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Abstract

Infectious diseases drive countries to provide vaccines to individuals. Due to the limited supply of vaccines, individuals pri-
oritize receiving vaccinations worldwide. Although, priority groups are formed based on age groupings due to the restricted
decision-making time. Governments usually ordain different health protocols such as lockdown policy, mandatory use of face
masks, and vaccination during the pandemics. Therefore, this study considers the case of COVID-19 with a SEQIR (suscep-
tible—exposed—quarantined—infected-recovered) epidemic model and presents a novel prioritization technique to minimize
the social and economic impacts of the lockdown policy. We use retail units as one of the affected parts to demonstrate how
a vaccination plan may be more effective if individuals such as retailers were prioritized and age groups. In addition, we
estimate the total required vaccine doses to control the epidemic disease and compute the number of vaccine doses supplied
by various suppliers. The vaccine doses are determined using optimal control theory in the solution technique. In addition,
we consider the effect of the mask using policy in the number of vaccine doses allocated to each priority group. The model’s
performance is evaluated using an illustrative scenario based on a real case.
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Introduction

A report of COVID-19 cases was released in late 2019 in
Wuhan, China. The first case of the disease was reported in
Iran on February 20, 2020. COVID-19 had caused 5.34 mil-
lion deaths worldwide as of December 2021, with 131,000
deaths in Iran. The world economy is expected to contract by
5.2% this year, according to World Bank estimates.' Thus,
indirect effects such as business and shop closures should be
considered in addition to the disease’s direct effects, such as
morbidity and death, and its societal consequences. Ceylan
and Ozkan [1] assess the majority of known epidemics and
their effects on economics and socio-politics by examining
scientific literature. They evaluate COVID-19’s potential
effects, as well as approaches to mitigate them. The most
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urgent socio-economic actions required to battle the nega-
tive effects of a communicable disease are those relating to
unemployment and its income effects, as well as the security
of all sectors. They believe that to avoid long-term unem-
ployment, the service, retail, and even industrial sectors
must be supported.

Because of the epidemic’s prevalence, appropriate pre-
cautions and responses had to be considered. Vaccination,
medication, education, lockdown, quarantine, using face
masks, and home health care are just a few of the techniques
available to combat epidemics [2—4]. One of the most prom-
ising treatments for dealing with epidemic diseases is vac-
cination [5, 6]. However, several elements of COVID-19
conditions, such as unclear identification, cause vaccine pro-
duction to be delayed, with varying yields. On the other side,
the worldwide demand for vaccines has resulted in a scar-
city of COVID-19 effective vaccines [7]. The unavailability

! https://www.worldbank.org/en/news/press-release/2020/06/08/

COVID-19-to-plunge-global-economy-into-worst-recession-since-
world-war-ii.
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of medicines and vaccinations to cope with the infectious
disease during the COVID-19 pandemic led to the use of
various non-drug therapies, which came at a high financial
cost to governments [8]. Therefore, developing an effective
and responsive plan for individual priority would be una-
voidable, given that the amount of vaccine doses available
is insufficient to vaccinate all the persons at the same time.

In different pandemics, the World Health Organization
(WHO) recognizes high-risk populations and underlines
that they should be given more attention than other public
health issues. The primary purposes of prioritizing vacci-
nation for individuals are to preventing pandemic-related
mortality, reducing social disruptions, limiting economic
harm, and maintaining the infrastructure [9]. In different
infectious disease outbreaks, various priority strategies are
offered. For example, during the 2009 HIN1 influenza out-
break, Lee et al. [10] identified five priority categories based
on computer modeling, including pregnant women, infants
under 6 months, healthcare workers, adults aged 6 months to
24 years, and high-risk individuals aged 25-65 years.

When defining the priority groups, it is vital to remem-
ber that the epidemic is a dynamic system that evolves with
each state. The immunization of distinct groups is done one
after another, according to WHQ’s priority groups under
various vaccine supply scenarios. Thus, the time it takes for
each priority group to obtain the vaccination is critical issue
in managing the various aspects of an epidemic, such as
social and economic costs. Other non-drug actions, such as
locking down the people, result in business closures during
pandemic peaks, resulting in a financial loss for shopkeepers
and retailers until they are vaccinated. As a result, delaying
vaccination of certain groups, such as business owners, will
have a significant economic impact and a social cost.

Our primary aim for developing a novel mathematical
model to evaluate different priority strategies was to address
this challenge. We suggest a parallel vaccination technique
that attempts to reduce the social and economic costs of store
closure and the expense of vaccine procurement. Designing
a new vaccination approach, for example, will assist policy-
makers in dealing with both the development of infectious
diseases and the economic impacts of quarantine at the same
time. In addition, we investigate the effect of mandatory use
of face masks on the required number of vaccine doses.

The rest of the paper is laid out as follows. In the second
section, we go over the relevant literature. The terminology,
assumptions, and proposed model are described in “Prob-
lem description”. The solution approach offered to solve the
model is described in “Solution approach”. In “Computa-
tional results”, various numerical examples are given which
validate the created model through computation and simula-
tion. Finally, “Conclusion” brings the paper to a conclusion.
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Literature review

Infectious diseases are a leading cause of morbidity and
mortality worldwide. An epidemic is defined as a disease
over the typical life expectancy [11]. As a result of a new
epidemic that began in 2019, the world is currently coping
with the COVID-19 epidemic. The first stage in controlling
an epidemic is to defining the disease’s epidemic model as a
dynamic system and forecasting the number of infected peo-
ple to aid decision-makers in controlling the outbreak using
the appropriate measures [12, 13]. An epidemic model is a
simplified method for understanding how infectious diseases
spread from person to person. It is required to gather thor-
ough knowledge about the disease from a group of experts,
to model the dynamics of a disease [14].

For modeling the dynamics of COVID-19, several
researchers provide an alternative epidemic model. Buck-
ner and Chowell [15] adopt a compartmental model-to-
model transmission dynamics, including pre-symptomatic,
asymptomatic, and symptomatic people. They focus on
mortality, specifically years of life lost (YLL) and deaths.
Zou and Wang [16] present a new epidemic model for
predicting COVID-19 transmission in the United States
at the national and state levels. They suggest the SuEIR
epidemic model, a variation of the SEIR (suscepti-
ble—exposed—infected—removed) epidemic model that con-
siders untested/unreported COVID-19 cases. In addition
to hospitalized patients, they consider pre-symptomatic,
asymptomatic, and symptomatic infected individuals. Choi,
Kim [17] offer an age-structured mathematical model to
describe the transmission patterns of COVID-19 with immu-
nization in eight different age groups.

Pal, Ghosh [18] describe the COVID-19 outbreak using
the SEQIR pandemic model, in which infected but undiag-
nosed individuals are quarantined for the duration of the
incubation period. The basic reproduction number and the
thorough stability analysis are used to show the dynamics of
the SEQIR model. The estimated number of cases directly
generated by one case in a population where all individuals
are vulnerable to infection is the basic reproduction number.
It is influenced by several factors, including the sick per-
son’s duration of infection, the microorganism’s infectious-
ness, and the number of susceptible people in the population
that the infected person contacts. Korolev [19] also inves-
tigates the SEIRD epidemic model for COVID-19, which is
poorly detected using short-term data on death and reported
cases. He argues that the evidence available is insufficient
to identify which epidemic model is most appropriate for
COVID-19.

Guerstein, Romeo-Aznar [20] propose a control model
that combines social separation and immunization. They cre-
ate a deterministic compartmental model to reflect the stages
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of COVID-19 progression and, as a result, to demonstrate
the outcomes of deploying such technologies. Non-vacci-
nated people have become infected after the vaccination was
implemented during the epidemic. As a result, social separa-
tion can aid in flattening the curve of infection.

In addition to the deterministic epidemic models, several
scholars have presented stochastic epidemic models that are
more complex but allow for the study of multiple aspects of
epidemics [21-23].

The prioritization of people in the epidemic model is
another concern of the researchers in the immunization
programs. Individual prioritizing needs to be paid more
attention to different conditions of epidemics and when
the supply of effective vaccines is low. When an endemic
disease strikes in the aftermath of an outbreak, Gamchi,
Torabi [24] provide a mathematical model to prioritize the
affected people for vaccination. They use an SIR epidemic
model to determine how long each priority group will wait
for vaccination. In light of the limited supply of vaccines in
various countries, Hezam, Nayeem [25] provide 4 primary
criteria and 15 sub-criteria based on age, health status, and
job prioritizes persons. They use a neutrosophic AHP to
analyze these parameters and identify which groups should
first get immunized with the COVID-19 vaccine. In addi-
tion, Markovi&, Sterk [26] investigate the impact of people’s
health status on the vaccine distribution. Using an extended
stochastic SEIR epidemic model, their results show that the
rate of vaccination (i.e., the number of individuals vacci-
nated per day) and the availability of vaccine doses, as well
as the health status of the vaccinated people, influence the
chosen scenario of prioritization to cope with the COVID-19
epidemic. Foy, Wahl [27] provide a mathematical model for
allocating vaccines based on restricted resources to reduce
COVID-19-related morbidity and death and the effects of
non-pharmaceutical therapies. Yang, Zheng [28] explore the
primary framework to estimate the China’s critical target
priority group and group size to reduce COVID-19-related
mortality and break the disease’s transmission chain.

Chapman, Shukla [29] compare five alternative COVID-
19 vaccine allocation strategies. Random allocation is one
of these tactics, specific demographic targeting, age-based
targeting, important worker targeting, and comorbid-
ity targeting. To determine the appropriate immunization
method, they look at one risk factor and two risk factors.
Ferranna, Cadarette [30] use the age-stratified suscepti-
ble—exposed—infectious—recovered (SEIR) model to evalu-
ate COVID-19 vaccination prioritization options and find
that prioritizing essential workers reduces the number of
mortalities in well-controlled pandemic scenarios. Notably,
in determining the best strategy of prioritization, the vacci-
nation uptake should be considered because, there are many
factors and parameters that affect the decision by individu-
als to take the vaccine. Considering the limited source of

COVID-19 vaccine, Piraveenan, Sawleshwarkar [31] explore
the parameters that affect the decision-making process of
individuals to receive the vaccine, and the decision-making
process of government to choose the vaccines.

We also go at the literature on the mathematical mod-
els that have been proposed. Many studies have proposed
a mathematical model to anticipate COVID-19 cases. They
also look into the impact of non-pharmaceutical interven-
tions (NPIs) such as lockdowns, social distancing, and other
similar techniques [32-34]. It should be noted that remov-
ing the NPIs should be gradually. Czypionka and Iftekhar
[35] investigate different strategies to remove the NPIs like
lockdown policy and the case of Europe shows that low
incidence strategy and high incidence strategy have differ-
ent impacts on public health, society and economy. Kohli,
Maschio [36] use a Markov cohort model to estimate direct
medical expenses and deaths associated with COVID-19 in
the United States, both with and without a 60% effective
vaccination. They look at three different categories of peo-
ple based on their age, risk and age, and occupation and
age. They use cost-effectiveness analysis to compute the
incremental cost per quality-adjusted life-year (QALY) and
establish the optimum vaccination priority method.

Gap analysis

The use of the epidemic models to predict disease spread is
one of its most critical applications. As a result, many aca-
demics concentrate on epidemic models that best fit many
epidemics. The study employs several current criteria to rank
persons and assesses them using various methods. In con-
trast, it is critical to predict a disease’s dynamic behavior,
taking epidemic models into account when constructing a
mathematical optimization model could aid policymakers in
making essential judgments about disease behavior.

Although numerous forms of vaccine prioritizing study
have been conducted, all the previous studies have shortcom-
ings in examining the function of epidemic models in maxi-
mizing objectives such as social cost and economic impacts
caused by COVID-19. In addition, the number of vaccination
doses allocated to each priority group would be determined
using a combination of epidemic models and mathematical
optimization models, which is a flaw in earlier studies. As
a result, this study aims to develop a new three-objective
mathematical model for determining the optimal vaccination
distribution among priority groups. We also investigate the
mandatory use of face mask protocol in the number of vac-
cine doses allocated to different priority groups.

We believe that, in addition to the disease’s social cost,
the economic impacts of business closures should be sub-
stantial for countries. As a result, the planners must devise a
vaccine distribution strategy to deal with the disease’s many
effects while working with a limited quantity of effective

@ Springer
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vaccine doses. The suggested three-objective model attempts
to reduce the cost of vaccine procurement from various pro-
viders, the social cost incurred by infected individuals before
and after vaccination, and the economic costs associated
with store closures during the lockdown policy execution.
To sum up, the main gaps in the engaged literature are as fol-
lows which, to the best of our knowledge, are not considered
in previous research works:

¢ Considering the economic impact of prioritizing the indi-
viduals to receive the COVID-19 vaccine, besides the
social cost;

¢ Investigating the effect of mandatory use of face masks
on the epidemic’s control;

¢ Developing a mathematical model to the optimal dis-
tribution of COVID-19’s vaccine among the priority
groups.

Contribution

The immunization programs show that defining different
groups with the same priority is necessary to cope with the
pandemics like COVID-19, especially in the first stages,
because the willingness of several age groups to receive
the vaccine is different [37]. Therefore, this paper’s main
contribution is to consider the parallel vaccination, which
makes it different with other research papers in this con-
text. On the other hand, many vaccine doses were wasted
individually due to the vaccination process and declining of
the individuals® willingness to get vaccinated. For instance,
according to ABC News, “millions of unused COVID-19
doses in the United States are set to go wasted as the coun-
try’s vaccination rates continued to decline amid an uptick
of new infections.”” Thus, if the other priority group had
the opportunity to receive the vaccine, the waste of vac-
cine doses would be reduced. As we investigate the effect
of parallel prioritization of the individuals based not only
on age but also on other factors like the economic effect of
receiving COVID-19 vaccine.

Problem description

Infectious diseases transmission has various effects on
social life, the economy, government costs, and small and
medium-sized businesses. To deal with such issues, most
governments have begun immunization programs. All coun-
tries’ priority plans are based on WHO recommendations.
When all people of the first group have been vaccinated,

2 https://abcnews.go.com/amp/Health/millions-covid-19-shots-set-
waste-vaccine-rollout/story 7id=84111412.
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the immunization of the second group begins and continues
until all people have been immunized. As a result, those in
various priority groups should wait to get vaccinated, as it
may take too long to become immune to the disease.

On the other hand, numerous enterprises, malls, and retail
stores must close due to government lockdown policies. In
addition, among the retailers and shopkeepers that are not
prioritized and lose the majority of their market during the
pandemic, the ages of 30—49 years are the most common. As
a result, a parallel vaccination approach to deal with busi-
ness owners’ economic problems is required.

In this paper, we investigate how parallel vaccination
among different priority groups and implementing the policy
of using face masks affect the social cost of infected indi-
viduals from different priority groups and the economic cost
imposed on business owners, shopkeepers, and retail stores
during the implementation of lockdown policies and vac-
cine procurement costs. As a result, we offer a mathematical
methodology for determining the best vaccine allocation to
the priority groups, as well as putting the lockdown policy
and other health regulations in place, like using face masks.
The proposed model excludes health workers at a high or
extremely high risk of acquiring and transmitting infection.
This group needs to be vaccinated as soon as possible, and
we provide a strategy for assigning the remaining vaccines.
Adults over the age of 65, people between the ages of 50
and 64, and retailers are the key groups (the ages between
30 and 49 years have the most frequency among the retail-
ers and shopkeepers). Even during the implementation of
the lockdown policy, retailers might resume their activi-
ties following immunization. As a result, the COVID-19
pandemic’s economic impact would be reduced. In other
words, removing non-pharmaceutical interventions like
lockdown policy steadily is more achievable and advanta-
geous for public health, society and economy [35]. The herd
effect refers to the indirect protection of unvaccinated peo-
ple, in which a rise in the prevalence of immunity caused
by vaccination may result in a reduction in the vulnerable
population surrounding infectious people [38]. Susceptible,
exposed, quarantined, infected, and recovered are included
in the considered epidemic model (Figs. 1 and 2) [18]. It
should be considered that there are different epidemic mod-
els simulating the dynamicity of COVID-19. Since the main
contribution of the paper is to investigate the effect of the
parallel prioritization of individuals by considering the
economic impact of lockdown policy, we use the SEQIR
epidemic model for the sake of simplicity. Notably, while
various priority groups share the same epidemic model, the
rates in each group vary. In order to measure the social cost
of infected people, the disability-adjusted life years (DALY)
index is used. The cost of spreading a disease epidemic in
unaffected areas by an infected individual as the host is
included in the DALY [5, 39, 40].
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Fig.1 SEQIR epidemic model of COVID-19 without control [18]. number of individuals in each state. Different compartments, includ-
Given the transmission rates in the epidemic model, individuals’ ing susceptible, exposed, quarantined, infected, and recovered, are
states change when there are contacts among susceptible individuals shown in the figure. The transmission rates between the compart-
and quarantined or exposed ones. Moreover, based on the severity of ments, the natural death rate, and the death rate due to the COVID-19
the disease, their states switch to infected or recovered. In addition, are presented. Notably, this figure shows the dynamic of the disease
the natural death rate or death rate of infected individuals affects the before using the control tools
Fig.2 SEQIR epidemic model uzS
of COVID-19 considering
control variables. Compared to
Fig. 1, when there is a control d10
tool such as vaccination, some
susceptible individuals get B1S 01Q
immune to the disease. They u Susceptible Quarantine Recovered d{R

move to the recovered indi-
viduals decreasing the number
of exposed, quarantined, or

SE E T 1

infected ones. In addition, using wS dis \ " & 20 7
a face mask protects the sus-
ceptible individuals against the
disease, reducing their number. Exposed Infected dyl
This figure is the same as the nE
previous one, and the difference
is that the effect of using the
control tools is considered d.E dqil
Notations Parameters
Indices

Di Price of each vaccine dose from

supplier i
i Index of suppliers (i = 1,...,n) K; Capacity of supplier i
j Index of priority groups (j = 1, ..., m) o Cost of locking down business /
l Index of businesses that affected by ~ SC; Social cost caused by infecFed
lockdown policy (I = 1,..., P) individuals of the group j
S/ (O0S,;(®) Number of susceptible individuals

of the group j before vaccination
(after vaccination) at time ¢

E; (0(E, (1) Number of exposed individuals of
the group j before vaccination
(after vaccination) at time ¢
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0,,(10Q, (1)

1, (0L ;1)

Ry j(0(R,,;(1)

<N

Number of quarantined indi-
viduals of the group j before
vaccination (after vaccination)
at time ¢

Number of infected individuals of
the group j before vaccination
(after vaccination) at time ¢

Number of recovered individuals
of the group j before vaccination
(after vaccination) at time ¢

The recruitment rate of priority
group j

The transmission rate from sus-
ceptible population to infected of
priority group j but not detected
by testing population

The transmission rate from sus-
ceptible population to quarantine
population of priority group j

The transmission rate from
infected but not detected by
testing population to quarantine
population of priority group j

The transmission rate from
infected but not detected by
testing population to secured
zone population of the priority
group j

The transmission rate from
quarantine population to secured
zone population of priority
group j

The transmission rate from
infected but not detected by
testing population to infected
population of priority group j
for treatment

The transmission rate from
quarantine population to infected
population of priority group j
for treatment

The natural death rate of all sub-
populations in priority group j

The death rate of infected popula-
tion due to COVID-19 in prior-
ity group j

Basic reproduction number of the
priority group j

The time at which the epidemic in
the priority group j ends

Fixed cost of the vaccination
program

Fixed cost of implementing the
policy of using a face mask

Start time of the priority group j’s
vaccination
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Decision variables

Number of vaccine doses supplied
by the supplier i

The proportion of susceptible indi-
viduals of the priority group j
that are vaccinated per unit time

The proportion of susceptible
individuals of the priority group
Jj that are required to use face
mask

D; Number of vaccine doses required
to immunize the priority group j

The developed decision models

The proposed three-objective model attempts to reduce
vaccine procurement costs, total social costs incurred by
infected individuals from various priority groups before and
after vaccination, and the economic cost of shop closures
simultaneously. As a result, determining the best time to
immunize each priority group and the number of vaccine
doses allotted to each group is essential. We consider the
vaccination and using the face mask as the control tool.
The first objective’s main goal is to keep the cost of reduc-
ing or increasing vaccination intensity as low as possible:

Equation (1) represents the total cost of procuring vac-
cines from various vendors. We evaluate different pricing for
the supplied vaccines because vaccine prices vary depending
on the vaccine type and brand. The cost of vaccine doses
should impact on the number of doses delivered by the sup-
plier. The role of this objective function is to consider the
limited resource of vaccines with different prices, which
affects the total amount of vaccine doses assigned to differ-
ent priority groups.

The second goal is to reduce the social cost of infected
people before and after vaccination, considering different
priority groups:

) 7 T
MinZ2 = Z { SC;I, j(0)dt + [ (SC;(1,,(1))
i @
1 o 1 F o

+3C,0 + 5C uzJ(z))dr]

The first term in Eq. (2) reflects the social cost of priority
group members infected prior to immunization. The second
term is the cost after immunization, as previously stated.
The third term is the vaccination cost when considering the
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optimal variable, and the last one is the cost of implement-
ing the use of face masks as a health protocol. The third and
fourth terms, in particular, try to maximize the number of
recovered people while employing the minor possible con-
trol variable. The square of the control variables measures
the severity of vaccination and face mask using side effects
[2]. Because of O < u(f) < 1, we use the squared value of the
control variables to lessen the effect of vaccine cost and cost
of implementing the using face mask policy in the overall
social cost. In addition, each immunization program’s fixed
cost of vaccination comprises the cost of healthcare team
members, vaccine maintenance costs in the central depot,
and cold chain equipment costs [24].

The last objective function aims to reduce the economic
impact of shop closures. Closing a store during the imple-
mentation of a lockdown policy puts a cost of closure on
the retailer based on the type of business. As a result, the
third objective, in conjunction with the other purposes,
assists policymakers in determining when such a priority
group should be vaccinated. In the other words, we con-
sider the economic impact of lockdown policy besides the
social cost (in the Z2) for the priority group of shopkeepers
who encounter the cost of shop closure. Considering such
an objective function leads to assigning some vaccine doses
to the shopkeepers as a priority group and, consequently,
removing different restrictions such as a lockdown policy:

MinZ3 = Z [de(r,) / J(Su(t) +E; () + Q40
1 0

T, 3)
+ 1, ,(0)dt + / (c;d(f,)(lzsj(z))]

As a result of the lockdown prior to the vaccination, the
cost imposed on businesses is denoted by the first term in
Eq. (3). It should be noted that the number of susceptible,
exposed, quarantined and infected individuals in the priority
group of shopkeepers and business owners affect the lock-
down cost and consequently the economic impact of that
policy. The second term is the cost imposed on the firm
due to retailer infection. The length of the lockdown policy
determines the cost imposed on the business. For simplicity,
we use the following linear function for the mentioned cost:

C(z,) = Az, +B 4)

There is an epidemic model without a control tool before
each priority group is vaccinated, and the infected indi-
viduals recover naturally. The epidemic model’s differential
equations would be as follows: Egs. (5-9). The rates of being
susceptible, exposed, quarantined, infected, and recovered
are all represented by such equations:

ds, ;) m
—— = S 0 ), E0) = B0~ dSy (00 <1 <7,
(5)
dE, ;(1) "
T; = ;8 (1) sz E, () — 1,E, () ©
—ﬂjfElJ(t) —dE (1);0<t<T
dQ, (1) , , )
7 BiS1(0) + BE (1) = 1,0, () = 0,0, (1), 0<1<7
@)
dIlJ(t) ’ ’
S = rE 0+ er,l FORTANG) ©
- CljllJ(t) - dillx/(t); 0<r< 7
deJ(t) ’ ’
= 0,0, () + Gjll‘j(t) - dj.RlJ(t); 0<t<z;, 9

$,,(0) > 0,E; (0) > 0,1, ;(0) > 0,0, (0) > 0 and R, ;(0) > 0
(10

When each priority group receives the needed dosage of
vaccine and the immunization program begins, the epidemic
model shifts in viewing vaccination as a control strategy. As
a result, we would have Egs. (10-14). It is notable that, in
Egs. (11) and (12), since the individuals of different priority
groups are not isolated, there is contact between suscepti-
ble individuals in priority group j and exposed ones in all
the priority groups we use the summation of E, ;(7) (i.e.,

S, (N2 Es f(D):

ds, (1) m
di‘ = ajSZJ(t)Zj:lEzJ([) - ’f,‘EzJ‘(t)
= BEq (1) = diS) (1) = uy 18,(1) (v
—Uy;S,;(); 7 St <T;
dE, (1) m
yrai a./'SZ/'(t)Zj:lEzJ(t )= 7iE2, D (12)
- ﬂjEzJ(t) —dE,;(t);7; <1 <T;
dQ, (1) ’ ' )
— = BiS2;(0) + BE, (1) — 1,0, (1) — 0,0, (), 7; <t < T
13)
dl, (1)

= 1By (1) + 1,0, (1) = 0.1, ,(1) = dil ;) = d L (03 7; S 1 < T
(14)

dt
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dR, (1)
dt

= 6,0,,(1) + 0.1, (1) = d Ry (1)
+uy 1S, (1037, < 1 < T;S,(0)
= 5,,(0). E,;(0) = E, (2).1,,(0)

=1,,(7), 0,(0) = O, j(v)andR, ;(0) = R, ;(7)

as)

Constraint Eq. (16) states that we must provide enough

vaccine doses for all priority groups to control an infectious

disease outbreak. Notably, a group’s demand for a vaccine

depends on the optimal control tool’s value, the number of

susceptible individuals in the group, and the vaccination
time:

Tj
Z Viz 2/ uy ;S5 ;(1)dt (16)
i J %

Finally, (17) denotes that provider i's capacity equals to
the maximum number of vaccine doses it can supply:

V, <K, 17)

Solution approach

The developed approach intends to reduce the socio-eco-
nomic cost of infected people while also considering the
costs imposed on retailers due to the countries’ lockdown
policies. We also examine vendors with varied prices due
to the limitations on procuring vaccinations from suppliers.
As a result, another goal of this problem is to reduce vac-
cine supply procurement costs. Shamsi G, Ali Torabi [5]
and Gamchi, Torabi [24] present some solutions for such
multi-objective issues.

We use the most recent solution approach to solve the
proposed model. To tackle the problem, we consider two dif-
ferent phases. We run the dynamics of the epidemic model
in the first phase to determine the total number of vaccine
doses required to control the epidemic disease. As a result,
the following procedures are followed:

Step 1. Determine the basic reproduction number, R, o
for each priority group, considering the disease type and
transmission rate. We use the generation matrix to determine
the value of the basic reproduction number:

We define two matrices of gain terms (F) and loss terms
(V) according to Eqgs. (5-9). Moreover, R, is the dominant
eigenvalue of G = F.V—1as follows [18]:

Ro; = “ (18)
By+o,+d)r +p,+d) ;
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Step 2. If R, j < 1is true, no vaccine is required, and the
group j is removed from the list of immunization programs.
If not, proceed to Step 3.

Step 3. Run the epidemic model for the remaining pri-
ority groups in each region to see how many people are in
each compartment of the epidemic model at any given time.

Step 4. Using the optimal control theory, determine the
number of susceptible individuals in each priority group
who may be eligible for vaccination, and the vaccine doses
required to control the epidemic disease. In addition, at
various time intervals, calculate the social cost of infected
persons:

() — w,(1))S:.
ui](t)=max{mm{( : C,7 ) 2J9u11wx}’0} (19)

Notably, we apply Pontryagin’s maximum principle [41]
to solve the optimal control problem by optimizing the Ham-
iltonian function. In addition, the considered objective func-
tion is as follows:

OBF = wt,.Z2 + wt,.Z3 (20)

where wt, and wt, are the weight of objective functions 2
and 3, respectively, and wt, + wt, = 1.

Theorem If uj* (#) is an optimal control variable correspond-
ing to the optimal states of the priority group j, which mini-
mize the single weighted-sum objective function (20), then
there exist co-state variables w, (¢) to ws(¢) which satisfy

dw (1)

7 o ()(aE+ p+d+ul +u2) — w,()(aE) — w3(1)f — ws(H)ul
da;zt(t) = w(NaS — wy(t)(aS —r— ' — d) — w3V — w,(O)r
? ==C"+ w30 (' +0) — 0,0 — w5
da:;‘t(t) =-SC-C"+ w,()(o' +d+d') — ws5(D)0’
d

a;st(t) = ws(d’

1)

with the following transversality conditions:

a)ij<Tf”d) =0, /ifor/si=1,2,....5. 22)

(1) — ws()) S5 .
MTJ(I):max{min{( : CVS ) ZJ,M,,,M},O}
. . a)l(t)S;J )
uzJ(t) = max { min cid U ,0

(23)
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. ' wl(t)S;J ,
uzJ(t)zmax min i Uy 050 24)

Furthermore, the optimal control variables are:
where u,,,. and u’ _depends on the number of resources

max

available to implement the control measure.

Proof We form the Hamiltonian HAM as follows:

HAM(S,, E,, Qz,12,R2,w1,w2,a>3,w4,w5)j

_ 1w L a2

= wt.(SC;.] + EC"uu(t) + EC uzJ.(t))

ds, (1)
dt

dl,(1)

604(1‘).7 + COS(t).

+ W[z.(cld-(Q +1)+ a)l(t), dE;t(f)

2220

+ @,(2).

dR,(1)
dt

where w,(?) to ws(f) are the adjoint functions to be deter-
mined suitably. Using Pontryagin’s maximum principle, we
would have:

@ _ _OHAM d& _ _OHAM dﬂ _ _OHAM dﬂ
dt s  dt 0E ~ dt 00 ~ dt
_ _OHAM dos _ 9HAM
~al ’dt  OR
(25)
Using the optimality conditions, we find
0HAM .
—— =0/;at/;u = u*@) (26)
ou
which results in
(@,(1) = ws(t))S;J.
MTJ(Z‘) = &
’ 27
. w](t)SZJ @7
0= —ca

We obtain Egs. (23) and (24) using the control space
U = {t:)]0 < (1) < thpyay < 1,1 € [Tqrrs Tena )

Step 5. By determining the required doses of vaccine
for each priority group, we would have linear mathematical
modeling to determine the number of vaccine doses ordered
to each supplier. In addition, by determining the second con-
trol tool, we determine the period of using face masks to
overcome the epidemic.

Computational results

This section uses a real-world scenario to assess the model’s
and solution approach’s effectiveness. We also go over the
numerical results to provide some managerial insights.

The case description

The COVID-19 outbreak in 2019 impacted people world-
wide, and due to the virus’s rapid spread, no government
was able to respond adequately. As a result, strategies such
as lockdown must be introduced to limit the infectious dis-
ease’s morbidity and death. Even after the COVID-19 vac-
cine was discovered, governments were forced to impose
a lockdown policy due to a limited vaccine supply and a
prioritization system based on the age groups. They began
a vaccination program with those over the age of 65 and
continued with the other age groups until all people had
been immunized. We propose a mechanism in this research
to vaccinate individuals in parallel while dealing with the
economic impacts of lockdown policies and disease trans-
mission. Such programs might assist policymakers in similar
situations in making informed decisions about parallel vac-
cination. In addition, we consider implementing a suing face
mask policy to reduce disease transmission.

The proposed vaccination method for an infectious dis-
ease like COVID-19 is examined in this subsection. Tehran,
Iran’s capital, serves as our example. Different age groups
are investigated in the case study, including 50-65 years old
(G1) and over 65 years old (G2). In addition, according to
market statistics, Iran has 5 million retail units, with around
7% of them in Tehran. Each retail unit has an average of
three people working in it. As a result, the group of shops
and retailers would consist of 1,050,000 people with regard
to Fig. 3.

In our case study, we have three different priority groups,
including the two age groups described above, as well as a
group of shopkeepers and retailers (G3).

It is worth noting that including shopkeepers and mer-
chants as one of the priority groups could aid authorities
in reducing the economic consequences of the lockdown
strategy. As a result, the proposed model provides a basic
framework for vaccine distribution that may be used for vari-
ous priority groups and different types of epidemic diseases
that affect people all over the country or the world. COVID-
19 is used as a numerical example in this section. As a
result, prior research is used to estimate various rates of the
linked epidemic model, such as recruitment rate, transmis-
sion rate, recovery rate, etc. It should also be remembered
that priority groups may have varying rates. Individuals
over the age of 65, for example, are more likely to become
infected and die than other adults. The parameters used in
this paper are presented in Table 1. In addition, the govern-
ment bears additional social costs for several priority groups.
SC1 = 1200%/individual, SC2 = 1000$/individual, and
SC3 = 1300%/individual were chosen as the societal costs
of infected people. It should be noted that different factors
are considered when estimating the social cost of different
priority groups, such as the cost of non-working people, the
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Fig.3 Age group-based population of Tehran. The most popu-
lated age group in Tehran is the range of 25 to 39, which affects the
immunization program’s efficiency if it is based on the age groups.

Table 1 Input parameters of presented epidemic model

Rate Value (G1, G2, G3) Estimated based on

Hi 0.42,0.45,0.47 Iran health minister’s report
a; 0.60, 0.60, 0.60 [42]

B; 0.55,0.53,0.52 [42]

_,‘/ 0.8,0.78,0.75 Iran health minister’s report
r 0.53,0.53,0.53 [43]

r]’ 0.65, 0.64, 0.61 Iran health minister’s report
d; 0.0625, 0.0610, 0.0598 [42]

djf 0.09, 0.09, 0.09 [42]

o; 0.70, 0.73,0.77 [42]

6]’ 0.41, 0.40, 0.40 Iran health minister’s report

cost of healthcare services, and intervention implementation
costs such as personnel salaries, infrastructure costs, and
administrative costs [24, 40].

We also suppose a linear function of vaccination time
for the cost of business lockdown (i.e., C¥(z,) = Az, + B).
In this case, we consider A = 20 and B = 0. Since, in Iran,
vaccination started about 1 year after the disease outbreak.
Therefore, the dynamic of the epidemic would be as Fig. 4.

As shown in Fig. 4, the number of susceptible individuals
increases because the number of people who can be infected
increases. In addition, the number of quarantined individuals,
at first, increases but then decreases. Notably, system’s dynamic
at the first weeks differs a lot compared to the rest of the time.

When the vaccination is started and the policy of using
face masks implemented strictly, the number of recovered
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A graph with vertical bars depicts the distribution of age groups in
Tehran. The Y-axis is labeled as “No. of individuals,” and the X-axis
is labeled as “Age groups,” ranging from 0—4 to 100+

individuals increases while the number of exposed and
infected individuals decreases. As shown in Fig. 5, it should
be noted that by implementing the control tools, includ-
ing vaccinating the individuals and mandatory use of face
masks, the number of exposed and infected individuals goes
down.

The results show that the parallel vaccination of individu-
als helps policymakers decrease the social and business costs
of the lockdown policy. We determine the total doses of
vaccine to control the epidemic disease based on different
priority groups.

Figure 6 shows that the mandatory use of face masks
should last for about 49 weeks after vaccination to improve
the effectiveness of the immunization program.

The disease among priority group G1 would be con-
trolled 25 weeks after vaccination (Fig. 7). Moreover, the
total required number of vaccine doses for immunization of
this group is 3,295,617 doses. For the other priority groups,
we would have the results as given in Table 2.

Therefore, the total number of vaccine doses and manda-
tory face masks will help the government control the epi-
demic without implementing a lockdown policy for retailers.

Now, based on the vaccine price and the production
capacity of each supplier, the government can place an order
for the required vaccine doses to minimize the procurement
cost. Here, we suppose two different suppliers with different
capacities and prices as follows:

Supplier 1: 3.7$ per dose with the capacity of 4 million
doses;
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Fig.4 Dynamics of the COVID-19 epidemic disease before using
control tools. In the first weeks of infectious disease spread out, the
number of susceptible individuals decreases because there are no
health protocols like face masks. Consequently, the infection rate is
high. During this time, the number of susceptible ones increase, and

because of the death that occurred by the disease, the number of
infected, recovered and exposed decrease. The status of each com-
partment over the 40 weeks before using the control tools is shown in
the figure. There are five different graphs that each one is related to a
compartment in the dynamic system
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Fig.5 Dynamics of the COVID-19 epidemic disease after vaccina-
tion and mandatory use of face mask as control tools. Using the face
mask and vaccination of individuals, the number of susceptible indi-
viduals and, consequently, the number of exposed and infected ones

Supplier 2: 2.15 $ per dose with the capacity of 3 million
doses.

Here, we have a linear mathematical model to determine
the best policy to place the order. We solve the problem
using GAMs software, and the result is as follows: the mini-
mum cost is achieved by 3 million doses from supplier 2 and
3,736,028 doses from supplier 1.

decreases. In addition, the number of recovered individuals increases.
The status of each compartment over the 50 weeks after using the
control tools is shown in the figure. There are five different graphs
that each one is related to a compartment in the dynamic system

Sensitivity analysis and managerial insight

The need for parallel vaccination is discussed here, with
shopkeepers and retailers being a priority group. The eco-
nomic impact of the lockdown strategy in the COVID-19
epidemic is tremendous, and many retailers have lost rev-
enue due to it. In other cases, the policy has harmed mental
health [44]. As a result, when deciding on vaccine alloca-
tion, we should evaluate the social and economic implica-
tions of the lockdown policy.
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Fig.6 Control function of using face mask (priority group G1). This
curve shows that mandatory use of the face mask long-term impacts
on epidemic control. The graph shows the value of the second con-
trol tool, i.e., mandatory use of face mask, over time. The Y-axis

is labeled as “using face mask as a control tool” and the X-axis is
labeled as “Time (weeks),” which indicates the time of controlling
the epidemic using this control variable
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Fig.7 Control function of vaccinating (priority group G1). This
figure shows the effect of vaccination, which controls the epidemic
disease 25 weeks after starting the immunization program. Notably,
mandatory use of face masks also influences the time of epidemic

We are now looking into the impact of parallel prioritiza-
tion and comparing it to present policies (i.e., vaccination
based on the age groups).

Table 2 Results of epidemic control by vaccination as a control tool

Priority group Required number of vac-  Time of control

cine doses
90% efficacy

Gl 3,295,598 doses About 25 weeks
G2 1,833,120 doses About 19 weeks
G3 1,606,747 doses About 15 weeks
Total 6,735,465 doses About 25 weeks

@ Springer

control. The graph shows the value of the first control tool, i.e., vac-
cination, over time. The Y-axis is labeled as “vaccination as a control
tool,” and the X-axis is labeled as “Time (weeks),” which indicates
the time of controlling the epidemic using this control variable

Since the cost of vaccination for shopkeepers and retailers
is a linear function of the vaccination start time, the longer
the vaccination start time, the higher the cost. As a result,
the decision-maker should develop an acceptable plan for
the timely vaccination of shopkeepers and merchants, as
outlined in this paper. In addition, we investigate the effect
of implementing the mandatory mask using policy on the
number of susceptible individuals. As shown in Fig. 8, the
mask using policy implementing has a significant role in
decreasing the number of susceptible individuals leading to
the sooner control of the epidemic.

Several factors can affect the decisions about implement-
ing the health protocols such as vaccination and mask use.
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Fig.8 Total social cost and economic cost without considering the
parallel prioritization. The area under the curves shows the total
social and economic costs in different situations. The total cost in the
case of parallel vaccination is lower than the other situation. Two dif-

Here, we discuss the economic impact and the social cost of
infected individuals to determine the best approach to assign
the limited number of vaccine doses to the individuals and
the duration of the mandatory use of face masks. The results
show that the proposed ways of control would positively
affect the costs imposed on the nations.

Conclusion

COVID-19 has spread worldwide, and all countries have
implemented a lockdown policy as a swift response to stem
the development of the epidemic. Many merchants will
encounter financial difficulties due to this policy, and the
GDP is expected to fall by 5.2% this year. As a result of this
outbreak, lessons should be learned, leading to an acceptable
pre-disaster plan for timely provision of essential vaccina-
tion doses post-disaster to control the spread of potentially 1
infectious illnesses. In determining the optimal values of the
required vaccine doses for each priority group and the best
way to assign vaccine doses to them, the paper contributes to
the related literature in several ways, including considering
the mandatory use of face masks and the impacts of vaccina-
tion as control tools and accounting for the burden of disease
as the social cost. Another priority group, as well as age
groupings, are presented in order to reduce the economic,
social, and procurement costs of the lockdown policy. To
accomplish so, we use a SEQIR epidemic model with var-
ied rates for each priority category to predict the number
of vaccine doses needed in the event of a resource short-
age. To address the epidemic model problem, we utilize the
optimal control strategy, and based on the required number
of vaccine doses; we decide the number of doses ordered

ferent graphs in the figure compare the number of susceptible indi-
viduals in two cases of using face masks and not using them, which
affect the number of vaccines allocated to each group

from each supplier. Finally, we solve the linear mathemati-
cal model using GAMs software to reduce purchase costs.

According to our numerical illustrations, policymakers’
actions can be changed by considering different priority
groups. Because, in addition to the social cost of infected
individuals, lockdown policy has a significant impact on the
lives of many shopkeepers and retailers, and the nation’s
economy, prioritizing groups other than age groups is criti-
cal in determining how vaccines are distributed. As a result,
policymakers will be better able to deal with the epidemic
and its consequences if they explore a parallel prioritizing
strategy to reduce social, economic and procurement costs.

There are various ways to expand on the current work.
We investigate a SEQIR epidemic model in this study with-
out sacrificing generality. Other epidemic models based on
various diseases can, however, be considered. Other control
techniques, such as social distance and education, can also
be modeled to determine the dynamicity of the epidemic.
We use the vaccination price as a criterion for ordering from
multiple vendors in our problem scenario, although other
factors such as reliability might also be evaluated.
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