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Abstract

COVID-19 first spread from Wuhan, China in December 2019 but it has already created one of the greatest pandemic situations
ever witnessed. According to the current reports, a situation has arisen when people need to understand the importance of
social distancing and take enough precautionary measures more seriously. Maintaining social distancing and proper hygiene,
staying at isolation or adopting the self-quarantine strategy are some common habits which people should adopt to avoid
from being infected. And the growing information regarding COVID-19, its symptoms and prevention strategies help the
people to take proper precautions. In this present study, we have considered a SAIRS epidemiological model on COVID-19
transmission where people in the susceptible environment move into asymptotically exposed class after coming contact with
asymptotically exposed, symptomatically infected and even hospitalised people. The numerical study indicates that if more
people from asymptotically exposed class move into quarantine class to prevent further virus transmission, then the infected
population decreases significantly. The disease outbreak can be controlled only if a large proportion of individuals become
immune, either by natural immunity or by a proper vaccine. But for COVID-19, we have to wait until a proper vaccine
is developed and hence natural immunity and taking proper precautionary measures is very important to avoid from being
infected. In the latter part, a corresponding optimal control problem has been set up by implementing control strategies to
reduce the cost and count of overall infected individuals. Numerical figures show that the control strategy, which denotes the
social distancing to reduce disease transmission, works with a higher intensity almost after one month of implementation and
then decreases in the last few days. Further, the control strategy denoting the awareness of susceptible population regarding
precautionary measures first increases up to one month after implementation and then slowly decreases with time. Therefore,
implementing control policies may help to reduce the disease transmission at this current pandemic situation as these controls
reduce the overall infected population and increase the recovered population.

Keywords COVID-19 - Epidemic model - Basic reproduction number - Optimal control

1 Introduction

The very first case of novel Betacoronavirus was reported in
December 2019 in Wuhan which is capital of Hubei Chinese
province [1-3]. In the first few weeks, most of the cases
were reported around wholesale Huanan seafood market
of Wuhan where live animals are traded [4]. But surpris-
ingly within almost five to six weeks, COVID-19 spread to
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all over the Chinese province and even across the world.
World Health Organisation (WHO), observing the sever-
ity, declared COVID-19 as pandemic on March 17, 2020.
The novel Coronavirus is an RNA virus from Coronaviridae
family with order Nidovirales which is also known as SARS-
CoV-2 [5,6]. Viral pneumonia, fever, dry cough, aches and
pains, tiredness, breathing problems etc. are the main symp-
toms of the disease [1,7-9] though the recent report shows
that loss of smell is another symptom of this disease. The
estimated ‘case fatality ratio’ for the infection is of order
1% which makes it severe [10-13]. Hence, the virus has
become a matter of concern in terms of public health pri-
ority as the virus is completely unknown to the human body
and there is no pre-existing immunity present to resist the
infection. According to the data of the dashboard provided

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40435-020-00721-z&domain=pdf
http://orcid.org/0000-0003-0690-9058

1054

S.Saha, G. P. Samanta

by the Center for Systems Science and Engineering (CSSE)
of John Hopkins University (JHU) and also from worldome-
ters, the number of confirmed infected cases, documented
death and recovery cases at June 15, 2020 have reached
almost 8,034,461; 436,901 and 3,857,339 respectively across
the world [14,15]. Among 188 countries, United States
(2,114,026 cases), Brazil (888,271 cases), Russia (536,484
cases), India (343,091 cases), UK (298,315 cases) are facing
worse epidemic situations as the confirmed infected cases
exceed 250,000 there. Particularly, the number of confirmed
Coronavirus cases in the United States is highest as the virus
spreads there at a very higher rate within a small time inter-
val. The number of reported infected cases there increases
from 15 to 2,114,026 till June 15, 2020. Also, US holds the
top position in terms of death cases with number 116,127 but
in case of recovery also, it has the highest number of cases
with 576,334 recoveries. Quarantine strategy was first imple-
mented in Wuhan, China on January 23, 2020 to control the
situation and disease prevalence. According to the reports
of June 15, 2020, China has 84,778 confirmed cases with
the number of documented death and recovery are 4638 and
79,491 respectively. Observing the severity in China, other
countries also call for complete or half national lockdown.
France announced a lockdown on March 17 while United
Kingdom announced on March 23 and even India called for
lockdown on March 25. Observing the data and strategies,
it looks like there is a large number of COVID-19 cases in
India which are not registered due to lack of test kits. More-
over, recent reports reveal that there are many people shown
positive result in COVID-19 test but they have not shown
any kind of symptoms. So, these exposed asymptomatically
infected individuals facilitate the spread of COVID-19 [2].
It is not the first time when zoonotic human Coronavirus
invade in the population; in 2002, severe acute respiratory
syndrome Coronavirus, known as SARS-CoV spread among
37 countries and in 2012, Middle East respiratory syndrome
Coronavirus, known as MERS-CoV, spread among 27 coun-
tries.

In India, first COVID-19 case was confirmed at Kerala
on January 30, 2020 when a student from Wuhan visited the
state. According to NIC, India, there are total 343, 091 con-
firmed cases among which 153, 178 active cases, 180, 013
recoveries and 9, 900 death cases are reported in the coun-
try till June 15, 2020 [16,17]. The Indian government has
announced some vital precaution measures such as to main-
tain social distance, adopt the self-quarantine strategy, use
a face mask, avoid touching faces frequently etc. so that
large-scale disease transmission among the population can be
avoided. In fact, when the number of affected cases crossed
500, the central government implemented a 14-hour long
“Janata curfew" on March 22, 2020. Moreover, on March 24,
the Government of India announced for a 21-days national
lockdown from March 25 to April 14 to reduce the spread
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of COVID-19. But later, realizing the importance of the cur-
rent pandemic situation, the duration of lockdown has been
increased up to May 3, 2020 (Phase 2), then up to May 17,
2020 (Phase 3), then up to May 31, 2020 (Phase 4) and finally
up to June 30, 2020 (Phase 5). With the fifth phase of lock-
down, the Government has announced unlockdown 1.0 in
some places where the contamination of the disease is below
the risk level. Though the unlockdown comes with a long
list of restrictions, reports of some sources reveal that daily
average of cases and death calculated on weekly basis has
been rising every single week for last 9-10 weeks. Accord-
ing to Worldometers and CSSE at JHU, India has come to
position 4 right below of US, Brazil and Russia in terms
of confirmed cases and even of recovery cases. On the very
first day of unlockdown (June 1, 2020) India reaches to the
peak till that date in terms of newly infected cases in a sin-
gle day which is approximately 8392. Till June 15, 2020,
India has a peak of 12,375 newly infected cases in a single
day (which is reported on June 10). And the second peak
was reported on June 13 with 12,023 newly infected cases
per day [14,15,17]. As there is no vaccine is discovered yet,
s0, maintaining social distances or applying self-quarantine
etc. are considered as the most effective prevention strate-
gies [18]. People have been strictly instructed not to step
out from homes except emergency and even if they go out-
side, then they have to maintain a safe distance and always
have to carry face mask and hand sanitizer for hygiene pur-
pose. The rules in lockdown include the closure of all shops
except medical shops, hospitals, banks etc., suspension of all
educational institutions and offices (only work—from—home
and online classes are allowed), suspension of all medium of
transport and also the prohibition on all social activities and
gatherings. The lockdown strategy has helped to some extent
actually. We wish to make slow down the rate of disease pro-
gression through lockdown. It has no doubt that Coronavirus
pandemic has made a global impact in the past few months
and continues to hit most of the sectors. This current outbreak
has severely affected our day to day living both economically
and health-wise. Reports from the World Bank and RBI state
that this will be the first time after 1991 when the economic
growth rate in India will be decreased by more than 1.5%-—
2.8% due to pandemic outbreak.

There are some literatures containing interesting statisti-
cal results about current COVID-19 outbreak [19-27]. Based
on the data from December 31, 2019 to January 28, 2020,
Wu et al. proposed an SEIR model for coronavirus trans-
mission on both national and global range [28]. Also, Tang
et al. [27] proposed a compartmental model for COVID-19
transmission with a combination of clinical development of
the disease, current status of infected patients and control
measures. According to their results, the control reproduc-
tion number may reach up to 6.47 and the implemented
control policies minimize overall confirmed cases. A report
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submitted by Cambridge University reveals that India’s strat-
egy of announcing 21-days lockdown may not be sufficient
enough to prevent this pandemic outbreak in large scale and
it can bounce back later that results in higher infection [29].
They suggested that the lockdown should be extended further
into two or three phases with five-days or seven-days breaks
in between or a single 49—days lockdown. Though India is
currently under its fifth stage lockdown period which will
continue up to 30th June.

In this manuscript, we have proposed a SAIRS epidemic
model to describe Coronavirus transmission where it is
considered that the susceptible population move into asymp-
tomatically exposed class only after they come in touch with
asymptomatically exposed, symptomatically infected and
even hospitalised people. Also, a portion of the susceptible
population may adopt precautionary measures from the very
beginning so that they can directly move to recovered class.
Population in India is almost 138 crores and so, it is hardly
possible to call for complete lockdown across the country.
Though a proportion of the susceptible population may take
the precautionary measures successfully, the rest of the peo-
ple is going to become infective (either asymptomatically
exposed or symptomatically). Again the recovered people
may move to susceptible class as permanent recovery is not
guaranteed. The following two sections consist of the pro-
posed epidemiological model for Coronavirus transmission
and the positivity and boundedness of the system variables
respectively. In Sect. 4, the basic reproduction number (R.)
and equilibrium points of the proposed system are derived.
Sensitivity analysis for some vital system parameters and
stability analysis of the equilibria have been performed in
Sects. 5 and 6 respectively. Sect. 7 consists of a theorem stat-
ing that the proposed system undergoes a forward bifurcation
at R, = 1 around the disease-free equilibrium. The conse-
quent section consists of the pictorial scenarios of the system
dynamics without applying any control interventions. Later,
a corresponding control problem has been set up to obtain
optimal control interventions. Section 10 contains the numer-
ical simulations of the system when the control strategies are
implemented and the last section includes a brief conclusion.

2 Mathematical model: basic equations

In this work, we have proposed a compartmental epidemic
model to analyse the effect of COVID-19 outbreak on the
population worldwide. The total population N(¢) at time ¢
is divided into six subclasses such as susceptible population
(S), asymptomatic individuals who have been exposed to the
virus and have not yet been shown any clinical symptoms of
COVID-19 (A), quarantined individuals (Q), symptomati-
cally infected individuals (7), hospitalized and even isolated
individuals (H) and recovered population (R). Individu-

als of the susceptible population become exposed when
they come in contact with asymptomatically exposed or
symptomatically infected people or even with hospitalised
individuals through the term (81A + B2 + B3H)S where
B1, B2, B3 are the rates of disease transmission per contact
by an asymptomatic exposed, symptomatic infected and hos-
pitalised people respectively. The constant recruitment rate
is denoted as A which is introduced in susceptible class. The
term d denotes the natural death rate in all population whereas
81, 82, 83 are disease-related death rates in asymptomatically
exposed people, symptomatically infected and hospitalised
individuals respectively. It is known that whether a person
is infected by the virus or not can be detected by RT-PCR
examination and according to some reports, a person with
negative results in the test may still be a COVID-19 positive
person as sometimes it takes about 7 to 14 days to develop
symptoms in a body. Sometimes a person’s report turns out
to be positive after two or three tests. Therefore, a portion of
class A is considered as infected which considers the posi-
tive COVID-19 people. The people in the asymptomatically
exposed class can move into either quarantine or symp-
tomatic stage with rates p and 7 respectively [30] depending
on whether the asymptomatic people become cautious and
take self-quarantine strategy or they develop symptoms at
a very early stage. A quarantined individual is transferred
into the hospitalised (including isolated) class at a rate of
o depending on the development of clinical symptoms. The
terms w represents the progression rate from symptomatic to
hospitalised stage. Also, £ and ¢ are per-capita recovery rates
for the quarantined and hospitalised individuals respectively.
The recovery from the disease does not guarantee permanent
recovery and so some of the recovered people move back
to susceptible class further with rate constant ¢ [31]. To
control the current pandemic situation and to spread aware-
ness among individuals, the government have taken certain
protective measures such as announcing lockdown, “Janata
Curfew", spreading the information regarding social isolation
and personal hygiene, implementing work from home pol-
icy during the lockdown etc. Though the government tries
to spread necessary information, everyone does not become
careful enough all the time and insufficient resources, poor
financial condition, heedless nature etc. are some of the rea-
sons in this case. A proportion of susceptible maintains the
regulations and adopts behavioural changes seriously and
moves to the recovered class at a rate «.

So, the proposed model with positive parametric values
takes the following form:

ds
- =A—(BIA+ Bl + B3H)S —dS+ YR —«S,

S©0) >0,
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v (B1A + Bo1 + BsH)S

(d+61)

(d+4;)

Fig.1 Schematic diagram of system (1)

dA

ar =CH+ (B1A+ Bl +BH)S — pA—nA—(d+5)A,
A(0) > 0,

d

gg=pA—aQ—éQ—dQ,Q®)zQ

dl

o= nA —wl — (d+8)I, 1(0)>0,

dH

E:aQ—l—wl—(pH—(d—i—Sg)H, H(O) >0,

dR

ST =KSHEQ+PH —YR—dR, RO =0,

ey

The model considers an average inflow of asymptomatic indi-
viduals into the system with a rate of C per unit time which
includes immigration and emigration of individuals. There
is a continuous inflow of travellers into the region during the
COVID-19 outbreaks and because of the insufficient effective
screening test, it may be assumed that some of these travellers
are asymptomatically infected and enter into system at a rate
C per day. For the sake of simplicity, C is considered as zero
in this work. A schematic diagram has been provided in Fig. 1
to get a better insight into the proposed system.

3 Positivity and boundedness
For system (1): the following two theorems prove that the

system variables are positive and bounded for all time. Proofs
of the following two theorems are given in the Appendix.

@ Springer

Theorem 3.1 Solutions of system (1) starting from Ri are
positive for all time.

Theorem 3.2 Solutions of system (1) which start from Ri are
bounded for all t > 0.

4 Equilibrium analysis

Solving the isoclines of model (1), we get that the system has
(a) disease-free equilibrium point (DFE): Ey(So, 0, 0, 0, 0,

Ad + ) Ak
—— and Ry = —,
dk +v¢ +d) dk +v +d)
and (b) endemic equilibrium point: E*(S*, A*, Q*, I'**, H*,
R*).

Rp), where Sy =

4.1 Basic reproduction number (R.)

Basic reproduction number R, is the average number of
newly infected individuals when they come in contact with
a single infected person in susceptible environment. The
method developed by van den Driessche and Watmough [32]
is used here to determine R.. In system (1), people from sus-
ceptible class move to asymptomatic class which is exposed
to environment when they come in contact with asymp-
tomatically infected (A), symptomatically infected (/) and
hospitalised people (H). Let us take x = (A, Q, I, H). Let,
ay=p+n+d+é;, ay =a+é+d, ap =w+d+5and
a3 = ¢ +d + 83. Second, third, fourth and fifth equations of
model (1) can be written as:

dx _
= Sx) —vx),
(B1A+ Bl + B3H)S
§) = . ,
0
apA
_ —pA+a0
U(.x) - _nA +a21 ’

—aQ —wl +azH

where §(x) contains only the compartment containing new
infection term and v(x) contains rest of the terms. So, corre-
sponding linearized matrices of §(x) and v(x) at disease-free
equilibrium Egy = (Sp, 0, 0, 0, 0, Rp) are respectively

B1S0 0 B2So B350
0O 0 O 0
F = (DF(x)) (Ep) = 0ooo0 o I’
0O 0 O 0
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a 0 0 O
_ | —poar 0 O
V=) Ey = | 0

0 —a—waoj

The spectral radius of next generation matrix F'V !, denoted
by R, is given by [32]:

S
R, = 0

= —[firaiazas + Benaiaz + Bi(paar + wnay)]
Qoo 03

2

Existence of endemic equilibrium point E*(S*, A*, O*,
I*, H*, R*)

Consider, g = p+n+d+381, a1 =a+&+d, ap =
o+d+ 8 and a3 = ¢ + d + §3. From system (1) we have

A — (BIA" + Bl + B3H")S" — (d +)S* + Yy R* =0,
(BIA™ + Bol™ + B3 H™)S* — apA™ =0

pA* —a10* =0

nA* —apl* =0

aQ+wl —a3H* =0

kS*+EQ*+pH* — (Y +d)R* = 0.

S
Solving these equations, we get S* = 200 g

R.
B Aeiesn(d +9)(1 = ¢-)
4+ Yooz — Y{parEas + pa) + wngay}’

ar = 2l e peal”
n nay
o — (pao + wnoy)I* R* — KS*+EQ*+oH*
naias ' d+ ¢

Theorem 4.1 System (1) has a disease-free equilibrium
Eo (80, 0,0,0,0, Ry) for any parametric values. Further,
for R. > 1, the system possesses a unique endemic
equilibrium E*(S*, A*, Q*, I'*, H*, R*) provided (d + V)
apaiazas > Y{pax(Eas + ¢a) + wngay}.

5 Sensitivity analysis

For the proposed system, R, depends on some parame-
ters like recruitment rate (A), disease transmission rates
(B1, B2, B3), disease related death rates (81, 82, §3), nat-
ural mortality rate (d), progression rate of asymptomatic
people into quarantine and infected classes (p, 1), probabil-
ity at which recovered people move into susceptible classes

(), progression rate of quarantined people and symptomatic
infected population into hospitalised class (¢, w), pro-
gression rate of susceptible, quarantined and hospitalised
population into recovered class (k, &, ¢). Among all these
parameters, we can control 81, B2, B3, p, .

So
Now, R, = [Brarazraz+pBanaiaz+pB3(paar+
oo 003
A(d+ )
wnay)], where §g = ———— ago=p+n+d+
nay)] 0 A+ 0 +d) o=p+n

8, ¢y =a+&4+d, ax =w+d+dand oz = ¢ +d + 3.
From the expression of R,:

oR. So

= >0
B
0R. S

¢ _ 190 >0

B2 oo
0R:  So(paas + wnay)

= >0
B3 Qoo a3
OR: _ Solpraraaas + fanajas + B3 (paas + wnay)] <0
ap aéa1a2a3
R, Son(Baaz + Bw)
ow ooy 03

Next we compute normalized forward sensitivity index with
respect to each of the parameters 81, B>, B3, p and w to
analyse the sensitivity of R. (to each of the parameters) by
the method of Arriola and Hyman [33]:

IR,

| Re | ,3] R,
Op, = B | — R_aﬂ
—_ c 1
Bi
_ Braionas <1
[Biajonas + Bonajaz + B3(pacs + wnay)]
IR,
Op = R. | _ ,32 aRc
P27 ok | T |R, 9B
—_= c 2
B2
_ Panaias -1
[Biajonas + Bonajaz + B3(pacs + wnay)]
IR,
| R | _|B3OR:
O = |55 | = Re 0
ﬂ_ C 3
3
_ B3 (pacs + wnay)
[Brarazas + Bonaas + B3(paas + wnay)]
IR¢
o, — | R | — poR.| | p 1
P | TR ap | T ol T
7 C p 010
6, — 3155 | w IR,
@ %‘“ "R dw
_ wne (B3 + P3w)
az[Brajanas + Banaias + B3(paaz + wnay)]
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From the calculation, it is observed that the disease trans-
mission rates 81, B2 and B3 are directly proportional with
basic reproduction number R.. It is biologically acceptable
as higher disease transmission rates increase the disease fatal-
ity. On the other hand, p represents the rate of quarantining
of people who have been in contact with infected people. So,
if more people enter to quarantine class, then it can reduce
the probability of occurrence of a pandemic outbreak. More-
over, increasing w reduce the disease prevalence and so, w is
inversely proportional with R.. The calculations and numer-
ical simulations reveal that R, is more sensitive to changes
in B; fori = 1,2, 3 than p and w. So, if we try to reduce
the transmission rates by maintaining social distances and
taking proper precautions, then this epidemic situation may
be handled.

6 Stability analysis

We discuss the local and global stability conditions for the
disease-free equilibrium point as well as endemic equilib-
rium point in this section. Let, ¢p = p +1n+d + 81, ] =
a+é&+d, o =w+d+sandaz =¢ +d + 83.

6.1 Local stability

The Jacobian matrix of system (1) is given as:

179.4

o Fx.y),

a ©)
“-=G(X.Y), G(X,0) =0,

where X € R™! and Y € R™2 denote the uninfected and
infected individuals respectively (m1, m> € Zy). Consider
Uy = (Xp, O) as the DFE of system (5). Let us take two
assumptions as:

(H1) Xo is globally asymptotically stable for il_)t(
F(X, 0).

(H2) G(X,Y) = DyG(Xp, 0)Y —G(X,Y), G(X,Y) >
O for (X,Y) € Q, where Q2 is a bounded invariant
region and Dy G(Xy, O) is a stable matrix with non-
negative off diagonal elements (i.e., an M-matrix).

If (H1) and (H2) hold for mentioned system (5), then the
following theorem holds.

Theorem 6.3 The disease free equilibrium Uy = (Xg, O) of
the model system (5) is globally asymptotically stable (GAS)
for R. < 1 if the conditions (H1) and (H2) hold.

Theorem 6.4 DFE E\ of system (1), if LAS, is globally
asymptotically stable (GAS) when S < Sy for R, < 1.

—(B1A+ Bl +B3H)—(d+x) —p1S 0 —p2S —B3S 4
B1A+ Bol + B3sH Bi1S—ap 0 BoS BsS 0
= 0 p —a; O 0 0
/= 0 n 0 - 0 0 )
0 0 o o —a3 0
K 0 & 0 o —d+Y)
Theorem 6.1 DFE (Ey) of system (1) is locally asymptomat- o ) )
ically stable (LAS) for R, < 1 when My, M>, M3 > 0. Proof Proof is given in the Appendix. O

Proof Proof is given in the Appendix. O
Theorem 6.2 The endemic equilibrium point E* is LAS for
R. > 1 when the conditions (i) B; > 0 fori = 1, 6; and (ii)
A; >0fori =2,3,4,5hold.

Proof Proof is given in the Appendix. O
6.2 Global stability
To prove the global stability of DFE E(, we use the method

developed by Castillo-Chavéz and Song [34]. Suppose a sys-
tem is written as:

@ Springer

Theorem 6.5 Endemic equilibrium point E* of system (1)
is globally asymptomatically stable (GAS) when ¥ S*R* <
2000S* A* and pmoay + nmizan + BraaS* < agay hold in

®={(5,A, 0,1, H,R) e R : 30gA* + moa; 0% + m3ar I*
+maa3 H* < BLA*S + (dR* — k),
S < S* dR* <«S}.

where a; fori = 0,1,2,3 and mj for j = 1,2,3,4 are
mentioned in the proof.

Proof Proof is given in the Appendix.
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7 Bifurcation analysis at R, = 1

In order to establish the direction of bifurcation at the crucial
threshold value R, = 1, the central manifold theory is used as
discussed in Castillo-Chavéz and Song [34], and their result
is stated in the following theorem:

Theorem 7.1 Consider the following system of ODEs with a
parameter V:

d
d—):zf(x,\lf), f:R"xR - R'and f € C* (R" x R).

For the system, O is taken as an equilibrium point and
f(O, W) = O forall V. Assume

() M = D, f(0,0) = (%(0,0)) is the linearization
matrix of the system around the equilibrium O with VU
evaluated at 0. M has a zero eigenvalue and other eigen-
values of M have negative real parts.

(II) M has a non-negative right eigenvector w and a left
eigenvector v corresponding to the zero eigenvalue.

Let fi be the kth component of f and

n 9 fi
a= Zk’i’j:l VWi W oxix, (0,0),
2

n 0~ fi
=Dy Ui (00,

Sign of a and b determine the local dynamical behaviour
of a system around O.

1. a>0,b>0.IfV <0and|V¥| < 1, then Oislocally
asymptotically stable and there exists a positive unsta-
ble equilibrium; when 0 < ¥V < 1, O is unstable and
there exists a negative and locally asymptotically sta-
ble equilibrium.

2.a <0,b<0.If¥V < 0and |¥V| K€ 1, then O is
unstable; when 0 < WV < 1, O is locally asymp-
totically stable, and there exists a positive unstable
equilibrium.

3.a >0,b < 0.IfV < 0and |¥V| K€ 1, then O
is unstable, and there exists a locally asymptotically
stable negative equilibrium; when 0 < ¥ L 1, O is
stable, and a positive unstable equilibrium appears.

4. a <0,b > 0. If ¥ changes from negative to positive,
then O changes its stability from stable to unsta-
ble. Correspondingly a negative unstable equilibrium
becomes positive and locally asymptotically stable.

The non-negativity of components of the eigenvector w is
not necessary if corresponding component of equilibrium is
positive and has been mentioned as Remark 1 in [34].

The requirement that w is non-negative in the previous the-
orem is not necessary. When some components in w are neg-
ative, we still can apply the theorem, but one has to compare
w with the equilibrium because the general parameterization
of the center manifold before the coordinate change is wh =
{xo + B2(O)y + k(B2, W) : v-k(B2, W), |B2| = P2y, B2(0)
= 0} provided that x¢ is a non-negative equilibrium of sys-
tem (usually x¢ is the DFE). Hence, xo — 2%1’ > 0 requires
that w(j) > 0 whenever xo(j) = 0. If xo(j) > 0, then w(}j)
need not be positive.

Letusredefine S =x1, A=x2, Q=x3, [ =x4, H=
x5 and R = xg¢, then the system (1) can be rewritten as:

dxy

e A — (B1x2 + Boxa + B3xs)x1 — (d + k)x1 + Yxe = hy,
dxy

- (B1x2 + Bax4 + B3xs)x) — apxa = ho,
dxs "

— = pxp — a1x3 = h3,

7, = P2 ux 3

dxy "

— =Xy — a2X4 = hy,

g =2 T aaxs 4

dxs

it _ = hs,

ar ax3 + wx4 — 03X5 5

dx

7; = kx1 +&x3 + ¢dx5 — (d + VY)xg = he.

(6)

We have considered W = f, as bifurcation parameter for

R. = 1. Thus at ¥ = W* = g5 R. = 1 gives f; =
1 [a0a1a2a3

naio3 So

— prajazaz — Ba(paas + 6071011)} .

The linearized matrix of the model system (6) at Ej

(M, 0,0,0,0, L) with bifurca-
dd+x+v) did+x+v)
tion parameter > = B is given by
—d+r) =B1So 0 —B2So —B3S0 4
0 BiSo—a 0 pB2So B350 0
Tl = 0 p —a; 0 0 0
Eo 0 n 0 —a O 0
0 0 o w —u3 0
K 0 & 0 ¢ —d+y)

Two eigenvalues are roots of the equation: A2 4+ (2d + « +
Y)A+d(k +d+ ) = 0 which imply that they are the roots
with negative real parts and other four eigenvalues are roots of
the following equation: A M3+ M2 +M3A+My =0,
where M| = ag + o1 + o2 + a3 — B1So, My = apor +
ajaz + (o +a2) (a1 +a3) — B1So(a1 + a2 +a3) — B2Son,
M3 = apan(ar + a3) + ajaz(ag + a2) — BrSolarasz +
az(ar +a3)t— PaSon (o +a3) — B3So(pa+wn) and My =
apajonaz(l — Re). So, J|gy(B5) has a zero eigenvalue at
R.=1lasMy=0at R. = 1.
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The right eigenvector corresponding to the zero eigen-
value of J| g, (83) isdenoted by w = (w1, wa, w3, wa, ws)7,
where w; = —[aoaja203(d+V)+ pEpasas+yo(pacr+
onap)l, wy = ajmaz{ky + d + «)d + )}, w3 =
pazes{cy + (d + x)(d + ¥)}, wa = nonazfey + (d +
) d+y)}, ws = (paar+ona){ky +(d+x)(d+y)}and
we = [(d + ) {(paaz + wnay) + pSazasz} — kapaazes].
Also, the left eigenvector of J|g,(B5) corresponding to zero
eigenvalue is v = (v1, v2, V3, v, U5)], where v; =0, V) =
ajpes, v3 = aaf3So, v4 = a1So(Braz + f3w), vs =
a2 8350 and vg = 0. Hence

n 2
0 fi
a= vrw;wj ——(E
Z kWi jax,’BX‘( 0)
k,i,j=1 J

= 2vwi[Biw2 + Bows + Bzws] < 0,
. 0~ fx

2
b=
0x; 0¥

VEW; (Eg) = vowgSp > 0

k,i=1

Now, applying the last condition of Theorem 7.1, it is
observed that the direction of bifurcation is forward.

Theorem 7.2 The DFE: E\ changes its stability from stable
to unstable at R, = 1 and system (1) undergoes a trans-
critical bifurcation around Eq with bifurcation parameter

Br=PBatR.=1.

8 Numerical simulation without any control
policy

Pictorial scenarios help us to understand system dynamics
more clearly. The human population in India in June, 2020 is
about 137.8 million, the annual birth rate is 18.2 births/1000
people and the annual death rate is 7.3 deaths/1000 people.
So, we are taking S(0) = 1.378 x 10° and A = 7 x 10*
by applying unit conversion from year to day. And the death
rate per day (d) we get is near about 0.00002. From the
data provided in the dashboard by the centre for system sci-
ence and engineering (CSSE) at John Hopkins University
and also from the Worldometers database on 1%/ June 2020,
India has total 1, 98, 370 corona cases [14,15]. And till the
date, total activated cases, death cases and recovered cases are
97, 008; 5, 608 and 95, 754 respectively. Hence, unit conver-
sion from month to day gives 83 as 3 x 1073 and ¢ as 0.0052.
As total active cases till 1% is 97,008 among 1, 98, 370
cases; so, we get (¢ + w) as 0.0053 approximately [17].
So for the calculations, o and o are taken as 0.0026 and
0.0027 respectively. According to the current epidemic sit-
uation of Coronavirus, the new human cases infected per
unit day is denoted by BSI = (B1A + B2l + B3H)S. In
April, total human cases infected by COVID-19 (/) is about
34, 863, the population in India (S) in May is approximately
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Table 1 Parameter values used for numerical simulation of system (1)

Parametric values

A 7 x 10* Bi 45 %1078

B> 3.26995 x 1078 B3 0.005 x 10710
d 0.00002 K 0.6

¥ 0.001 p 0.45

n 0.3 o 0.0026

81 0.5 8 0.006

83 0.0003 w 0.0027

£ 0.26 ® 0.0052

by 1.376 x 10°, the new human cases (8SI) in May is
about 1, 55, 673 (which results in total 1, 90, 536 COVID-19
cases in May) [16,17]. Hence, we have (81 + B2 + f3) =
7.44 x 1078 by doing the unit conversion from month to
day. As per the data of 1%’ June provided by Ministry of
Health and Family Welfare, Government of India and previ-
ously mentioned database, the infected cases by COVID-19
is about 1, 55, 673 in May [14,15,17], so, for sake of sim-
plicity 7(0) is taken as approximately 5000, by doing the
unit conversion from month to day. All the assumed and
estimated parameters are listed in Table 1. Let us consider
A(0) =500, Q(0) = 10°, H(0) = 10° and R(0) = 4x 10®
to perform the numerical simulation in this section.

Figure 2 shows that for the parametric values in Table 1
and By = 3.26995 x 10~19, the trajectory starting from men-
tioned initial point ultimately converges to DFE E(5.9399 x
10,0, 0,0, 0, 3.4941 x 109) and as we get the basic repro-
duction number R, as 0.26733 here which lies below unity,
so, the disease cannot invade in the system in this case.

Now if we start to increase the value of S, then for the
mentioned value of 8, i.e., for B> = 3.26995 x 10~8 along
with parametric values in Table 1, the trajectory starting from
mentioned initial point approaches to unique endemic equi-
librium point E*(1.0684x 10%, 79366.72, 135995.06, 2.73 x
109, 1.3996 x 10°, 6.7027 x 10%) with time (see Fig. 3). For
these parametric values, we get R, = 5.55962 > 1 indicat-
ing the presence of infection in the system.

Now E( changes its stability when 8, goes above a thresh-
old value Bo[rc) and becomes unstable for B> > Boirc.
So, the system undergoes a transcritical bifurcation at 8y =
Barrc) = 4.8087 x 102 around DFE (Ey) (see Fig. 4).

Figure 5 demonstrates the sensibility of some of the vital
parameters of the system on virus transmission. The figure
shows that ; is most sensitive than 81 and 3 to control the
disease transmission. A small increase of 8, can increase the
value of R, significantly. On the other hand, increasing value
of p leads to a decrease in value of R, so if more people from
asymptotically exposed class are quarantined, then the risk
of contracting the disease decreases. Also, w is inversely pro-
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portional with R, i.e., if more people admit to the hospitals
without ignoring the symptoms, then the prevalence of the
disease decreases with time.

Here, p denotes the rate at which asymptotically exposed
people move into quarantine class. People become more cau-
tious when the disease starts to outbreak at a higher rate and
if more people are quarantined, then the spread of the dis-
ease decreases. Figure 6 shows the impact of the seriousness
of being quarantined on the disease transmission especially

on the infected population. According to this picture, more
people moving into quarantine class can lower the count of
infected population with time as the chance of interaction
decreases for increasing p and people can successfully save
themselves from getting infected. Also, if the susceptible
individuals take the precautionary measures at a higher rate
along with the increasing rate of entering quarantine class
(from the class of asymptotically exposed people), then the
infected population in the system decreases more. Figure 7
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x 10
5.9399

5.9399 1

5.9399 1

Stable Branch Unstable Branch

5.9399 - Ei

Susceptible Population (S)

Bifurcation Threshold

5.9399 - Ei

5.9399

Fig. 4 Trancritical bifurcation around E( taking f, as bifurcation
parameter

Fig.5 Relationship between

depicts that symptomatically infected population decrease
significantly for increasing value of k for increasing p.

9 Optimal control problem

We formulate the corresponding optimal control problem
here to observe how suitable control interventions reduce
the disease burden on the population. Maintaining social dis-
tancing to avoid the disease transmission at a higher rate and
the precautions taken by susceptible to move to recovered
class have been considered as the control policies. We have
analysed analytically and also numerically how these control
policies make their impact on disease transmission and try to
optimize the cost burden for their implementations.
Increase the awareness among population for main-
taining social distancing and proper hygiene: Population

8
basic reproduction number R, 1
with B1, B2, B3, p and -
Bi, B2, B3, pand ® 0.8 6 -7
- - -
o’ 0.6 o’ 4 . -7
0.4 _-" -
0.2 == T 2p R =1
0 0
1 2 3 4 5 1 2 3 4
B, x107° B, x107°
1 1
R =1 R =1
[ Cc
0.8 0.8
o o
® 06 ® 06
0.4 0.4L L _
ool ——— 0.2 =
2 6 0.1 0.2 0.3 0.4 0.5
B -13 P
3 x 10
1.1
1
0.9 q
0.8 q
0.7 q
ot
0.6 q
0.5 q
0.4 4
0.3 < q
o2 BT
(o) 0.02 0.04 0.06 0.08 0.1
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Fig. 6 Trajectory profiles of symptomatically infected population (/)
for different values of p
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Fig. 7 Variation of symptomatically infected population (/) due to
change in rate of people being quarantined, p for different values of
K

become aware of the severity of a disease and also of its pre-
vention strategies from being infected when they are provided
with sufficient information. The awareness programs and reg-
ular updates regarding COVID-19 act as important tools to
increase the sensibility among the individuals. These days
Government and media sources are spreading the news about
this disease fatality regularly. COVID-19 is not an airborne
disease and so people mainly become infected only when
they come in touch with infected people both asymptomati-
cally exposed and symptomatic individuals. So, maintaining
social distancing in this pandemic situation plays a major role
to reduce the disease fatality as social distancing reduces
the average number of contacts. The virus of COVID-19
spread in a major portion of susceptible when they come into
contact with an asymptotically exposed person and symp-
tomatically infected person. It is assumed that « portion of
the susceptible population would maintain proper precau-
tionary measures by using the face masks, keeping social
distancing and implementing enough hygiene. Therefore, the
disease can only be transmitted among (1 —u1)S susceptible

individuals due to the contact. In system (8), u| represents the
intensity of maintaining social distancing in order to reduce
the disease transmission with the restriction 0 < u; < 1.
Here, u; = 0 represents a full violation of social distancing
and u; = 1 indicates full maintenance of social distanc-
ing. So, uj(t) changes according to the seriousness of the
population regarding social distancing, we have taken this
response intensity as one of the control variables. Incurred
cost is involved as a non-linear function of u; to stimulate
the response of individuals and regarding maintaining social
distancing and applying home-quarantine strategy.

Due to the regular broadcast, a part of susceptible takes
precautionary measures at a higher rate from the very begin-
ning by maintaining proper hygiene, staying at isolation and
even adopting the self-quarantine strategy. Thus this policy
may be considered as one of the effective control tools and
mainly the susceptible population of COVID-19 cases would
be benefited by this policy. So, we are taking u,(¢) as a con-
trol policy which denotes the intensity at which susceptible
people move to recovered class directly by taking protective
measures from beginning satisfying 0 < us(¢) < 1.

The main work is to determine optimal response intensity
and optimal treatment with minimum cost by the help of pro-
vided information. So, the region for the control interventions
u1(t) and uy(¢) is given as:

= {1 (D), u2(0) | (w1 (1), ua (1)) € (0,11 x [0, 11,1 € [0, Tf1},

where T is the final time upto which the control policies
are executed, and also u; (¢) for i = 1, 2 are measurable and
bounded functions.

9.1 Determination of total cost

We determine the incurred cost which needs to be minimized
in order to apply control interventions.

Costincurred in maintaining social distancing and proper
hygiene: The total cost incurred due to maintaining social
distancing and proper hygiene is given as:

Ty
f [10140) + w1 () + w3 (1) + waaid(0)] s
0

The cost for spreading awareness regarding precautions
and prevention measures among population by maintaining
social distance, home-quarantine and hygiene via social cam-
paigns, mediaetc. is denoted by w A(t)+w2[(t)+w3u%(t)+
w4u%(t). The term considers the cost of associated efforts to
convince the individuals about the importance of maintain-
ing social distances and proper hygiene (by using face masks
and sanitizer etc.) and it is observed that this cost is high
enough. Also, the term considers the productivity loss due to
home quarantine or isolation and also due to illness. There
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are some literatures that reveal the impact of the cost associ-
ated with awareness programs, screening and self-protective
measures and non-linearity up to order two have been rec-
ommended [35-37]. We, in this work, now emphasize on the
fact how social distancing and maintaining hygiene reduce

the disease burden at the time of this pandemic outbreak.

The following control problem is considered based on
previous discussions along with the cost functional J to be

minimized:

Juy (@), uz(1)]

(" [ 2 2
= [ [91A® + w2l ) + waud o) + wado)] dr
0

subject to the model system:

ds

E:A—(l—ul(t))(ﬂlA‘F,BZI)S
—B3HS —dS+ YR —ux(1)S,

dA

E:(1—ul(t))(ﬁlA+ﬁ21)S+ﬁ3HS—“0A’

dQ

E —pA— ,

dt P @@

dI A ]

_— = — N

dt 7 ?

dH t ol H

E_aQ ol —oa3f,

dR
E:ug(l)S—i—EQ—i—d)H—(d%—l//)R

with initial conditions S(0) > 0, A0) > 0, Q(0)
0, 1(0) = 0, HO) > 0 and R(0) > 0. Here «p

N

®)

>

(p+n+d+8), o =a+é+d v =0+d+ &
and 3 = ¢ + d + 3. The functional J denotes the total

incurred cost as stated and the integrand:

L(S. A, Q. 1, H, R, ui(t), uz(t))
= w1 A() + w2l (1) + wiui (1) + wau3 (1)

denotes the cost at time 7. Positive parameters w1, w>, w3 and w4

are weight constants balancing the units of the integrand [36,
38]. The optimal control interventions u7 and u3, exist in IT,

mainly minimize the cost functional J.

Theorem 9.1 The optimal control interventions u and w’ in
IT of the control system (7)-(8) exist such that J(u7, u3) =

min[J (uy, up)].

Proof Proof is done in Appendix.

]

Pontryagin’s Maximum Principle helps to obtain optimal

controls u7 and u3 of system (7)-(8).
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Table 2 Parametric values used in model system (8)

Parametric values

A 7 x 10* Bi 45 %1078

B> 3.26995 x 1078 B3 0.005 x 10710
d 0.00002 v 0.65

o 0.07 p 0.45

n 0.02 o 0.0026

81 0.5 8 0.006

83 0.0003 £ 0.045

Theorem 9.2 If ut and uw} are the optimal controls and
S*, A*, Q*, I*, H*, R* are corresponding optimal states of
the control system (7)-(8), then there exist adjoint variables

A= (A1, A2,..., ) € RO satisfying the canonical equa-
tions:
dl
o= AMIBIA + B2I)(1 —uy) + B3H +us +d]
— M[(B1A+ B )1 —uy) + B3 H] — Ag(u2)
dr
—F = —wi Ml = u)BiS] = hal(l — unpiS
—apl — A3(p) — Aa(m)
s _ A Y
ke 3(1) — As(a) — Ae(§) )
dly
o =W + A1 —u)BaST — 22[(1 — u1)B2S]
+ Ag(ap) — As(w)
d\s
= = A1(B3S) — A2(B3S) + As(a3) — Ae(@)
dr
= =)+ e + )
t
with transversality conditions .; (Ty) = Ofori =1,2,...,6.

The corresponding optimal controls u and u are given as:

u} = min {max {0, (w (A — M))} ,

2w3

) s*
u’ = min {max {0, <2w4 (A —M))} , 1} .

Proof Proof is given in Appendix.

10 Numerical results with control policies

1},

(10)

In system (8), different control strategies have been imple-
mented to reduce the disease burden and to minimize the
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total cost by finding the optimal control paths. Social distanc-
ing and maintaining proper hygiene vary with time because
it depends on disease prevalence and also disease fatality.
So, u; and u; are taken as a control variables. The positive
weights are taken as w; = 1.5, wy = 2, w3z = 10 and
wq = 50 [36,38]. In this section, we have slightly changed
some of the parameters which are listed in Table 2. The effects
of the implementation of one or both control policies to find
the minimal cost have been analysed one by one here.

Corresponding control system in equations (7)-(8) is
solved here with the initial population size: S(0) = 1.378 x
10*, A(0) = 600, Q(0) = 100, 1(0) = 40, H(0) = 15
and R(0) = 5. First, we have considered the cases when only
uy or only us is implemented and then we have considered
the case of implementation of both #| and u,. The numerical
simulations for all the cases are obtained by MATLAB. The
optimal control variables are found by forward-backward
sweep method where the optimal state system and the adjoint
state system are solved by forward and backward in time
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Fig. 10 Profiles of populations with applied optimal control u} only
andur =0

respectively. In the next step, the steepest descent method is
used to update the optimal controls by Hamiltonian for the
optimality of the system [39] and the process continues until
the convergence. It is assumed that the control policies are
implemented for approximately 7y = 90 days, i.e., around
three months.

Figure 8 shows the trajectory profiles of populations in
absence of both the controls, i.e., when #; = 0 and u, = 0.
Let us consider, k = 5 x 109 and @ = 2 x 109, At
Ty = 90, the population becomes (6307658.1, 11.13, 78.69,
37.88,5.68, 482.87). The growth of the quarantined popula-
tion first increases and reaches its maximum within almost a
week and then slowly decreases before settling after around
one and a half month. Moreover, there is a high number of
symptomatically infective individuals present in the system
for more than 30 days resulting in economic burden because

of productivity loss, death and in procuring precautionary
measures.

Next, we consider the case when people only maintain
social distances to reduce the transmission as the people
become infected only after coming in contact with asymptoti-
cally exposed and symptomatically infected people. Figure 9
depicts the population profiles when u; = u} and u; = 0.
Let us consider, k = 5 x 109 and @ = 2 x 1009, At
Ty = 90, the population becomes (6307909.2, 5.42, 21.61,
31.98, 2.09, 478.60). The susceptible population increases
with time in this case. As more people maintaining social
distancing, so, the count of asymptotically exposed people
is reduced significantly than the case when no control policy
is implemented. Also, the quarantined people are becoming
lesser than the previous case. It is observed that the social dis-
tancing works well in reducing the count of symptomatically
infective individuals too but the infective population remains
at a higher level for almost a month. The corresponding path
of the optimal intensity of social distancing is depicted in
Fig. 10. The intensity of the control variable first increases
with time and works with higher intensity after a month.
Though in the last week of the period of time the intensity of
11 decreases and it may happen due to peoples ignorance.

Next, we consider the situation when only the precaution-
ary measures of susceptible (u2) acts as a control. Figure 11
shows the population trajectories when up = u3 but uy = 0.
Let us consider, w = 2 x 100, At Ty = 90, the population
becomes (1962233.8,2.23, 18.61, 31.91, 2.07, 572.08). The
count of asymptotically exposed individuals decreases in this
case than the case when no control is applied. This happens
because people already take precautionary measures at the

Fig. 11 Profiles of populations x 10°
with applied optimal controls 3 2 600
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400
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Fig. 12 Optimal controls u3 when u; =0

susceptible stage to move into recovered class directly and
so a higher number of people is achieved in the recovered
class in this situation. Also, this control strategy significantly
reduces the count of quarantined individuals throughout the
period. Moreover, the symptomatically infected population
decreases due to the implementation of u5. Figure 12 depicts
the optimal control path of u; in absence of u1. From this
figure, itis observed that u, works with higher intensity at the
earlier time but slowly decreases after one and a half month
and then decreases suddenly in the last few days.
Implementation of both the control policies is beneficial
for the proposed optimal system (8). So, we consider the
combination of both control policies in the system, i.e., a
system where people are maintaining social distancing with
time to reduce the virus transmission and they are also taking
proper precautionary measures with proper hygiene to stay
safe and thereby to move into recovered class directly. Let

us consider, w = 2 x 10C=%_ Figure 13 depict the popula-
tion trajectories in presence of both the control policies and
at Ty = 90, population becomes (6307329.3, 5.41, 22.49,
32.09, 2.17, 1054.08). The count of recovered individuals
reaches its highest level in this case. Also, both the asymp-
totically exposed and quarantined population decreases than
the case when no control is applied. Figure 14 show the paths
of optimal control strategies u} and u3. The control policy
on social distancing works with higher intensity through-
out the time period and it is true because if people keep
maintaining the social distancing, then the virus cannot be
transmitted that much. Also, if the susceptible people main-
tain proper hygiene by using face masks, not touching faces
with hands frequently, adopting self-quarantine etc., then also
the transmission will be lower. Maintenance of precautionary
measures, as denoted by w2, also works its higher intensity
for a quite a long time but this intensity is lower than u.

In Fig. 15, cost design analysis has been performed in
absence and presence of u1 and u;. There is one case when
both control policies are applied and the other case contains
when there is no control policies is implemented. Optimal
cost profiles are shown in figure (15.a) for the cases and
trajectory profiles for symptomatically infected individuals
are depicted in figure (15.5). In absence of control interven-
tions, cost occurs due to productivity loss by infected only.
So, the opportunity loss is higher due to an epidemic out-
break and overall infected population increases in this case.
On the other hand, the optimal cost is lower when both con-
trol interventions are applied. And as the infected population
is lower in this case, it reduces the cost incurred because of
opportunity loss.
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Fig. 15 a Cost distribution in presence and absence of control policies. b Profiles of symptomatic infected population under different control

policies

10.1 Effect of weight constant w3 on optimal control
policies

Selection of weight constant on certain control is important.
Here we are varying the particular weight constant w3, keep-
ing all other parameters fixed as before, to analyse its impact
on the control strategies. It is observed from Fig. 16 and
Fig. 17 that if the weight on social distancing increases,
then the corresponding associated cost and even the count
of symptomatically infected individuals increase.

Figure 18 depict that for a smaller value of weight constant
w3, the intensity of #; (which represents social distancing)
becomes higher and even works at its highest value but the
intensity of us (precautionary measures of susceptible indi-
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viduals) becomes lower with time. So, it is concluded that
higher effort for taking precautionary measures and a com-
paratively lower effort for maintaining social distancing are
required to reduce the cost and corresponding count of symp-
tomatically infective individuals when the social distancing
has a higher weight. In fact, from Fig. 18aand b, itis observed
that when the control intervention denoting social distancing
works with the highest intensity, the control policy repre-
senting other precautionary measures hardly works. So, we
can conclude that if all people maintain the self-isolation,
home quarantine strategy or even social distancing properly
and strictly, then even a little relaxation in maintaining other
precautionary measures can decrease the count of infected
individuals and this count is smaller than the rest of the cases.
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Fig. 16 Profiles of cost for various values of w3 along with w; = 1.5, wy = 2 and w4 = 50. The figure on right side is zoomed portion of the left

figure. Other parameters are as in Table 2
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Fig. 17 Profiles of symptomatically infective population for various
values of w3 along with w; = 1.5, wp = 2 and wy = 50. Other
parameters are as in Table 2

11 Conclusion

Coronavirus or COVID-19 first appeared in China in Decem-
ber 2019, but today it has spread all over the world in the form
of a pandemic. Reports of the current situation reveal that
above 80 lakhs people are infected with the virus worldwide.
Though the Governments and medical persons of almost
every country are trying to provide protective measures to
people, the infection rate is still high enough as the proper
antidote for this virus is still unknown. According to the data
till 15th June 2020, provided by the dashboard of CSSE
at John Hopkins University, United States has the highest
confirmed cases with the number 2, 114, 026 [14]. Though
according to the official reports, almost 116, 127 people have
died in US which is the highest in number among 188 coun-

tries or regions. If we consider the current situation in India,
then from the reports of CSSE, Worldometers and NIC, India,
there are total 343, 091 confirmed Coronavirus cases among
which 153, 178 active cases, 9, 900 death cases and 180, 013
recovered cases as reported till 15th June [14-17].

Keeping this pandemic situation in mind, in this work, we
have formulated a compartmental SAIRS model of COVID-
19. A portion of the susceptible individuals moves into
asymptomatically exposed class after getting in touch asymp-
tomatically exposed, symptomatically infected and even
hospitalised people. Positivity and boundedness of the sys-
tem variables prove that the proposed system is well-posed.
Feasibility conditions of equilibrium points show that DFE
exists for any parametric values whereas the unique endemic
equilibrium point exists only when the basic reproduction
number R, lies above unity. Stability analysis of the equi-
libria has been performed in Sect. 6. Existence of unique
endemic equilibrium point for R, > 1 concludes that the sys-
tem undergoes a forward (transcritical) bifurcation around
the DFE. If more people move into quarantined class to
reduce the virus transmission, then it is obvious that over-
all infected population decreases with time which is shown
in Fig. 6. Also, symptomatically infected population, for
increasing quarantine rate of asymptotically exposed people,
decreases for increasing value of « (rate of entering of the
susceptible individuals to the recovered class). Behavioural
changes have been imposed among the susceptible people by
keeping social distancing, maintaining proper hygiene, stay-
ing at isolation and adopting the self-quarantine method. So,
if they take precautions at a higher rate and also more people
move into quarantine class due to awareness, then the count
of symptomatically infected individuals are reduced signifi-

@ Springer



1070

S.Saha, G. P. Samanta

cantly. As a conclusion, it can be stated that these precautions
can be useful to prevent virus transmission at a higher rate.

The corresponding optimal control problem is formu-
lated in the latter part of the work. Control interventions
are implemented to reduce the disease burden. Social dis-
tancing is one of the prevention strategies that people can
adopt to reduce disease transmission. So, we have consid-
ered the social distancing of the population as one of the
control interventions as it changes with time. Therefore,
in the optimal system (8), the disease can be transmitted
to (1 — u1)S portion of the susceptible individuals after
getting contact with asymptomatically exposed and symp-
tomatically infected individuals. Moreover, the susceptible
individuals take different precautionary measures like main-
taining proper hygiene, adopting self-quarantine or isolation
etc. to prevent the disease transmission. These precautions
can be taken as a control policy as it changes with time
according to the necessity and disease prevalence. Numeri-
cal figures show that the control presenting social distancing
(u1) works with a higher intensity almost after three to four
weeks of implementation and continue the intensity level
almost throughout the time period. On the other hand, the
intensity level of u; is lesser than u. The intensity level
of uy first increases within two weeks of implementation
and then works with its higher intensity for some time and
then decreases. Implementation of either u; or u; is useful
but applying both u; and u, together can reduce asymp-
tomatically exposed people as well as infected population
significantly and increase the overall recovered population
at a higher rate. Therefore, implementing both the control
policies reduce disease transmission in this current pandemic
situation.

@ Springer
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(b)

Fig. 18 Plots of control a uT and b u§ for different values of w3 along with wy; = 1.5, wz = 2 and w4 = 50. Other parameters are as in Table 2

Acknowledgements The authors are grateful to the anonymous refer-
ees and Professor Jian-Qiao Sun (Editor-in-Chief) for their valuable
comments and helpful suggestions, which have helped them to improve
the presentation of this work significantly. The first author (Sangeeta
Saha) is thankful to the University Grants Commission, India for pro-
viding SRE.

Data Availability The data used in this work have been obtained from
official sources cited in the references [14—17]. The data that support
the findings of this study are available from the corresponding author
upon reasonable request.

Conflict of Interest The authors declare that they have no conflict of
interest.

Appendix

Proof of Theorem 3.1 Right hand side of system (1) is con-
tinuous and locally Lipschitzian functions on C and so there
exists an unique solution (S(¢), A(¢), Q(¢), 1(t), H(t), R(t))
on [0, t), where 0 < t < 400 [40]. First we prove that,
S@) >0, VYt € [0, 7). If it does not hold, then 3 #; € (0, )
such that S(r;) = 0, S(z;) < 0and S(7) > 0, V7 € [0,1]).
Hence we must have A(tr) > 0, Vr € [0, t1). If it is not
true, then 3 1, € (0, #1) such that A(tp) =0, A(tz) < 0 and
A(t) = 0, VYt € [0, ). Next we claim Q(t) > 0, V¢t €
[0, 7). Suppose it is not true. Then 3 13 € (0, #2) such that
Q(t3) =0, Q(t3) < 0and Q(tr) > 0, V¢t € [0, 13). From
third equation of (1), we have

aQ

p =pAWB) —(@+&+d)Q(13) = pA13) = 0,
t =13
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which is a contradiction to Q(Z‘3) < 0.So, Q(t) =0, Vt €
[0, 1).

Similarly, 7(¢) > 0, YVt € [0, 7).

Our next claim is H(t) > 0, V¢ € [0, ). Suppose
this does not hold, then 3 74 € (0, 1) such that H(t4) =
0, H(t4) < O0and H(t) > 0, Vt € [0, t4). Now, from the
fifth equation of (1):

dH

I =aQ(ts) + wl(ts) —

=iy

=aQty) + wl(ty) >0,

(¢ +d+63)H (14)

which is a contradiction to H (t4) < 0. Hence, H(t) >
0, Vr € [0, ).
From the second equation of (1), we have

dA
— = (B1A(r2) + B2 (1) + B3 H(12))S(12)

1=
—(p+n+d+381)A()
= (B2l() + B3H(2))S(2) > 0

Itis a contradiction to A(r2) < 0.So0, A(7) > 0, V7 € [0, 1;).
Hence Q(t) >0, I(t) >0, H(t) >0, Vte[0,1).

Let us claim R(¢) > 0, YVt € [0, #1). Suppose this does
not hold, then 375 € (0, 1) such that R(ts) = 0, R(t5) < 0
and R(t) > 0, Vt € [0, t5). From the last equation of (1),
we have:

dR

ar | = eSs) +EQ0s) + ¢Hs) — (d +Y)R(s)
t=ts

=kS(15) +§0Q(15) + ¢H(15) > 0,

which is a contradiction to R(ts) < 0. Hence, R(t) >
0, vVt € [0, ).
From the first equation of (1), we have

ds

’n — (B1A(t) + Bl (t1) + B3 H(11))S(11)

=1
—(d+K)S(t) + Y R(1)
=A+yR(#) >0,

which is a contradiction to S(¢;) < 0. So, S(7) > 0, V7 €
[0, T), where 0 < T < +o00. Also, by the previous steps
we have A(r) > 0, Q(t) >0, I(t) >0, H(t) > 0 and
R(@) >0, Vr € [0, 1), where 0 < T < 400. Hence it is
proved. O

Proof of Theorem 3.2

Let, Nt) =S@&)+A@)+ Q@)+ 1)+ H(@)+ R()
_dN

= =A—-d(S+A+Q+1+H+R)

—8§1A — 61 — 53H
=A—dN —(51A+ 51+ 65H)

<A —-dN
+%(1—e_dt>,

where N (0) = S(0) + A(0) + Q(0) + 1(0)
+ H(0) + R(0).

=0 < N() < NO)e™ ¥

A
Ast - 00, 0 < N(t) < E Therefore, all solutions of sys-

tem @)) enter into the region: Q
A
=h&AQJJLmeRiﬁ<AWk§3} O
Proof of Theorem 6.1 Jacobian matrix corresponding to DFE
Al A
Eo = (M,o, 0,0.0, —") i
dd + v +«) d(d + v +«)
given as follows:
—d+r) =p1So 0 —p2So —B3S0 4
0 Bi1So—ao 0 BaSo  B3So 0
7| _ 0 P —ay 0 0 0
Eo 0 n 0 —a 0 0
0 0 o w —a3 0
K 0 & 0 ¢ —d+y)

Two eigenvalues of J ’ £, areroots of the equation: A% 4 (2d +
Kk + Y)A +d +d+ ) = 0 which imply that they are
the roots with negative real parts and other four eigenvalues
are roots of the following equation: A* + M{A3 + Mya? +
M3zX + My = 0, where M| = g + o1 + o + a3 — B150,
My = apar + aja3 + (ap + a2)(a) + a3) — B1So(a; +
a2 +a3) — BaSon, M3 = apaz () +3) +ajaz(ao +o2) —
BiSolaoz+az (o +a3)t—p2Son (e +a3)—p3So(pa+wn)
and My = apajona3(l — R.). So, My > 0 for R, < 1.
Therefore the characteristic equation has roots with negative
real parts only when My, M>, M3 > 0 when R, < 1. O

Proof of Theorem 6.2 The Jacobian matrix at endemic equi-
librium point E* is given as:

ainarz 0 ays ais ae

axiax 0 axaxs O

- 0 aypayz 0 0 O
EX7 1 0 ap 0 ass O O
0 0 aszasqsass O

as1 0 as3 0 ags aes

where aj) = —(B1A* + BoI* + B3 H™) — (d + k), app =
—B1S*, aia = —PoS*, ais = =S¥, aie = ¥, ax =
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BIA*+Bol*+B3H, axn = B1S* —ap, axy = P2S*, ars =
B3S*, azx = p, a33 = —0q, ag =1, A4 = —a2, as3
a, as4 = w, ass = —as, K, ag3 = &, aes =
¢, ase = —(d + ¥).

Characteristic equation of J £ is A® + BiA% + Boat +
B3)3 + B4A? 4+ BsA + Bg = 0, where

asl =

B = —(an + ax + a3z + ass + ass + aes)
(o2 RZ — BinSj)
N nSoRc
+or+ a3+ (2d +k + ),
By = ay1(axn + asz + asq + ass + age) — anazy

I + o+ o

—ai6a61 + az(aszs + aaq + ass + aee)
— axqaqy + azz(asq + ass + aee)
+ asq(ass + aee) + assaee,
B3 = —ajjaxn(ass + asq + ass + ase) + azaasai;
— ay1a33(asq + ass + age) — ariasa(ass + aee)
— aj1assace + a12a21(a33 + asq + ass + aee)
— ajga4paz) + ajedei (A + asz + asq + ass)
— axazz(asq + ass + aee) — axnaqa(ass + aee)
— axassaes + aaas(azsz + dass + aese) — as3azpans

as4a4na25 — azzass(ass + aee) — (az3 + aaa)assaee,

B4 =ay1anazsz(ass + ass + aes) + a11axas4(ass + aes)
+ ajjanassage — aijax4aan(ass + ass + aee)
ayazs(azass + apasy) + arnazzass(ass + ase)
+ ai1(aszs + aaq)assace — aipaziasz(ass + ass + des)
— apaziasq(ass + ase) — a12a21as5ae6
+ apgaziaqn(azs + ass + ase) — aisazi(azzass + asndss)
— a16a21a32063 — A16422061(a33 + a44 + ass)
+ a16a24a42061 — a16a61a33(daq + as5) — 16061044055
+ axazzasa(ass + aes) + aznassaes(azs + ass)
— apqa42a33(ass + aee) — A24a42A55066
+ axsazass(ass + ase) + arsaspasa(azs + aes)
+ a33asaassaee,

Bs = —ayjaxnazzasq(ass + ase) — araxn(ass + aaq)assase

+ arjazzagsaqn(ass + ase) + ai1azaasnassace
— a11a25a32a53(a44 + ae6) — a11a25a42a54(a33
+ ace) — a11a33a44as5a66 + a12a21a33a44(ass + aee)
+ apaziassace(azs + asq) — araaziazzas(ass
+ ae6) — a14a21a42as5a66 + a15a21a32as3(a44 + aee)
+ arsaziasass(ass + ase) + ajeaziazaecs(asq
+ ass) — aieaziacs(azas; + aaasa)
+ ai6axazzaci (asq + ass) + aiea22a44as5ae1
— a16a24a420a61(as3 + ass) + ajeazsael (azass + aqass)

+ 1643304405506 — 422033044055066

@ Springer

+ a4a33a42055066 — 2503204405366 — A25033042054066.
Bs = (B1A" + Bl ™ + B3 H)[(d + ¥)apaiara;
+ pYaz(ag +Eaz) + kwdnai]
>0, for I* > 0.

Let us consider

B 1
B3 B>

)

Ay = By, Azz‘

B 1 0
B3 By By |,
Bs By B3

Bir1 00
B3 B, By 1
Bs By B3 By
0 Bg Bs By

Br 1. 0 0 O
B3;B,B; 1 0
Bs B4 B3 B> By |, Ag = Det(7
0 Bg Bs B4 B3
0 0 O Bg Bs

A3 =

o) = Bs.

By Routh-Hurwitz criterion, E* is locally asymptomatically
stable (LAS) if and only if A; > O fori = 1,2,3,4,5,6,
i.e., equivalently

(i) B; >0fori =1,6;
(i) A; >0fori =2,3,4,5.

O

Proof of Theorem 6.4 Followig Theorem (6.3), we can write
system (1) as:

ax _ F(X,Y)
dt - ’ 9

dy
T G(X.Y), G(X,0)=0,

where F(X. ¥) — <A — (B1A+ ol + B3 H)S + YR — (d+K)S>

kS+EQ+¢H —(d+ V)R
(BiA+ Bol + B3H)S — apA
PA—a1Q
nA —asl
oaQ+wl —azH

and G(X,Y) =

Here G(X, O) = O taking X = (S, R)T and ¥ = (A, Q,
I, H)T. The DFE of system (1) is Uy = Eg = (X, 0)T

o _(_Ad+w) A
with Xog = (S0, Ro) = (d(d+lﬁ+K)’ d(d+1ﬁ+/<)>.

X
Clearly Xj is globally asymptotically stable for il

F(X,0) as X — (S, Ry)T whenever + — oo. Further
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we have

G(X,Y) = DyG(Xy, 0)Y —G(X,Y)

B1So—ap 0 B280 B350 A
_ p —ap 0 O 0
o n 0 —ap O 1
0 o0 w —a3 H
(So — S)(B1A + B2l + B3H)
0
B 0
0

Here B(X,Y) = DyG(Xp, O) is a stable matrix when local
stability criterion of Eg holds along with R, < 1 and the off-
diagonal elements are non-negative also implying B(X, Y)
is a M-matrix. Moreover, E(X, Y)> Owhen § < §p < e
Hence the assumptions (H1) and (H2) are satisfied and by
Theorem (6.3), DFE Ej of system (1) is globally asymptoti-
cally stable when S < Sy for R, < 1. O

Proof of Theorem 6.5 Consider a Lyapunov function V (¢) as:

S A
V) = (S -85 = S*ln§> +m (A —A* — A*ln;)

+ma (Q -0" - Q*lﬂé>
1 H
+ m3 (I - I* —I*lnl—*> + mg (H—H* —H*lnm>

R
+ ms (R — R* — R*lnﬁ>

Time derivative of V along the solutions of system (1) is
given by

dv S*
— = <1 — ?) [A = (B1A+ B2l + B3H)S

+ YR —(d+«)S]

A*
+my (1 - 7) [(B1A + Bol + B3H)S — apA]

+mz<1—%>[pA—a1Q]

I*

+ m3 (1 — 7) [nA — arl]
H*

+ my (1 — 7) [¢Q + wl —azH]

+ ms (l—%) (kS+EQ+¢H — (d+ )R]

= <1 — %) [B1(A*S* — SA) + Bo(I*S* — SI)

+ B3(H*S* — SH) + ¢/ (R — RY)

—(d+1)(S =8 +m (1 - %)

[—B1(A*S* — SA)
 B(I*S* — SI) — B3(H*S* — SH)
— oA — A)] +my (1 - %)
[P(A — A") —a1(Q — 0]
I*
+ 3 (1 _ 7) (A — A%

H
—ax(l = I)]+my <1 - ?> [@(Q — 0%)

+o( = 1) —a3(H — H")]

R
+&(Q -0 +¢(H—H") —(@d+y)(R—-R"]

R*
+ ms (1 - —> [K(S — %)

S _ A o _ I H _
Let,F—x,F—y,y—z,]—*—u,m—vand
%: . So, we have
av 1

— = <1 - ;) [=S*(BIA™ + BoI" + B3H" +d + k) (x — 1)
—BiSAT(y = 1) = BoSI*(u — 1)
—B3SH (v — 1)+ ¢y R*( — D] +my (1 - %)

[S*(BIA™ + o™ + B3H™)(x — 1) + B1SA™(y — 1)
+ BaSI*(u — 1) + B3SH* (v — 1) — apA*(y — )]

+ma (1 - %) [pA*(y = 1) =1 Q%(z = D]
+m3 (1 - %) A*(y = 1) — oo lx(u — 1)]
+ my (1 - %) [@Q*(z—1)+wl"(u—1)

—a3H* (v — 1)] +ms (1 - ;) [kS*(x — 1)

+60"@—D+¢H (v—1) — @+ )R - D]

Now steady state of system (1) at E* gives A — (B1A™ +
Bol* + B3H*)S* + Yy R* = (d + «)S*, (B1A* + Bol* +
BsH*)S = agA*, pA* = a1 0%, nA* = apl*, aQ* +
ol* =a3H*, kS*+EQ0*+¢H* = (d +¥)R*. Also, we
take m1, ms = 1. So, we have

dv 1
— =S"(B1A* + BoI" + B3H* +d + k) (2—x - ;)

dt
* 1
+ogA* |2 —y— —
y

1 1
+ mpa; QF (2—1— 7) + m3al* (2—1,4— 7>
Z

u
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1
+ maazs H* (2—1)— 7>
v

1
+ms(d + ¥)R* (2—1— 7)

« y 1 1 wfu u 1 1

—BSA |l — =4+ ——— ) =BSI"|—-———+———

X x oy y x x y

ffv v 1 1 " l 1

-BSH |- ——+—-———|+YR* (I -1——+—
y x x y X

X

1

+m2pA*<y—l—X+7)
Zz Zz

* * * * X 1

+ (BLA* + Bl  + BHHS  [x —1 ==+ —
y oy

1
+m3nA*<y—1—X+*
u u

| —

+m4aQ*<z—1—%+

v

1
+ mgol™* u—l—z+—>

v v

1
+mssQ*<z—1—§+7>

1 1
+m5KS*(X—1—§+7>+m5¢H*<v—1—;+7>

1

+Wt30t21*<1+y—u—X>+m40tQ* (l+z—v—£)
u v
+m4a)l*<l+u—v—z)

v

1
+dR* (2—1— 7) + B1SA*

— E+mya

¢+B3S*
a3 o

and m3 =

Let us consider my4 = ,mo

BaS* +maw
a
conditions are satisfied,
(i) vS*R* < 2a0S*A* and (ii) pmoay + nmiay +
ﬁloch* < Qo).

dv
. So, I < 0 in the region ® provided following

dv
Moreover, —| = 0. So, by Lyapunov LaSalle’s theo-

*

rem [41], E* is GAS in the interior of @ subject to the stated
parametric conditions. O

@ Springer

Existence of optimal control functions

Now we derive the conditions for existence of optimal control
interventions which also minimize the cost function J in a
finite time period.

Proof of Theorem 9.1 The optimal control variables, when
exist, satisfy the following conditions:

(i) Solutions of system (8) with control variables u; and u;
in IT # ¢.

(i1) The mentioned set IT is closed, convex and the state
system is represented with linear function of control vari-
ables where coefficients depend on time and also on state
variables.

(iii) Integrand of (7): L is convex on IT and L(S, A, O, I,
H,R,uy,up) > h(uy, up) where h(uy, up) is continuous
and ||(u1, u2)|| " h(ui, uz) — oo when ||(uy, u2)|| —
00; ||.|| represents the L (0, Ty) norm.

From (8), the total population N = S+A+Q+I1+H+R.

dN

So, —
dt

=A—dN —-6§1A—561—-6H <A—-dN

A
—dt _—dt
=0< N(@) <N@O)e +—d (1 e )

where N (0) = S(0)+A(0)+Q(0)+1(0)+H (0)+R(0).
Ast —> 00, 0 < N(t) < —.

For each of the control variable in IT, solution of (8) is
bounded and right hand side functions are locally Lip-
schitzian too. Picard — Lindelo f theorem shows that
condition (i) is satisfied [42].

The control set IT is closed and convex by definition.
Again all the equations of system (8) are written as
linear equations in u; and u, where state variables
depend on coefficients and hence condition (ii) is satis-
fied also. Moreover, the quadratic nature of all control

variables guarantee the convex property of integrand
L(S7 A, Qv I,H,R, up, u2)~

Also, L(S, A, Q, I, H, R, u1, uz)
=wiA+ wal + wg;u% + w4u§

> w3u% + w4u%

Let,w = min(ws, wg) > Oand k(uy, up) = w(u%+u%).
Then L(S, A, Q, I, H, R,uy,uz) > k(uy, us).

Here k is continuous and ||(u, u2)||_1k(u1, uz) —> 00
whenever ||(u1, u3)|| — o0. Hence, condition (iii) is
also satisfied. So, it is concluded that there exist con-
trol variables u} and u} with the condition J[u}, u3] =
min[J[uy, us]] [38,43].
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Characterization of optimal control functions T =~ ML = u)BaS] — Aal(1 — up)BaS]
By Pontryagin’s Maximum Principle, we have derived here + Aa(e2) — As(w)
the necessary conditions for optimal control functions for d\s
system (7)-(8) [43—47]. Let us define the Hamiltonian func- gy — A1 (B3S8) — 22(B38) + As(az) — Ae(d)
tion as: die
ek =2 (Y) +re(d + ) (12)

H(S,A, Q,1,H, R, uy,u 1)

ds dA do
=L(S,A, Q,I,H,R,uj,up) + Aj— +Ap— + Az3—

dt dt dt

TV

dt dt dt

So, H
= wiA +wal + waut + waus + LA — (1 —ui (1)) (1A
+ BoD)S — B3HS —dS + YR
—ua(D)S1+ Al —ur1())(B1A+ B2D)S + f3HS — apAl
+ A3[pA — 1 Q] + Aa[nA — aal]
+ AslaQ + wl —asH]+ AglEQ + ur(1)S
+¢H — (d + )R]
(11)

Here A = (A1, A2, A3, A4, A5, Ag) are the adjoint variables.
We get minimized Hamiltonian by Pontryagin’s Maximum
Principle to minimize the cost functional. Pontryagin’s Max-
imum Principle mainly adjoin the cost functional with the
state equations by introducing adjoint variables.

Proof of Theorem 9.2 Let u} and u3 be optimal control vari-
ables and S*, A*, Q*, I'*, H*, R* are corresponding optimal
state variables of the control system (8) which minimize the
cost functional (7). So, by Pontryagin’s Maximum Principle,
there exist adjoint variables A1, Az, A3, A4, A5, Ag Which
satisfy the following canonical equations:

dv  0H dhy  0H dis  0H
dt ~—  3S’ dt  3A° dt EYo N
dvy  OH dis  OH
dt ~— 3l dt OH’
dvs  OH
dt ~— 3R’
So, we have
dr
T = M(B1A+ B2 D)(1 —uy) + B3H + uz + d]
—[(B1A+ B2 D)1 —uy) + B3H] — Ae(ur)
dry
— = —wi +M[(1 —u1)p1S]
dt
— Xao[(1 —u)B1S —apl — A3(p) — Aa(n)
dl\s
T = A3(0rp) — As(a) — Ag(8)

with the transversality conditions A;(Ty) = 0, fori =
1,2,3,4,5,6.

L .. oH oH
From optimality conditions : — =0and — =0.
ui uy=uy du ur=u}
So,uj = SHA LR (h2 = A1), u5 = (A1 — Xe6)-
2ws3 2wy

Now from these findings along with the characteristics of
control set IT, we have

if LRI (3 — A1) <0
wp = SO Gy gy, if0 < TSR G, ) <1

2w3

1, if SALRD) (3 — ) > 1

0, if - (k1 = 26) <0
U5 = gy (ki —he) . 0 < 50 (ki —2g) <1
1, if - (A — k) > 1
which is equivalent as (10). O

Optimal system

We state the optimal system with optimal control variables u}
and u3 below. The optimal system with minimized Hamilto-
nian H at (S*, A*, Q*, I*, H*, R*, A1, M, A3, A4, A5, Ag)
is as follows:

ds* * * %\ Ok
ar =A—-{0—-u)(B1A" + BI)S
— B3H*S* — dS* + Y R* — uiS*,

dA* * k * * k Qk *
ar = —u))(B1A" + Bol")S* + B3H*S" — apA™,
d *

5 =pA* —a10",

ar*

= nA* —arI*,
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dH* N
= I* —azH*,
7 Q"+ w o3
k
- = usSTHEQTHQH" — (d + IR, (13)

with initial conditions: $*(0) > 0, A*(0) > 0, Q*(0) >
0, I*(0) > 0,H* = 0 and R* > 0. The corresponding
adjoint system is given as:

di

= MlBAT+ B~ )+ B H +ub + d]
— L[(BIA" + B2 I™)(1 — u}) + B3H™] — Ae(u3)

dx

— = —wi Ml =S
— X[(1 —u))B1S™ — agl — A3(p) — 2a(n)

dl\3

o= Az(op) — As(a) — Ag(§)

dly

o =W + A1 —uD)BaS™] — Aa[(1 — u?) B2 S™]
+ Aq(on) — As(w)

drs _, . .

ke 1(B387) — A2(B3S8™) + As(a3) — Ae(@)

dlg

o = =2 () + re(d + V),

(14)
with transversality conditions A;(Ty) = 0, for i =
1,2,...,6 and u7 and u3 are same as in (10).
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