. Geriatr. 91
(2020), 104214.

42. S. Scasciamacchia, L. Serrecchia, L. Giangrossi, G. Garofolo, A. Balestrucci, G. Sam-
martino, A. Fasanella, Plague Epidemic in the Kingdom of Naples, 1656-1658, Emerging
Infectious Diseases 18 (2012), 186-188.

43. D.G. Smith, Coronavirus May Be a Blood Vessel Disease, Which Explains Everything,
Retrieved from https : //elemental.medium.com/coronavirus − may − be − a − blood −
vessel− disease−which− explains− everything− 2c4032481ab2. Accessed on 18 October
2020.

44. A. Suzuki, Smallpox and the epidemiological heritage of modern Japan: Towards a total
history, Medical History 55 (2011), 313-318.



Optimal Control Strategy to Combat the Spread of COVID-19 655

45. UNAIDS report on the global AIDS epidemic 2010, Global report, Retrieved from
https : //www.unaids.org/globalreport/documents/20101123GlobalReportfullen.pdf. Ac-
cessed on 5 September 2020.

46. World Health Organization (WHO), Retrieved from https://www.who.int/emergencies/
diseases/novel-coronavirus-2019/covid-19-vaccines. Accessed on 5 September 2020.

47. J. Wu, K. Leung, G.M. Leung, Nowcasting and Forecasting the Potential Domestic and
International Spread of the 2019-Ncov Outbreak Originating in Wuhan, China: A Modelling
Study, Lancet 395 (2020), 689-697.

48. X. Xu, P. Chen, J. Wang, J. Feng, H. Zhou, X. Li, W. Zhong, P. Hao, Evolution of the
Novel Coronavirus from the Ongoing Wuhan Outbreak and Modeling of Its Spike Protein
for Risk of Human Transmission, Science China Life Sciences 63 (2020), 457-460.

49. S. Zhang, M. Diao, Y. Wenbo, L. Pei, Z. Lin, D. Chen, Estimation of the Reproductive
Number of Novel Coronavirus (COVID-19) and the Probable Outbreak Size on the Diamond
Princess Cruise Ship: A Data-driven Analysis, International Journal of Infectious Diseases
93 (2020), 201-214.

50. S. Zhao, S. Salihu, L. Qianying, Jinjun, G. Yang, W. Wang, Y. Lou, L. Yang, D. Gao,
H. Daihai, H.W. Maggie, Estimating the Unreported Number of Novel Coronavirus (2019-
nCoV) Cases in China in the First Half of January 2020: A Data-Driven Modelling
Analysis of the Early Outbreak, Journal of Clinical Medicine 9 (2020).

51. S. Zhao, Q. Lin, J. Ran, S.S. Musa, G. Yang, W. Wang, Y. Lou, D. Gao, L. Yang,
D. He, M.H. Wang, Preliminary Estimation of the Basic Reproduction Number of Novel
Coronavirus (2019-nCoV) in China, from 2019 to 2020: A Data-Driven Analysis in the
Early Phase of the Outbreak, International Journal of Infectious Diseases 92 (2020), 214-217.

M.H.A. Biswas received M.Sc. from University of Chittagong, M.Phil. from University of
Rajshahi, Bangladesh and Ph.D. at University of Porto, Portugal. Since 2002 he has been at
Khulna University, Bangladesh and He is currently a Professor at the same university. His
research interests include optimal control, dynamic optimization, mathematical modeling,
mathematical biology and epidemiology of infectious diseases. Prof. Biswas has been elected
as the Vice-president of Bangladesh Mathematical Society for the year 2022-2023. Professor
Biswas has been serving as the founding President of Bangladesh Society for Mathematical
Biology since 2020.
Mathematics Discipline, Khulna University, Khulna-9208, Bangladesh.
e-mail: mhabiswas@yahoo.com

M.S. Khatun received B.Sc. (Honors) in Mathematics from Khulna University,
Bangladesh, and M.Sc. in Applied Mathematics from the same University. Her research
interests are optimal control, mathematical modeling, mathematical biology and epidemi-
ology of infectious diseases.
Mathematics Discipline, Khulna University, Khulna-9208, Bangladesh.
e-mail: shantajsku@gmail.com

M.A. Islam received B.Sc. (Honors) in Mathematics from Khulna University, Bangladesh,
and M.Sc. in Applied Mathematics from the same University. His research interests in-
clude optimal control, mathematical modeling, mathematical biology and epidemiology of
infectious diseases.
Mathematics Discipline, Khulna University, Khulna-9208, Bangladesh.
e-mail: anarul1996@gmail.com

S. Mandal received B.Sc. (Honors) in Mathematics from Bangabandhu Sheikh Mujibur
Rahman Science and Technology University, Gopalganj, Bangladesh, and M.Sc. in Ap-
plied Mathematics from the same University. His research interests include optimal control,



656 M.H.A. Biswas, M.S. Khatun, M.A. Islam, S. Mandal, A.K. Paul and A. Ali

mathematical modeling, mathematical ecology, environmental modeling, climate change
and epidemiology of infectious diseases.
Department of Mathematics, Bangabandhu Sheikh Mujibur Rahman Science and Technol-
ogy University, Gopalganj-8100, Bangladesh.
e-mail: sajibmandal1997@gmail.com

A.K. Paul received B.Sc. (Honors) in Mathematics from Khulna University, Bangladesh,
and he is currently pursuing M.Sc. in Applied Mathematics from the same University. His
research interests include optimal control, mathematical modeling, mathematical biology
and epidemiology of infectious diseases.
Mathematics Discipline, Khulna University, Khulna-9208, Bangladesh.
e-mail: arindam017@gmail.com

A. Ali is currently an associate professor at Lawrence Technological University, Southfield,
Michigan, USA. His research interests are Smart Manufacturing and Lean Systems, mod-
eling, simulation and optimization. Dr. Ali is serving as the Executive Director of IEOM
Society International.
Department of Mechanical, Robotics and Industrial Engineering, Lawrence Technological
University, Southfield, Michigan, MI 48075, USA.
e-mail: sali@ltu.edu




