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Abstract

Infection-induced immunity in recovered individuals decreases gradually, and when it decreases to below a certain threshold,
recovered individuals substantially get back to susceptible individuals and can be infected with reinfections, which are infections
that occur in individuals who have been infected once and have recovered from infection. The increase in susceptible individuals
due to getting back to susceptible individuals from recovered individuals can increase not only the number of individuals who
could be infected but also the contact rate between infected individuals and susceptible individuals, resulting in a marked
increase in the number of infected individuals.

Using a flexible compartment model specific to COVID-19, the duration of infection-induced immunity required for reinfection
to occur was examined and the changes in the number of reinfected individuals were calculated. The model includes the duration
of infection-induced immunity, which indicates the validity period of the effectiveness of infection-induced immunity, and the
‘back to rate’, which indicates the ratio of the number of individuals who get back to susceptible individuals from recovered
individuals as independent variables in the equations. Change in the number of infected individuals was examined in relation
to the duration of infection-induced immunity.

Even if infection-induced immunity has a duration of effectiveness, if the duration is long, reinfection might not occur. The
duration of infection-induced immunity required for reinfection to occur varies depending on symptomatic rate and potential
infectious capacity of coronavirus. When reinfection occurs, not only reinfections but also ‘normal infections’, which are the
first-time infections occurring in the ‘original’ susceptible individuals, occur. As a result, the number of infected individuals
increases significantly, and the duration of infection becomes significantly longer. It is necessary to reduce the occurrence of
reinfection in the early stages of infection through vaccination, PCR testing, and other medical and policy care.

Keywords: Back-to-rate, Compartment model, COVID-19, Duration of infection, Duration of infection-induced immunity,
Infection during the latent period, Isolation, Recovered, Reinfection, Susceptible, Symptomatic rate.

1. Introduction

Individuals infected with COVID-19 are isolated from the
community when they become symptomatic after the latent
period ends, and when the isolation period ends, they become
‘recovered’ individuals who have infection-induced immunity
(disease-induced immunity) and then return to the community.
In a community mixed with infected individuals, susceptible
individuals and recovered individuals, the contact rate between
infected individuals and susceptible individuals is reduced by
the contact of infected individuals with recovered individuals
when the number of recovered individuals increases, resulting
in a decrease in the number of infected individuals.

Infection-induced immunity through infection with COVID-19
has been confirmed to protect against ‘reinfection’. However,
when the validity of infection-induced immunity decreases
below a certain threshold, an individual who has been infected
once, has infection-induced immunity and has recovered from
the infection will become infected again, a ‘second-time
infection’. This second-time infection is usually referred to as
‘reinfection’, and it occurs in an individual when his/her

infection-induced immune effectiveness falls below a certain
threshold.

The duration of infection-induced immunity, which indicates the
‘validity period of effectiveness of immunity against SARS-
CoV-2 infection and/or COVID-19 disease’, has been examined
and reported as follows: “Both SARS-CoV-2-specific T cells
and antibodies could be detected for a period of more than 1 year
after infection, indicating that the immune protection established
during initial infection is maintained and might possibly protect
from severe disease in case of reinfection or infection with novel
emerging variants [1]”, and/or “Reinfection by SARS-CoV-2
under endemic conditions would likely occur between 3 months
and 5-1 years after peak antibody response, with a median of 16
months [2]”, and/or “The weighted average risk reduction
against reinfection was 90.4%. Protection against SARS-CoV-2
reinfection was observed for up to 10 months [3]” and/or
“Overall protection of previous infection was 85.7% (95% CI,
82.2-88.5) and lasted up to 13 months [4]”, and/or “The shortest
duration between the first infection and reinfection was 19 days
and the longest was 293 days [5]”, and/or “The number of cases
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of SARS-CoV-2 infection per 100,000 person-days at risk
(adjusted rate) increased with the time that had elapsed since
vaccination with BNT162b2 or since previous infection. Among
unvaccinated persons who had recovered from infection, this
rate increased from 10.5 among those who had been infected 4
to less than 6 months previously to 30.2 among those who had
been infected 1 year or more previously [6]”, and/or “National
surveys covering 2020-2021 documented that a previous SARS-
CoV-2 infection is associated with a significantly reduced risk
of reinfections with efficacy lasting for at least one year and only
relatively moderate waning immunity [7]”, and/or “The
incremental immunity acquired from past infections waned
within 1 year [8]” and/or “Protection from re-infection from
ancestral, alpha, and delta variants declined over time but
remained at 78-6% at 40 weeks. Protection against re-infection
by the omicron BA.1 variant declined more rapidly and was
estimated at 36-1% (24-4-51-3) at 40 weeks [9]”, and/or
“Published meta-analyses show consistently high levels of
protection (81.0-87.0%) provided by prior infection, even over
7 months post-initial infection [10]”, and/or “The duration of
protection against reinfection was stable over the median 5
months and up to 1-year follow-up interval [11]”, and/or “The
effectiveness of previous infection against reinfection waned to
24-7% (95% CIl 16-4-35-5) at 12 months [12]”, and/or “In
infected—unvaccinated participants, neutralising antibody titers
continually declined from 6-month to 2-year follow-up visits,
with a half-life of about 141-2 days [13]”. It is also pointed that
“Before Omicron, natural infection provided strong and durable
protection against reinfection, with minimal waning over time.
However, during the Omicron era, protection was robust only
for those recently infected, declining rapidly over time and
diminishing within a year. This shift in patterns suggests a
change in evolutionary pressures, with intrinsic transmissibility
driving adaptation pre-Omicron and immune escape becoming
dominant post-Omicron [14]”. As shown in the above studies,
protection against reinfection can last for months or more than a
year.

However, it is sure that the effectiveness of infection-induced
immunity wanes over time. In other words, the effectiveness of
the immunity acquired through infection does not continue
permanently but decreases gradually until it is below a certain
threshold, which indicates a loss of effectiveness. The
reinfection rate (and/or ‘reinfection incidence rate’) has been
investigated and reported as follows: “Of 906 records retrieved
and reviewed, 11 studies and 11 case reports were included in
the meta-analysis and the systematic review, respectively. The
pooled SARS-CoV-2 reinfection incidence rate was 0.70 per
10,000 person-days. The incidence of reinfection was lower than
the incidence of new infection (HR=0.12) [15]”, and/or
“During the Delta and Omicron waves, both infection-induced
and hybrid immunities were associated with a trend of equal or
greater decrease of occurrence than vaccine-induced immunity
in hospitalizations, intensive care unit admissions, and deaths in
comparison to those without pre-existing immunity, with hybrid
immunity often trending with the greatest decrease [16]”, and/or
“A total of 23,231 reinfected patients were included, with
pooled estimated reinfection rates ranging from 0.1 to 6.8%.
Reinfections were more prevalent during the Omicron variant

period [17]”, and/or “All notified cases were extracted from the
Japanese national COVID-19 surveillance database including
20,297,335 records up to 25 September 2022.” “Among
19,830,548 SARS-CoV-2 first infections, 233,424 (1.2%) were
reinfected with BA.5. The protective effect against BA.5
reinfection of prior infection with Wuhan strain was 46%, Alpha
variant was 35%, Delta variant was 41%, and BA.1/BA.2
subvariant was 74%. The reduced risk of BA.5 reinfection by
7%, 33%, and 66% was associated with two, three, and four
doses of vaccination, respectively, compared with one-dose
vaccination.” “Increased frequency of vaccination led to more
protection from reinfection with BA.5 [18]”, and/or “in the
Delta wave, D614G nAbs mediate 37% of the total protection
against infection conferred by prior exposure to SARS-CoV-2,
and that protection decreases with waning immunity. In contrast,
Omicron BA.1 nAbs mediate 11% of the total protection against
Omicron BA.1 or BA.2 infections, due to Omicron’s
neutralization escape [19]”, and/or “Once you have had
COVID-19, your immune system responds in several ways. This
immune response can protect you against another infection for
several months, but this protection decreases over time. People
with weakened immune systems who get an infection may have
a limited immune response or none at all [20]”. The reinfection
rate (the number of infected individuals/the number of prior
infected individuals) is reported to be as low as a few percent or
less than 10%.

Most of the articles above also discuss the relationship between
infection-induced immunity and hybrid immunity, which is
immunity provided by a combination of infection and
vaccination, for example, “The protective effect of prior SARS-
CoV-2 infection on re-infection is high and similar to the
protective effect of vaccination [3]”, and/or “Among persons
who had received a single dose of vaccine after previous
infection, the adjusted rate, which is the number of cases of
SARS-CoV-2 infection per 100,000 person-days at risk, was
low (3.7) among those who had been vaccinated less than 2
months previously but increased to 11.6 among those who had
been vaccinated at least 6 months previously. Among previously
uninfected persons who had received two doses of vaccine, the
adjusted rate increased from 21.1 among those who had been
vaccinated less than 2 months previously to 88.9 among those
who had been vaccinated at least 6 months previously [6]”,
and/or “The effectiveness of hybrid immunity against hospital
admission or severe disease was 97-4% at 12 months with
primary series vaccination and 95-3% at 6 months with the first
booster vaccination after the most recent infection or
vaccination. Against reinfection, the effectiveness of hybrid
immunity following primary series vaccination waned to 41-8%
at 12 months, whereas the effectiveness of hybrid immunity
following first booster vaccination waned to 46-5% at 6 months
[12]” and/or “infection-induced immunity is as or more effective
than vaccination in reducing the severity of reinfection from the
Delta or Omicron variants [16]” and/or “The reduced risk of
BA.5 reinfection by 7%, 33%, and 66% was associated with
two, three, and four doses of vaccination, respectively,
compared with one-dose vaccination.” “Increased frequency of
vaccination led to more protection from reinfection with BA.5.
Up-to-date vaccination may be encouraged to prevent future
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reinfection among the previously infected population [17]”
and/or “Protection conferred by hybrid immunity was more
durable than that from either vaccination or prior infection
alone, but protection against Omicron reinfection was only 50.1
% at 26 weeks following vaccination. Individuals with hybrid
immunity had 80.6 % protection following booster doses
declining to 36.9 % after 16 weeks [21]”. Vaccinations are
reported to not only be protective against first-time infection for
individuals who are not infected but also significantly increase
the effectiveness of infection-induced immunity against
reinfection, such as hybrid immunity. At the same time, the
effectiveness of infection-induced immunity has been certainly
confirmed to wane over time together with vaccine-induced
immunity.

As shown above, the duration of infection-induced immunity
(the validity period of the effectiveness of infection-induced
immunity) has been discussed in relation to the level of
effectiveness of infection-induced immunity. However, even if
the effectiveness of infection-induced immunity falls below a
certain threshold, it does not necessarily mean that reinfection
will occur. In other words, even if infection-induced immunity
has a duration of effectiveness, if the duration is long, an
epidemic of reinfection might not occur. How long is the
duration of immunity necessary if reinfection does not occur?
How long is the duration of immunity required for reinfection to
occur? The essential effect of reinfection on the spread of
COVID-19 is obscured behind the actual/phenomenal processes
that have been influenced by hospital care, vaccination, wearing
a mask, seasonal changes in virus activity and so on.

As noted previously, the effectiveness of infection-induced
immunity wanes over time. For recovered individuals, their
infection-induced immunity eventually decreases to below a
threshold, and they realistically get back to susceptible
individuals and can be infected with reinfections. The number
of susceptible individuals is affected not only by the change in
the number of infected individuals but also by the change in the
number of individuals who get back to susceptible individuals
from recovered individuals. With an increase in the number of
susceptible individuals due to getting back to susceptible
individuals from recovered individuals, the number of infected
individuals must increase. Additionally, since the contact rate
between infected individuals and susceptible individuals also
increases, a marked increase in the number of infected
individuals could be induced.

Since infections usually continue almost every day after the start
of infection, the number of infected individuals increases daily.
In response to changes in the number of infected individuals, the
number of individuals who recover from disease after having
acquired infection-induced immunity and then get back to
susceptible individuals after their immunity wanes to below a
certain threshold also changes daily. Although all susceptible
individuals who have got back from recovered individuals will
not always become infected, since they would join the number
of existing ‘original’ susceptible individuals, a long duration of
infection could be induced, accompanied by a serious increase
in the number of infected individuals. How do reinfections affect
the spread of COVID-19? The essential characteristics of

reinfection, which are obscured by current infection processes
complicated by vaccination, medical care, seasonal changes in
virus activity and other factors, should be examined to
understand the spreading processes of COVID-19 and to
consider medical/social/political plans to mitigate the pandemic.

The model used here for calculating the number of infected
individuals is the flexible compartment model specific to
COVID-19 proposed by Ohmori (2022) [22]. Since the model
uses the duration of infection-induced immunity, which
indicates the validity period of the effectiveness of infection-
induced immunity and can be given as an independent variable,
when and how many individuals whose infection-induced
immunity decreases to below a certain threshold can be
calculated. With this model, the duration of infection-induced
immunity required for reinfection to occur can be revealed. The
number of individuals, including not only individuals who were
infected with reinfections but also individuals who were infected
with ‘normal infections’, can also be calculated.

The change in the number of infected individuals was calculated
in cases with different durations of infection-induced immunity,
revealing the relationship between the duration of infection-
induced immunity and the occurrence of reinfection. The effect
of reinfection was assessed by comparing the differences in the
number of infected individuals if reinfection occurred and if
reinfection did not occur. Although the duration of infection-
induced immunity varies depending on the characteristics of the
virus and its mutants, the revealed conditions for outbreaks of
reinfections could offer reference materials for medical and/or
political measures.

2. Framework of the flexible compartment model used here
The flexible compartment model proposed by Ohmori [22]
consists of six categories: ‘susceptible (remainder): RM’;
‘vaccinated: V’; ‘recovered: RI, RT, RAS’; ‘infected
(‘infectious’, ‘patient’): P’; ‘isolated: I, PI’; and ‘death: DAS,
DTI, DT’, as shown in Figure 1. ‘Susceptible’ refers to
susceptible individuals who are not infected but could become
infected. ‘Vaccinated’ refers to vaccinated individuals who have
been vaccinated, who have immunity and who live and work in
the real community, as shown in Figure 1. ‘Recovered’ refers to
individuals who were isolated from the real community to the
isolation community when they were symptomatic after the end
of the latent period and returned to the real community after the
infectious period (the recovery period/isolation period) ended.
These individuals recover from the disease and have immunity.
‘Infected’ refers to individuals who have been infected and are
capable of infecting susceptible individuals. ‘Isolated’ refers to
individuals kept in isolation, indicating individuals who have
been isolated and kept in the ‘isolation community’ until the
recovery period (isolation period) ends. After the end of the
isolation period, they become ‘recovered’ and have immunity
and return to the community. ‘Death’ refers to individuals who
died from infection after the latent period.

‘Back to’ indicates “getting back (and/or returning) to
susceptible individuals (RM) from vaccinated individuals (V)
after the end of duration (validity period) of vaccine-induced
immunity” for vaccinated individuals and/or “getting back
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(and/or returning) to susceptible individuals (RM) from
recovered individuals (RI, RT and RAS) after the end of duration

(validity period) of infection-induced immunity” for recovered
individuals.

Ba
Recovered: R/
Recovered:RT

Susceptible: | Infected (before latent period):P Isolated (before recovery period)
Susceptible: VAP RM _:h' Infected confirmed by PCR test:/ >
Infected :UP " |§ t i Isolated: /+P/
l Backto | ! (after latent period) Symptomatic: P/
Vaccinated: V| ! Asymptomatic:AS Death: D7/
ck to Death:DAS l Death:OT

(after recovery period)Recovered: RAS

(after recovery period)Recovered: R/
(after recovery period)Recovered:RT

Isolation community:
(H+PI-(RHRT+ DT/f@)—)/

Real community:
RM+ V4 R+ RT+ P-(I+ Pl DAS) = (NAP,UP))

Whole Community: TN ((RM+ V+ R+ RT)+(P-(I+ Ph+ DAS)+(I+ P+ DT+ DThH = (NAP,UP))

Figure 1: Flow of individuals: ‘susceptible; RM, NAP’, ‘vaccinated; V’, ‘recovered; Rl, RT, RAS’, ‘infected; P(l, PI, AS’), UP’,
‘isolated; I, Pl and ‘death; DAS, DTI, DT’. (after Ohmori (2022[22], 2023[23], 20244, b [24, 25]).

The compartment on the left side, containing ‘susceptible’,
‘vaccinated’, ‘recovered’, ‘infected’ and ‘death’, is the ‘real
community’. Its population, N, is changed by subtracting the
number of isolated individuals (I, PI1) and dead individuals
(DAS) and by adding the number of recovered individuals (RI,
RT). Another compartment on the right side, containing
‘isolated’, ‘recovered’ and ‘death’, is the ‘isolation community’,
whose population, that is, the number of individuals kept in
isolation, is also changed by subtracting the number of
recovered individuals (RI, RT) returning to the real community
and of the death (DTI, DT). The large compartment consisting
of the two compartments mentioned above is the ‘whole
community’, the population of which is referred to as TN(n).
TN(n) includes the number of individuals living in the two
compartments and the toll of death (DAS, DTI, DT) occurring at
the fatality rate in the two compartments. TN(n) and N(n) are
changed due to the number of ‘susceptible (NAP(n))’ and/or
‘infected (UP(n))’ individuals coming in and/or going out of the
community. As shown above, each compartment contains
individuals belonging to different categories, and its population
changes by interacting with another compartment and with the
outside.

The infected individuals in the community, P(n), were separated
into three groups: those (1(n)) who were confirmed to be infected
because they tested positive, those (PI(n)) who became
symptomatic after the latent period and those (AS(n)) who were
asymptomatic through the recovery period. The isolated
individuals were divided into two groups: those (I(n)) who were
confirmed to be infected because they tested positive and were
then isolated and those (P1(n)) who became symptomatic in the
community and were subsequently isolated. Each of these
parameters needs to be calculated differently depending on the
coefficients for test positive rate and symptomatic rate.

The recovered individuals were divided into two groups. One
group includes recovered individuals in the right compartment,
which are divided into two subgroups: one subgroup comprises
those (RI(n”)) who were isolated because they tested positive
(I(n)) but have since recovered, and the other subgroup
comprises those (RT(n”)) who were isolated because they were

symptomatic in the community (P1(n)) but have since recovered.
The recovered individuals returned to the community after the
isolation period ended. The date (n’) of returning to the
community must be calculated in a different manner according
to the duration of isolation. The total number of these recovered
individuals (RI(n’) + RT (n’)) is not always equal to that of
isolated individuals (I1(n) + PI(n)) because RI(n”) + RT(n’) is the
number obtained by subtracting the total number of deaths
(DTI(n) + DT(n)) from (I(n)+PI(n). The other group includes
individuals who recovered from asymptomatic disease in the left
compartment (RAS(n’); they were not isolated, remained in the
community and recovered from the disease after the recovery
period. The number of recovered individuals (RAS(n”)) is not
always equal to the number of asymptomatic infected
individuals (AS(n)) because RAS(n’) is the number after
subtracting the number of deaths (DAS(n)) from AS(n).

The dead individuals (Death) who died from infection were also
divided into two groups: those (DAS(n)) who were
asymptomatic and died from infection after the latent period in
the community and those (DTI(n) and DT(n)) who died during
the isolation period. Each of these variables needs to be
calculated in a different manner according to the fatality rate.
The vaccinated individuals V(n) have immunity and live and
work in the community. Vaccination decreases the number of
susceptible individuals and reduces the contact rate between
infected individuals and susceptible individuals.

3. Calculation process of the flexible compartment model
3.1. Contact rate in the community mixed with infected,
susceptible, recovered and vaccinated individuals

Infection is caused by contact between infected individuals and
susceptible individuals. It actually occurs in a community mixed
with infected, susceptible and recovered individuals. Thus,
infected individuals contact not only susceptible individuals but
also recovered individuals. From a physical point of view,
contact between infected individuals and recovered individuals
must reduce the contact rate between infected individuals and
susceptible individuals when the number of recovered
individuals increases. Accounting for the reduction effect of
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recovered individuals on the contact rate, the contact rate should
be given by the following equation:

cr(n)=(S(n)/N(m))(1-6*(R(n)/N(n))) (1)

where ‘cr(n)’ is the contact rate, n is the date starting from 1
when the infection begins, S(n) is the number of susceptible
individuals in the community, R(n) is the number of recovered
individuals who returned to the community from isolation, and
N(n) is the population that includes susceptible individuals,
vaccinated individuals, infected individuals who are not yet
isolated and recovered individuals who returned to the real
community from the isolation community but excludes
individuals who are kept in isolation and dead individuals. The
term ‘-0(R(n)/N(n))’ represents the reduction effect of the
recovered individuals on the contact rate between infected
individuals and susceptible individuals, and the term ‘1-
J(R(n)/N(n)’ represents the ‘reduction rate’ of the contact rate.
The reduction effect increases with decreasing value of (1-
Jd(R(n)/N(n)), indicating that the contact rate decreases with
increasing number of recovered individuals. ‘0’ is a coefficient
that expresses the activity level of the recovered individuals
living in the community. When the value of ¢ is given by 1, the
activity is the same as that of the susceptible individuals, and
when the value of ¢ is given by 0, the recovered individuals are
not active, meaning a similar condition as they are kept in
isolation, although the number of recovered individuals is added
to the population.

The reduction in the contact rate is caused not only by the
recovered individuals but also by the vaccinated individuals who
have been vaccinated, have immunity and are living and
working in the community. The reduction effect of vaccination
should be taken into account in the simulation, as expressed by

Eq. (17):
cr(n) =(S(n)/N(n))* (1-(all(n)* CRT(n)+alV(n)*V(n))/N(n)) (1°)

where CRT(n) =XRT(n) and RT(n) is the number of recovered
individuals who were once isolated because they were
symptomatic and had returned to the community when the
isolation period ended and where the coefficient all (n) is the
activity level of the recovered individuals who returned to the
community from isolation. V(n) is the number of vaccinated
individuals who have immunity and are living and working in
the community, and alV (n) is the activity level of the vaccinated
individuals. The ‘(all(n)* CRT(n)+alV(n)*V(n))’ conceptually
refers to the sum of the activities of recovered individuals and
vaccinated individuals, and ‘(1-(all(n)* CRT(n)+alV(n)*V(n))’
is equivalent to (1-6(R(n)) of Eq. (1). The contact rate, cr(n),
expressed in Eq. (1), is used for the calculation of the number
of infected individuals, as shown by Eg. (2). However, the
contact rate of Eq. (2) reflects the reduction effect on all
recovered individuals, including not only the recovered
individuals who were once isolated and had returned to the
community but also the individuals who had recovered from
asymptomatic individuals and were living in the community.
The contact rate decreases with increasing trial time (days)
because of an increase in the sum of the number of recovered
individuals and the number of vaccinated individuals, R+V.

3.2. Calculation of the number of infected individuals, the
number of individuals newly infected a day and the
increment/decrement in the number of infected individuals
The number of infected individuals P(n) should not equal the
number of individuals infected each day AP(n), which is usually
announced. The former is the total number of infected
individuals existing in the community, that is, the sum of the
number of infected individuals during the latent period and/or
the recovery period, whereas the latter is the number of
individuals newly infected for one day. However, P (1), the
initial number of infected individuals, is arbitrarily set for
simulation. The increment and/or decrement in the number of
infected individuals on date n in the community, 4P(n), can be
calculated by subtracting the number of individuals isolated on
date n from the number of individuals newly infected on date n.

For the simulation, an Excel file is used, and the calculation is
performed via Eq. (2). The Excel files and the meanings of the
individual terms/variables are explained in the supplementary
files. The independent variables of twenty-four terms can be
specified arbitrarily, and the values of the dependent variables
of ninety-nine terms are uniquely determined based on the
independent values, which are given arbitrarily.

The number of individuals who are newly infected on day n,
AP(n), that is, the number of new infected individuals at night
on day n, AP(n(night)), is given by the following equation:

AP(n)=AP(n(night))=(pfc(n)/Ip(n))*icf(n)*cr(n)*(RP(n)/N(n))*
RM(n)

=(pfe(n)/Ip(n)) *ict(n)*(RM(n)/N(n))*

(1-
(all(n)*(CRI(n)+CRT(n))+al(n)*CRAS(n)+alV(n)*V(n))/N(n))*
(RP(n)/N(n))*RM(n) (2)

where the coefficient pfc(n) is the potential (biological)
infectious capacity of coronavirus, which is an approximate
value indicating the number of susceptible individuals infected
during the latent period, Ip(n). The latent period, Ip(n), is the
time interval between when an individual is infected and when
he/she is symptomatic. ‘pfc(n)/Ip(n)’ is the number of
susceptible individuals infected by an infected individual a day,
and its value, including decimal places, is used in the
calculation. The coefficient icf(n) is the infection reduction rate
caused by infection control measures preventing the spread of
the virus, such as facemasks, partitions and disinfectants.

The coefficient ‘cr(n)’ is the contact rate, and instead of Eq. (1°),
it is realistically given by:

cr(n) =(RM(n)/N(n))* (1-(all(n)*(CRI(n)+CRT(n))+al(n)*
CRAS(n)+alV(n)*V(n))/N(n)) (1)

The coefficient all (n) is the activity level of the individuals
CRI(n)+CRT(n) who returned from isolation to the community,
where CRI(n) is ZRI(n) and RI(n) is the number of individuals
who were isolated due to being test positive and had returned to
the community and CRT(n) is ZRT(n) and RT(n) is the number
of recovered individuals who were once isolated due to being
symptomatic and had returned to the community; these are all
the recovered individuals who returned from isolation to the
community. The coefficient al(n) is the activity level of the
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individuals CRAS(n) who have recovered from the
asymptomatic individuals and are living in the community.
CRAS(n) is ZRAS(n), and RAS(n) is the number of recovered
individuals who were infected but were not symptomatic, were
asymptomatic, were not isolated, were staying in the
community, had continued to infect until the recovery period
ended and then became ‘recovered individuals’.

alV(n) is the activity level of the individuals V(n) who were
vaccinated. The term ‘all(n)*(CRI(n) +CRT(n))
+al(n)*CRAS(n)’ is equivalent to CRT(n) in Eq. (1°), and ‘1-
(@ll(n)*(CRI(n)+CRT(n))+al(n)*CRAS(n) +alV(n)*V(n))’ is
equivalent to ‘1-6(R(n)’ of Eq. (1).

In a strict sense, since an infection occurs during the day from
the morning to the evening in the model, for the purpose of
calculation, the AP (n(night)), which is the value of AP(n) at
night, is the correct number of individuals newly infected a day.
This number increases/decreases from the AP(n) in the morning,
which is equal to the AP(n) of the previous night, that is, AP(n-
1(night)).

RM(n) is the number of susceptible individuals in the
community, which is equivalent to S(n) in Eqgs. (1) and (1°). As
its calculation process is explained in section 4.3. ‘Change in
the number of susceptible individuals’, the number of
susceptible individuals (RM(n)) is calculated not only by
subtracting from the total population TN of the community the
cumulative number CI of individuals who were confirmed to be
infected due to being test positive and then were isolated, the
cumulative number CAP of infected individuals, including both
recovered individuals and dead individuals, and the cumulative
number V of vaccinated individuals but also by adding the total
cumulative number of susceptible individuals having got back
from recovered individuals (JCReRec(n)). This total of the
cumulative number of susceptible individuals who get back
from recovered individuals (JCReRec(n)) is explained by Eq.
(38) in section 4.2. ‘Change in the number of individuals
getting back to susceptible individuals from recovered
individuals’.

Therefore, the number of susceptible individuals (RM(n) in the
community at night (after the occurrence of ‘Breakthrough
Infection” and/or ‘Reinfection’), is given by

RM(n)= TN(n)-(Cl(n)+CAP(n)+V(n))+JCReRec(n)
+CTAPReRec(n-1) (3)

where TN(n) is the total population of the whole community,
such as a city. TN(1) is the initial population of the community
arbitrarily given in the simulation, and TN(n) is changed by
coming in/going out of the susceptible individuals NAP(n)
and/or the infected individuals UP(n).

Cl(n)=ZI(n), where I(n) is the number of individuals isolated
because they test positive. Since all the individuals confirmed to
be infected due to test positivity are not always isolated and the
individuals who are decided to be isolated are isolated on the
day next to the day when they are confirmed to be infected, in
the actual calculation, 1(n) is given by:

I(n)= CP(n-1)* i(n-1) (4)

where the coefficient i(n) is the isolation rate for individuals who
are confirmed to be infected because they test positive. CP(n) is
the number of individuals confirmed to be infected because they
tested positive. The individuals who are required to be isolated
are isolated the following day for the purpose of calculation.
Conversely, the individuals confirmed to be infected on the
previous day, date (n-1), are isolated on date n. Thus, I(n) is
given by Eg. (4).

CP(n) is given by:
CP(n)=T(n)*bp(n)*ir(n) (5)

where T(n) is the number of individuals who underwent PCR
and/or antibody testing, which can be set arbitrarily on any day
when tests are performed, and the coefficient bp(n) is the
magnification of the incidence rate for the test to the incidence
rate, ir(n), in the community. The incidence rate, ir(n), is given
by:

ir(n)=P(n)/TN(n) (6)

where P(n) is the number of infected individuals already living
in the community and P (1) is the initial number of infected
individuals in the community and is arbitrarily given by you.
TN(n) is the total population of the whole community. Since
individuals who have the test are mainly close contacts, the
incidence rate for the test would be biased to be higher than ir(n).
The incidence rate for the test is given by the magnification with
respect to ir(n). The value of bp(n)*ir(n) indicates the
percentage of positive results for the PCR and/or antibody test,
that is, the ‘positive rate’ in the test, tir(n). The positive rate,
tir(n), is given by:

tir(n)=bp(n)*ir(n) (7)

CAP(n) is the cumulative number of individuals newly infected
a day up to the morning of date n; this value is equal to the
cumulative number of infected individuals up to the night date
(n-1). CAP(n) includes the number of individuals who were
infected but had recovered.

CAP(n) ==AP(n) (8)

V(n) in Eg. (3) is the number of vaccinated individuals on date
n, which represents the cumulative number of currently existing
vaccinated individuals, excluding individuals who have got back
to susceptible individuals.

V(n) = JCVO(n)-CReVac(n) (9)

where CReVac(n) is ZReVac(n), and ReVac(n) is the number of
individuals who have got back from vaccinated individuals to
susceptible individuals on date n. JCVO(n) is the ‘adjusted
CVO(n)’, and CVO(n) is the cumulative (total) number of
vaccinated individuals up to day n:

CVO(n)=2V0(n)= Z(TN(1)*vd(n)) (10)

Eqg. (9) indicates that the number of currently existing vaccinated
individuals (V(n)) is calculated by subtracting the number of
individuals having got back to susceptible individuals
CReVac(n) from the (adjusted) total number of vaccinated
individuals JCVO(n). JCVO(n) is calculated as follows:
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JCVOM)=IF(CVO(n)< (TN(n) +RM00(n)), (TN(n) +RMOO(n)),
(TN(n) +RM00(n))) (11)

where RMO0O(n) is the number of currently existing susceptible
individuals in the community and is given by:
RMO0O(n)=  TN(n)+JCReRec(n)-(Cl(n)+CAP(n))
(CI(n)+CAP(n))) +JCReRec(n)) (12)

(=(TN(n)-

where TN(n) is the total population of the community and
JCReRec(n) is the cumulative number of susceptible individuals
who got back from recovered individuals, excluding the number
of individuals who got reinfected, that is, the number of
currently existing susceptible individuals who got back from
recovered individuals, and is given by Eq. (38). CI(n) is the
cumulative number of individuals isolated because they tested
positive, and CAP(n) is the cumulative number of individuals up
to the n™ day, including the number of individuals who tested
positive but were not isolated and were staying in the
community. Eq. (12) represents the sum of the number of
‘remaining  original’  susceptible individuals (TN(n)-
(CI(n)+CAP(n))) and the number of currently existing
susceptible individuals who got back from recovered individuals
(JCReRec(n)).

The total number of currently existing vaccinated individuals
(CVO(n)) must be less than or equal to the total number of the
community's population (TN(n)) and the number of susceptible
individuals in the community (RM0O(n)). Specifically, (TN(n)+
RMO0O0(n)-CV0(n)) should be greater than or equal to 0; that is,
(TN(n)+ RMO00(n)-CV0(n))=0. Thus, CVO(n) should be less than
or equal to the wvalue of (TN(n)+RMO0O(n)); that is,
CVO(n))=(TN(n) +RMO00(n)). Therefore, if CVO(n) calculated
via Eqg. (10) becomes larger than (TN(n) +RMO00(n)), CVO(n)
should be set to (TN(n) +RMO00(n)); otherwise, CVO(n) is given
by Eqg. (10). In other words, Formula (11) indicates that:

‘If CVO(n) < (TN(n) +RM00(n)), then JCVO (n)= CVO0 (n);
otherwise, JCVO(n)= (TN(n) +RMO00(n))’

RP(n) in Eq. (2) is the number of infected individuals excluding
the individuals kept in isolation and the dead, that is, the number
of infected individuals living and working in the community, for
example, the number of infected individuals during the latent
period and/or asymptomatic infected individuals even after the
latent period. Thus, RP(n) could be called the 'Spreader' who
continues to infect susceptible individuals in the community.
When n is 1, which indicates the first day of simulation, RP (1)
is equal to P (1), which is the initial number of infected
individuals in the community and is arbitrarily given by you.
Since RP(n) is the number of infected individuals minus the
number of isolated individuals (PI(n)), the number of dead
individuals (DAS(n)) and the number of recovered individuals
living in the community (RAS(n)) from the total number of
infected individuals up to day n, RP(n) is given by the following
equation:

RP(n)=X(AP(n)-PI(n-1)-DAS(n-1)-RAS(n)) = SAP(n)- ZPI(n-
1)- EDAS(n-1)- TRAS(n) (13)

where Pl (n) is the number of symptomatic individuals who
became symptomatic on the day after the end of the latent period

in the real community and were isolated the next day. PI(n) is
given by:

PI(n)= AP(n-(Ip+1))* syr(n-(Ip+1)) (14)

where Ip(n) is the latent period and (n-(Ip+1)) indicates the
‘latent period+1’ before date n, meaning the day after the end of
the latent period, because the infected individuals become
symptomatic and are isolated on the day after the end of the
latent period. The value of AP(n-(Ip+1)) is the number of
infected individuals who were newly infected on date (n-(Ip+1)),
which is the day after the end of the latent period. The coefficient
syr (n) is the symptomatic rate on day n. When syr (n) is 1, all
the infected individuals become symptomatic and isolated.
Conversely, therefore, the number of asymptomatic infected
individuals, AS(n), is given by

AS(n) = AP(n-(Ip+1)) - PI(n) (15)

DAS(n) is the number of individuals who are asymptomatic and
die of infection after the latent period in the community, that is,
the death toll in the community. It is given by:

DAS(n)= AS(n-trunc((rp-1p)/2))*fr(n-trunc((rp-1p)/2)) (16)

where the coefficient rp(n) is the recovery period, which is the
time interval between when an individual is infected and when
he/she recovers from the disease and is not capable of infection.
‘(rp-lp)’ is equivalent to the isolation period. AS(n-trunc((rp-
Ip)/2)) is the number of asymptomatic infected individuals who
were not isolated and were staying in the community on the day
‘trunc((rp-1p)/2) days’ before day n. AS(n) is the number of
infected individuals subtracting the P from the AP, as shown by
Eg. (15); the coefficient fr(n) is the fatality rate for the
asymptomatic infected individuals in the community. The
‘death’ of infected individuals occurs in the middle of the
isolation period, that is, ‘trunc((rp-Ip)/2)’. Specifically, some of
the infected individuals who have been isolated on day n die on
day (n+trunc((rp-1p)/2)). For asymptomatic individuals, the
same procedure was used. When the number of asymptomatic
individuals infected on date n is AS(n), an AS(n)* fr(n) number
of individuals will also die on day (n+trunc((rp-1p)/2)).
Conversely, the death toll of asymptomatic individuals on date
n, DAS(n), is given by Eq. (16).

RAS(n) is the number of recovered individuals who were
infected but were asymptomatic and not isolated; these
individuals continued to infect susceptible individuals in the
community until the recovery period ended, after which they
became recovered individuals. In the actual calculation, RAS(n)
is the number of asymptomatic infected individuals excluding
the death toll, and it is given by:

RAS(n)=AS(n-(rp-Ip))-DAS(n-(1+trunc((rp-1p)/2))) = AS(n-(rp-
I))-AS(n-(rp-Ip))*fr(n-(rp-Ip)) (17)
CRI(n) in Eq. (1”°) is ZRI(n), where RI(n) is the number of

recovered individuals who were isolated because they tested
positive. RI(n) is given by:

RI(n)=I(n-rpl)-DTI(n-(1+trunc(rpl/2))) (18)
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where I(n) is the number of individuals isolated because they
test positive and is given by Eq. (4). DTI(n) is the death toll
among individuals isolated because they test positive and is
given by:

DTI(n)= I(n-trunc(rpl/2))*fri(n-trunc(rpl/2)) (19)

where frl(n) is the fatality rate for the isolated individuals and
rpl(n) is the isolation period for the isolated individual due to a
positive test result, which is less than or equal to rp. The deaths
of isolated individuals occurred during the middle of the
isolation period. When the number of individuals isolated on day
n is 1(n), I(n)* frli(n), the number of individuals will die on the
day ‘(n+rpl/2) days’ after day n. Conversely, for the death toll
on day n, the day of death among I is (n-trunc(rpl/2)).

CRT(n) =XRT(n), where RT(n) is the number of recovered
individuals who were isolated because they were symptomatic
in the community. RT(n) is given by:

RT(n)=PI(n-(rp-Ip))-DT(n-(1+trunc((rp-1p)/2))) (20)

where DT(n) is the death toll among the individuals isolated due
to being symptomatic and is given by Eq. (21); ‘(n-(rp-Ip))’
indicates the time lag in days between the ‘n day’ and
‘isolation’; and ‘(n-(1+trunc((rp-1p)/2)))’ indicates the time lag
in days between the ‘n™ day’ and the ‘death date’.

DT(n)=PI(n-trunc((rp-1p)/2))*fri(n-trunc((rp-1p)/2)) (21)

Where P1 (n) is the number of symptomatic infected individuals
given by Eq. (14) and frl(n) is the fatality rate for the isolated
individuals. ‘(rp-lp)’ is the isolation period for the individuals
isolated because they are symptomatic.

For calculation, Eq. (2) is transformed into the following
equation:

AP(n(night))= p(n)* RM(n) (22)

where p(n) is the infection coefficient, which is the infectious
capacity and includes the contact rate that changes with the
number of susceptible individuals, infected individuals,
recovered individuals and vaccinated individuals in the (real)
community:

p(n)= (pfe(n)/Ip(n)) * icf(n) *(RM(n)/N(n))* (1-
(AL()/N()))*(RP(n)/N(n)) (23)

where AL(n) is the sum of the activity levels of the recovered
individuals and vaccinated individuals:

AL(n)=all(n)*(CRI(n)+CRT(n))+al(n)*CRAS(n)+alV(n)*V(n)
(24)

The term AL(n)/N(n) is equivalent to the term §(R(n)/N(n)), and
the term ‘1-(AL(n)/N(n))’ is equivalent to the term (1-
J(R(n)/N(n)) of Eq. (1). When the value of all(n) is given a value
of 1, the activity of recovered individuals who returned from
isolation to the community is the same as that of the susceptible
individuals, and when the value of all(n) is given a value of 0,
the recovered individuals are not active, meaning a similar
condition as they are kept in isolation, although the number of
recovered individuals who have returned to the community is
added to the population. For al(n) and alV(n), similar things can

be said. When the value of AL(n) is 1, the activity of recovered
individuals and vaccinated individuals is the same as that of
susceptible individuals. If the value of AL(n) is 0, neither the
recovered individuals nor the vaccinated individuals are active.
This means that the community resembles a situation consisting
only of infected and susceptible individuals, although the
number of recovered individuals who have returned to the
community and of vaccinated individuals is added to the
population.

The value of pfc(n)/lp(n) is the infection rate
(persons/person/day) for an infected individual, and (RP(n)/N(n)
indicates the ratio of the number of infected individuals living
in the community. Thus, the wvalue of (pfc(n)/Ip(n))*
(RP(n)/N(n)) indicates the probability of occurrence of infection
by the total number of infected individuals in the community.
The term (RM(n)/N(n))* (1-(AL(n)/N(n))) indicates the contact
rate, that is, the probability of contact occurring between
susceptible individuals and an infected individual. Therefore,
the coefficient p(n) indicates the possibility of infection of
susceptible individuals per day in the community with mixed
infected, susceptible and recovered individuals.

The number of infected individuals in the morning on day n,
P(n), is given by the following equation:

P(n)= P(n-1(night))=RP(n-1)+AP(n-1(night)) =RP(n-1)+p(n-
1)*RM(n-1) (25)

where P(n-1(night)) is the number of infected individuals on
the previous night.

Considering the number of isolated individuals, the rate of
change in the number of infected individuals, 4P(n), that is, the
increment and/or decrement in the number of infected
individuals a day in the community, can be calculated by
subtracting the number of individuals isolated on day n due to
being symptomatic from the number of individuals newly
infected on day n. 4P(n) is given by the following difference
equation:

AP(n) = AP(n) - PI(n) = AP(n) - syr(n’)*AP(n’) (26)

where the date n’ indicates the day before day n by the ‘latent
period’. Thus, PI(n) is the number of individuals who were
newly infected on day n’, were symptomatic on the day after
the end of the latent period and were subsequently isolated on
day n.

As previously mentioned, N(n) is the population excluding
isolated individuals and dead individuals but including the
recovered individuals who returned to the community; that is,
N(n) is the total number of individuals living and working in the
community and is given by the following equation:

N(n)=TN(n-1)-(Cl(n-1)+CPI(n-1)+CDAS(n-1)+CDT(n-
1))+CRI(n-1)+CRT(n-1) (27)

where TN(n) is the total population of the community. For Eq.
(27), when nis 1, i.e., the first day of simulation, N(1) is TN(1),
which is the initial population of the community, and the other
terms are 0. The use of ‘(n-1)’ means that the population on the
previous night becomes the population on the morning of day n.
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As previously noted, TN(n) is changed by the number of
susceptible individuals (NAP(n)) and/or infected individuals
(UP(n)) who come in and/or leave the community. Cl(n) is
ZI(n), CPI(n) is ZPI(n), CDAS(n) is DAS(n), CDT(n) is
~DT(n), CRI(n) is ZRI(n) and CRT(n) is ZRT(n).

For the simulation using Eq. (2) or Eq. (22), when nis 1, i.e., the
first day of simulation, N (1) is equal to TN (1), which is the
initial population of the community and can be arbitrarily set.
RP (1) is equal to P (1), which is the initial number of infected
individuals. P (1) can also be set arbitrarily. RM (1) is the initial
number of susceptible individuals in the community and is
inevitably determined by subtracting P (1) from N ().

4. Method

4.1. A visualized 'simple mathematical/statistical process of
reinfection’

The term ‘reinfection’ here refers to a second infection caused
by COVID-19 that occurs in individuals who have previously
been infected and recovered from COVID-19 because of the loss
of infection-induced immune effectiveness. In other words,
‘reinfection’ refers to an infection that occurs in a susceptible
individual who has got back from one who has recovered from
the first-time infection (first infection and/or initial infection
and/or normal infection).

However, infections also occur among susceptible individuals
who have got back from individuals who have recovered from
‘reinfection’. Some individuals would get ‘reinfection’ multiple
times: first-time infection (initial infection, normal infection),
second-time infection (reinfection in a narrow definition), third-
time infection, fourth-time infection and more times. In this
article, therefore, the term ‘reinfection’ is used in a broad sense
to refer to any infection that occurs due to loss of infection-
induced immune effectiveness, indicating all infections after
first-time infection; second-time infection, third-time infection,
fourth-time infection, and so on. In the model calculations, this
applies regardless of the interval between infections.

The changes in the number of infected individuals (AP (n)) and
the number of susceptible individuals (Sus(n)) in a reinfection
process simplified from the mathematical/statistical reinfection
process used in this study are shown in Figure 2. Consider a
community with an initial population of 256. The community's
population of 256 consists entirely of susceptible individuals
(Original susceptible individuals (OS)). When the infection rate
is set at 1/4 (25%), by the end of the first epidemic (Epidemic
1), among the 256 susceptible individuals, 64 will become
infected individuals (N1: first-time infected individuals), and
192 will remain susceptible individuals (OS). If reinfection does
not occur, the epidemic comes to an end. All the infected
individuals (N1) should become recovered individuals and
eventually get back to susceptible individuals.

When reinfection occurs, among the remaining susceptible
individuals (192), by the end of the second epidemic (Epidemic
2), 48 will become infected individuals. They are all ‘First
infected individuals (first-time infected individuals: N1)’. The
remaining 144 will remain susceptible individuals (OS). By the
end of the third epidemic (Epidemic 3), among the remaining
susceptible individuals (144), 36 will become 'newly infected
individuals'. They are all also 'First infected individuals (N1)’.
The remaining 108 will remain susceptible individuals (OS).
Furthermore, by the end of the fourth epidemic (Epidemic 4), 27
of the remaining susceptible individuals (108) will become
infected individuals (N1), and 81 will remain susceptible
individuals (OS). This process will continue into the fifth
epidemic and beyond.

As examined above, if reinfection occurs, multiple epidemics
will occur, not only two epidemics but also three or more
epidemics, including the “first epidemic’, which consists of only
the first-time infected individuals. Additionally, the individuals
infected with first-time infection (normal infection) occur in
every epidemic period. However, as the number of epidemic
outbreaks progresses, both the number of original susceptible
individuals (OS) and the number of first-time infected
individuals (N1) decrease.

Epidemic 4; AP (Total infected individuals) =

APSus (N1: Nelwly Firstinf.
(Normal inf.))

+ TAPReRec (N2: Newly Second inf.,

Sus(Currently existing Susceptible) =
OS (Original susceptibe)

+N3: Newly Third inf. + TReRIRTRAS (SR1: Sus. having got
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(Sus: OS) AP: [ oo Epidemic 2; AP:
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250 |& 0s 64 us:
o 54 | 192 05+SR1 —
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Figure 2: Changes in the number of susceptible individuals and infected individuals in a simple process of reinfection. Sus:
Currently existing susceptible individuals (represented as RM in the calculations) (= OS (Original susceptible individuals) +
TReRIRTRAS (SR1 (Sus. having got back from First inf. (first-time infection)) + SR2 (Sus. from Second inf.) + SR3 (Sus. from
Third inf.), AP: Total infected individuals (= APSus (N1: Newly First inf. (Normal inf.) + TAPReRec (N2: Newly Second inf.+ N3:
Newly Third inf. + N4: Newly Fourth inf.) (N2, N3 & N4: reinfection). The initial population of the community is 256, and the

infection rate is 1/4 (25%).
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On the other hand, for infected individuals, after the duration
(the validity period) of infection-induced immunity has expired,
by the end of the second epidemic (Epidemic 2), 16 out of the
64 first-time infected individuals in the first epidemic (Epidemic
1) will become reinfected individuals (Second infection
(second-time infection): N2). The remaining 48 first-time
infected individuals will not be reinfected this time and become
‘susceptible individuals (SR1)’ who have got back from the
recovered individuals of the ‘First-time infection (N1)’. After
that, by the end of the third epidemic (Epidemic 3), out of the 16
second infected individuals in the second epidemic (Epidemic
2), 4 will become reinfected individuals (Third infection (third-
time infection): N3). The remaining 12 second-infected
individuals will not get reinfected and become susceptible
individuals (SR2), who have got back from the recovered
individuals of ‘Second infection (N2)’. Furthermore, by the end
of the fourth epidemic (Epidemic 4), out of the 4 third infected
individuals in the third epidemic (Epidemic 3), 1 will become a
reinfected individual (Fourth infection (fourth-time infection):
N4). The remaining 3 will not be reinfected for this time and
become susceptible individuals (SR3), who have got back from
the recovered individuals of “Third infection (N3)’.

In the above process, as mentioned above, 48 out of the 64
individuals who were first-time infected during the first
epidemic were not reinfected during the second epidemic and
became susceptible individuals at the end of the second
epidemic (Epidemic 2). However, during the third epidemic and
after, they are also exposed to the wave of the infection outbreak.
Specifically, by the end of the third epidemic (Epidemic 3), 12
out of the 48 susceptible individuals will become reinfected (N2:
Second infection). The remaining 36 ‘first-time’ infected
individuals will not be reinfected for this time, too, and become
the susceptible individuals (SR1) who have got back from the
recovered individuals of the ‘First-time infection (N1)’. This
process will be repeated in the same way that it was observed in
the original susceptible individual (OS).

As explained above, for infected individuals, these processes
will be repeated. Therefore, as the number of epidemic
outbreaks increases, individuals who get reinfected multiple
times will appear in accordance with the number of outbreaks.
In other words, reinfection occurs multiple times in the same
individuals. In reality, as will be examined in section 4.2.
‘Change in the number of individuals getting back to
susceptible individuals from recovered individuals® 4.3.
‘Change in the number of susceptible individuals’ and 4.4.
‘Reinfection’, the number of susceptible, infected and
recovered individuals changes from day to day, so the infection
rate also varies from day to day, and the number of susceptible
and infected individuals changes in a more complex manner.
However, similar to the decrease in the number of first-time
infected individuals among original susceptible individuals, the
number of individuals with high-frequency reinfection
decreases.

The total number of infected individuals (AP(n)) is the sum of
the number of individuals in these two groups: the first-time
infected individuals (N1) among the currently existing original
susceptible individuals and the reinfected individuals (N2, N3,

etc.) among the susceptible individuals who got back from
recovered individuals. As the number of epidemic outbreaks
increases, the number of each N1, N2, etc., also decreases.

Similarly, the total number of currently existing susceptible
individuals (Sus: represented as RM in the calculations) is the
sum of the number of individuals in two groups: the remaining
original susceptible individuals (OS) and the susceptible
individuals who got back from recovered individuals (SR1, SR2,
SR3, etc.). As the number of epidemic outbreaks increases, the
number of each SR1, SR2, etc., also decreases.

As examined above, the remaining original number of
susceptible individuals (OS) and the number of susceptible
individuals having got back from recovered individuals of each
of SR1, SR2, SR3, etc., decreases. These decreases suggest that,
eventually, reinfection will no longer occur, and ultimately, the
epidemic will come to an end, because the number of reinfected
individuals in each OS, SR1, SR2, etc. should be less than the
number of susceptible individuals of OS, SR1, SR2, etc.

4.2. Change in the number of individuals getting back to
susceptible individuals from recovered individuals

As mentioned previously, the effectiveness of the immunity
acquired through COVID-19 infection does not continue
permanently but decreases gradually and finally reaches below
a certain threshold, which varies mainly according to the
properties/sensitivity of the COVID-19 virus/strain. This means
that infection-induced immunity has a duration that indicates the
‘validity period of effectiveness of infection-induced
immunity’. In the present work, the duration of infection-
induced immunity (the validity period of infection-induced
immunity) indicates the time interval between when an
individual becomes a ‘recovered individual® after he/she was
once infected with COVID-19 and when his/her immunity
acquired through infection decreases below a certain threshold
of immunity level at which infection could occur. However, it
should be noted that all individuals whose immunity acquired
through infection decreases below a certain threshold are not
always infected with COVID-19 again. Specifically, individuals
whose duration of infection-induced immunity ends
substantially get back to ‘susceptible individuals’ who could be
infected, and some of them should become reinfected. The
duration of infection-induced immunity is determined by the
fact that several weeks and/or several months after individuals
recover, infection-induced immunity decreases to below a
certain threshold. Although the duration of infection-induced
immunity varies from person to person, from a statistical point
of view, the average duration (dii) is used in the calculation.

The number of individuals ReRT(n) who got back to susceptible
individuals from recovered individuals who were isolated
because they were symptomatic:

ReRT(n)=CRT(n-dii)*bii(n-dii) (28)

where CRT(n) is ZRT(n), and RT(n) is the number of recovered
individuals who were isolated because they were symptomatic
in the community. RT(n) is the number of recovered individuals
excluding the death toll given by Eq. (20). The variable dii is the
duration of infection-induced immunity (the validity period of
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infection-induced immunity), and the coefficient bii(n) is the
‘back to rate’ at which recovered individuals with infection-
induced immunity get back to susceptible individuals a day.

In the calculation, recovered individuals get back to susceptible
individuals on day ‘dii’ days after they return to the community,
and on and after the day, they can become infected again. Since
the infected individuals recover and return to the community on
the ‘rp +2’ day after infection, the recovered individuals get
back to susceptible individuals on the ‘rp+2+dii’ day after
infection.

Specifically, for example, when the recovery period (rp) is set
to 14 and dii is set to 150, the individuals infected on the first
day of simulation recover on day 16 and get back to susceptible
individuals on day 166 (=14+2+150), which is the day 150 days
after the isolated-recovered individuals return to the community.
Conversely, the number of individuals ‘getting back to
susceptible individuals from isolated-recovered individuals’ on
day 166, ReRT (166), is given by:

ReRT(166)= RT (16)*bii(16)= RT (166 - 150)*hii(166 -150)
(29)

By replacing 166 with n and 150 with dii, Eg. (29) can be
rewritten as Eq. (28).

On the other hand, the number of individuals (ReRT(n)) who got
back to susceptible individuals from recovered individuals (RT)
who were isolated because they were symptomatic decreased
with increasing number of individuals (APReRT(n)) who were
reinfected among ReRT(n). Thus, the cumulative number of
susceptible individuals (JCReRT(n)) who got back from
recovered individuals (RT) who were isolated due to being
symptomatic is given by Eq. (28). JCReRT(n) is called the
‘adjusted CReRT(n)’.

JCReRT(n)= CReRT(n)-CAPReRT(n-1) (30)

where CReRT(n) is £ ReRT(n). CAPReRT(n)=XAPReRT(n), and
APReRT(n) is the number of reinfected individuals among
susceptible individuals (ReRT) who got back from recovered
individuals who were isolated because they were symptomatic.
APReRT(n) is given by:

APReRT(n)=AP(n)*(JCReRT(n)/RM(n)) (31)

Similarly, the number of individuals ReRI(n) who got back to
susceptible individuals from recovered individuals (RI) who
were isolated because they tested positive is given by:

ReRI(n)=CRI(n-dii)*bii(n-dii) (32)

where CRI(n)=XRI(n), and RI(n) is the number of recovered
individuals who were isolated because they tested positive and
returned to the community after the isolation period ended. RI(n)
is the number of recovered individuals excluding the death toll
given by Eq. (18).

The ‘adjusted ReRI(n)’, that is, JCReRI(n), is the cumulative
number of susceptible individuals who got back from recovered
individuals (RI) who got back from recovered individuals who

were isolated because they tested positive. As in Eq. (28) for
JCReRT(n), JCReRI(n) is given by:

JCReRI(n)= CReRI(n)-CAPReRI(n-1) (33)

where CReRI(n)=X ReRI(n). CAPReRI(n)=XAPReRI(n), and
APReRI(n) is the number of reinfected individuals among
susceptible individuals, ReRI(n), who got back from recovered
individuals who were isolated because they tested positive and
is given by:

APReRI(n)=AP(n)*(JCReRI(n)/RM(n)) (34)

Similarly, the number of individuals ReRAS(n) who got back to
susceptible individuals from recovered individuals (RAS;
asymptomatic-recovered individuals) who were asymptomatic
and were not isolated, lived in the community and recovered was
as follows:

ReRAS(n)=CRAS(n-dii)*bii(n-dii) (35)

where CRAS(n) is XRAS(n), and RAS(n) is the number of
recovered individuals who were infected once but did not
become symptomatic, were asymptomatic, were not isolated,
were living in the community, continued to infect susceptible
individuals until the recovery period ended, and subsequently
recovered. RAS(n) is the number of recovered individuals
excluding the death toll given by Eq. (17).

The ‘adjusted ReRAS(n)> (JCReRAS(n)), which is the
cumulative number of susceptible individuals who got back
from asymptomatic-recovered individuals (ReRAS):

JCReRAS(n)= CReRAS(n)-CAPReRAS(n-1) (36)

where CReRAS(n)= XReRAS(n). CAPReRAS(n)=XAPReRAS
(n), and APReRAS(n) is the number of reinfected individuals
among susceptible individuals, ReRAS(n), who got back from
asymptomatic-recovered individuals and is given by:

APReRAS(n)=AP(n)*(JCReRAS(n)/RM(n)) (37)

Therefore, the total cumulative number of susceptible
individuals (JCReRec(n)) who got back from recovered
individuals, excluding the number of individuals who were
reinfected (and/or who were infected multiple times), is the
‘adjusted total number of susceptible individuals who got back
from recovered individuals’ and is given by:

JCReRec(n)=JCReRI(n)+JCReRT(n)+JCReRAS(n) (38)

As explained above, since the number of individuals ReRI(n) is
the number of individuals who got back to susceptible
individuals from the recovered individuals (RI) who were
isolated because they tested positive, ReRT(n) is the number of
individuals who got back to susceptible individuals from the
recovered individuals (RT) who were isolated because they were
symptomatic, the number of individuals, and ReRAS(n) is the
number of individuals who got back to susceptible individuals
from the recovered individuals (RAS) who were asymptomatic
and were not isolated and lived in the community. The total
number of susceptible individuals who got back to susceptible
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individuals from recovered individuals a day (TReRIRTRAS(n))
is as follows:

TReRIRTRAS(n) =ReRI(n)+ ReRT(n)+ReRAS(n) (39)

Instead of (ReRI(n)+ ReRT(n)+ReRAS(n)), using AP(n),
TReRIRTRAS(n) is expressed as

TReRIRTRAS(n) =AP(n-((rp+1)-+dii)) (40)

For example, when the recovery period (rp) is set to 14 and dii
is set to 200, the individuals who get infected on the first day (on
day 1) of simulation should get back to susceptible individuals
on day 216 (=1+(14+1)+200), which is the day 200 days after
the day when the infected individuals returned to the community
after the recovery period, that is, on (14+1) day. Conversely, the
individuals ‘getting back to susceptible individuals from
recovered individuals on day 216 are the same individuals who
got infected on day 1, that is, day ‘216-((14+1)+200). Thus,
TReRIRTRAS(216) is given by:

TReRIRTRAS (216) = AP (216-((14+1)+200))= AP (1) (41)

By replacing 216 with n, 14 with rp and 200 with dii, Eq. (41)
can be rewritten as Eq. (40).

Now, consider a case where the community population is
1,000,000 and where the potential (biological) infectious
capacity of coronavirus (pfc) is 1.0, the symptomatic rate (s) is
1.0, and the vaccination rate (v) is 0 (indicating that vaccination
was not performed).

When the effectiveness of infection-induced immunity (dii) is
permanent, that is, when the duration of infection-induced
immunity (dii) has no time limit, the number of individuals

infected a day (AP) increases to a peak of 2,135 on days 191 and
192 and then decreases to 0 on day 326, with a cumulative
number of infected individuals of 141,782. The number of
infected individuals (P) increases to a peak of 14,895 on day 194
and then decreases to 0 on day 342, with a total number of
infected individuals of 141,785. Reinfection never occurs.

If the duration of infection-induced immunity (dii) is 200 days,
the number of individuals infected a day (AP) increases to a peak
of 2,135 on days 191 and 192 and then decreases to 0 on day
326, with a cumulative number of infected individuals of
141,786. The number of infected individuals (P) increases to a
peak of 14,895 on day 194 and then decreases to 0 on day 343,
with a cumulative number of infected individuals of 141,790.
The number of susceptible individuals (RM), which is
represented as ‘Sus’ in Figure 2, increases from a minimum of
858,566 on day 284 to 863,067 on day 343, when P (343)
becomes 0. The number of RM just before day 343 is too small
to cause reinfection. Therefore, even if there is a limit to the
duration of infection-induced immunity (dii), if it is 200 days,
reinfection will not occur.

The total number of susceptible individuals who get back from
recovered individuals (TReRIRTRAS(n)) shows the same pattern
of change, with a delay of 215 days as the number of individuals
infected a day (AP). Specifically, TReRIRTRAS(n) increases to
a peak of 2,135 on days 406 and 407 and then decreases to 0 on
day 541. The total cumulative number of susceptible individuals
who have got back from recovered individuals (JCReRec)
eventually increases to a number equal to the cumulative
number of infected individuals (CAP) (Figure 3).

pfc; 1.0; 51; V0; dvi; 0; dii200; CAP; (343) 141,790;
gM’ CAP, JCReRec AP; 2,135(191,192)—0(326); AP &
TCRITAS) TReRIRTRAS; 2,135(406,407)~0(541(=326+215)) TReRIRTRAS
1,000,000 2,500
w
800,000 - 2,000
.-. ...; TRERIRTRAS(n)
600,000 s =AP(n-((rp+1)+dii)) - 1,500
400,000 . - 1,000
200,000 B CAP; 141,790 | 500
27 .- -}JCReRec
0 \-_ o, '/ 0
0 100 200 300 400 500 600 700 800 Days

Figure 3: Change in AP (the number of infected individuals a day) and in TReRIRTRAS (the number of susceptible individuals
getting back from recovered individuals a day). RM: the number of susceptible individuals; CAP: the cumulative number of infected
individuals; JCReRec: the cumulative number of susceptible individuals getting back from recovered individuals; TCRITASJ: the
total number of recovered individuals in the community. The potential (biological) infectious capacity of coronavirus (pfc) is 1.0,
the symptomatic rate (syr) is 1.0, the vaccination rate (v) is 0 (indicating that vaccination was not performed), the duration of
vaccine-induced immunity (dvi) is 0, and the duration of infection-induced immunity (dii) is 200 (days).

In addition, the sum of the number of recovered individuals in
all groups, TCRITASJ(n), is given by:

where CRI1J(n) is the number of remaining recovered
individuals who were isolated because they tested positive:

TCRITASJ(n)=CRI1J(n)+CRTJ(n)+CRASJ(n)- CTAPReRec(n)
(42)

CR1J(n)=CRI(n)-JCReRI(n) (43)
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CRTJ(n) is the number of remaining recovered individuals who
were isolated because they were symptomatic:

CRTJ(n)=CRT(n)-JCReRT(n) (44)

CRASJ(n) is the number of remaining recovered individuals who
were asymptomatic, not isolated and remained in the
community:

CRASJ(n)=CRAS(n)- JCReRAS(n) (45)

CTAPReRec(n) in Eq. (42) indicates the cumulative number of
‘newly reinfected (newly multiple time infected) individuals'
who get reinfected among the susceptible individuals who got
back from recovered individuals and can be explained by Eq.
(52) in section 4.4. ‘Reinfection’; Some susceptible individuals
who have got back from recovered individuals become infected
repeatedly (a second, third, or more multiple infections).

The total number of remaining recovered individuals
(TCRITASJ(n)) reaches a peak of 141,216 on day 293. As some
TCRITASJ(n) get back to susceptible individuals, TCRITASJ(n)
decreases daily, eventually reaching 0 on day 551. TCRITASJ(n)

AP Fig.A
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1,500
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1,000
500 Y
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0 I_L_:|______________) RM
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also indicates the total number of currently existing recovered
individuals in the community who have infection-induced
immunity just before getting back to susceptible individuals.
Thus, the following equation holds:

TN(n)=TCRIRTRAS(n)+RM(n)+I12(n)+RP(n) (46)

where TN(n) is the total population of the community, 12(n) is
the number of individuals kept in isolation and RP(n) is the
number of infected individuals in the community (" Spreaders").
On day 293, the sum of 141,216 TCRITASJ (293) individuals,
858,625 susceptible individuals (RM (293)), 116 individuals
kept in isolation (12 (293)), and 43 infected individuals in the
community (RP (293)) equals the community population (TN)
of 1,000,000. The number of susceptible individuals (RM)
decreases to the bottom (the minimum) of 858,566 on day 284
and returns to 1,000,000 on day 551. RM (n) varies almost
inversely with TCRITASJ(n), as shown in Figure 3.

The relationship between the number of susceptible individuals
RM(n) and the number of individuals infected a day AP(n) is
shown in Figure 4-A & 4-B.

AP  Fig.B
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Figure 4-A & B: Relationships between the number of susceptible individuals (RM) and the number of individuals infected a day
(AP). RM(n) decreases with the occurrence of infection and reaches the minimum value of 858,566 before AP(n) reaches 0. RM(n)
increases due to the addition of susceptible individuals, who got back from recovered individuals, and reaches 1,000,000 on day

551.

RM(n) decreases to 923,039 on day 191 when the AP (191)
becomes the peak of 2,135, to the minimum of 858,566 on day
284 when the AP (284) is 12. Then, RM(n) increases to 860,208
on day 326 when AP (326) becomes 0. This means that RM(n)
starts to increase due to the addition of susceptible individuals
who got back from recovered individuals before AP(n) reaches
0 (Figure 4-B). RM(n) increases further but without reinfection
during that time and reaches 1,000,000 on day 551 because of
the addition of susceptible individuals who get back from
recovered individuals.

The relationship between the number of infected individuals in
the community (Spreaders; RP(n)), excluding the individuals
kept in isolation and the dead individuals, and the number of
individuals infected a day (AP) is shown in Figure 5.

AP(n) changes approximately proportionally to changes in
RP(n). However, the rate of change (increase rate and/or
decrease rate) differs when there is an increase and when there
is a decrease, mainly due to the changes in the ratios of
RP(n)/N(n) and/or RM(n)/N(n). When AP (191) increases to the
peak of 2,135, RP(n) reaches 12,695 on day 191. However,
RP(n) increases further and reaches a maximum of 12,780 on
day 194 when the AP (194) is 2,122. RP(n) decreases to 4 on
day 326 when AP (326) becomes 0. RP(n) further decreases and
reaches 0 on day 342 in the calculation.
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Figure 5: Relationship between the number of infected individuals in the community ("Spreaders"; RP(n)), excluding the
individuals kept in isolation and the number of dead individuals, and the number of individuals infected a day (AP). AP(n) changes
approximately proportionally to changes in RP(n). However, the rate of change (increase rate and/or decrease rate) differs when

there is an increase and when there is a decrease.

4.3. Change in the number of susceptible individuals

The number of susceptible individuals in the community RM(n)
is affected not only by the change in the number of infected
individuals (CI(n)+CAP(n)) but also by the change in the
number of vaccinated individuals (V(n)) and the number of
susceptible individuals (JCReRec(n)) who got back from
recovered individuals and, furthermore, the number of
reinfected individuals (CTAPReRec(n-1)), as shown in Figure 3.
Thus, the number of susceptible individuals in the community,
RM(n), is given by:

RM(n)= TN(n)-(CI(n)+CAP(n)+V(n))
+JCReRec(n)+CTAPReRec(n-1) (47)(=3)

where TN(n) is the total population of the community, CI(n) is
21(n), CAP(n) is ZAP(n), and V(n) is given by Eq. (9).

As explained previously by Eq. (38), the ‘JCReRec(n)’ in Eq.
(47) is the ‘adjusted total number of individuals who get back
from recovered individuals,” which excludes the number of
individuals who were reinfected and have returned to the

category of ‘Infection’. Therefore, since ‘JCReRec(n)’
realistically indicates the number of currently existing
susceptible individuals who got back from recovered

individuals, RM(n) decreases as the number of infected
individuals (AP(n)) increases and increases as JCReRec(n)
increases.

CTAPReRec(n-1) in Eq. (47) is the cumulative number up to the
(n-1)" day of the ‘newly reinfected individuals’ among the
susceptible individuals who got back from recovered
individuals. CAP (n) in Eq. (47) is the cumulative number of
infected individuals, including those who have been reinfected,
and the same individuals (reinfected individuals) are counted
twice (or more). Since these reinfected individuals are
subtracted twice (or more), RM (n) needs to be adjusted by
returning the ‘same cumulative number of reinfected
individuals’ up to the previous day, that is, CTAPReRec(n-1).
The calculation of ‘CTAPReRec(n)’ is explained by Eq. (52) in
the following section 4.4. ‘Reinfection’.

Eqg. (47) suggests that as the number of infected individuals
increases with the occurrence of reinfection, the number of
susceptible individuals (JCReRec) who get back from recovered
individuals increases and that, since the total number of
susceptible individuals (RM) also increases, the number of
reinfected individuals will inevitably increase, and the duration
of infection will also become longer.

4.4. Reinfection

As previously explained, ‘reinfection’ refers to not only the
second-time infection occurring among susceptible individuals
who have got back from recovered individuals with first-time
infection” but also the infection (third-time infection, fourth,
etc.) occurring among susceptible individuals who have got
back from recovered individuals with multiple-time infections.

The susceptible individuals who got back from recovered
individuals can be divided into three categories. For each
category, the cumulative number of susceptible individuals is
given as follows: The cumulative number of susceptible
individuals (JCReRI(n)) who got back from recovered
individuals (RI), who were isolated because they tested positive,
is given by Eq. (33). The cumulative number of susceptible
individuals (JCReRT(n)) who got back from recovered
individuals (RT) who were isolated due to being symptomatic is
given by Eq. (30), and the cumulative number of susceptible
individuals (JCReRAS(n)) who got back from asymptomatic-
recovered individuals (ReRAS) is given by Eg. (36). When
reinfection occurs, some of these susceptible individuals are
reinfected. Therefore, the number of newly reinfected
individuals among each of JCReRI, JCReRT, and JCReRAS
needs to be calculated multiple times lagged by the duration of
infection-induced immunity.

The number of newly reinfected individuals (APReRI(n)) in
JCReRI(n) is given by:

APReRI(n)=AP1(n)*(JCReRI(n)/RM(n)) (48)(=34)

where AP1(n) is the number of individuals who were newly
infected on the n™™ day, which is equal to AP(n(night)) and is
given by Eq. (22). It is noted here that AP1(n) is calculated using
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RM(n), which is the number of currently existing susceptible
individuals, including not only the ‘original’ susceptible
individuals but also the susceptible individuals who got back
from recovered individuals who recovered from ‘reinfection’.

Similarly, the number of newly reinfected individuals
(APReRT(n)) for JCReRT(n) is given by:

APReRT(n)=AP1(n)*(JCReRT(n)/RM(n)) (49)(=31)

Similarly, the number of newly reinfected individuals
(APReRAS(n)) for JCReRAS(n) is given by:

APReRAS(n)=AP1(n)*(JCReRAS(n)/RM(n)) (50)(=37)

Thus, the total (TAPReRec(n) of the number of individuals who
were newly reinfected on the n' day among the susceptible
individuals who got back from recovered individuals is given

by:
TAPReRec(n)=APReRI(n)+APReRT(n)+APReRAS(n) (51)

The cumulative number of newly reinfected individuals in the
susceptible individuals who got back from recovered individuals
(CTAPReRec(n)) is given by:

CTAPReRec(n) =XTAPReRec(n) (52)

On the other hand, for the original susceptible individuals (OS),
the number of newly infected individuals, APSus(n), among the
currently existing original susceptible individuals is given by:

APSus(n)=AP1(n)*((RM(n)-
(CJICReRI(N)+JCReRT(N)+JCReRAS
(n)+JCReVacJ(n)))/RM(n)) (53)

This APSus (n) represents the number of individuals who were
‘normal infected’ individuals, that is, the ‘first-time infected’
individuals (individuals infected for the first time), among the
remaining original susceptible individuals. The cumulative
number (CAPSus(n)) of APSus(n) is given by:

CAPSus(n) =XAPSus(n) (54)

This infection process in the remaining original susceptible
individuals is repeated. Thus, the number of newly infected
individuals among the remaining original susceptible
individuals also needs to be calculated multiple times lagged by
the duration of infection-induced immunity.

As shown in Figure 2, the total number of individuals infected a
day, AP(n) (= AP1(n), which is given by Eq. (2) or Eq. (22)), is
the sum of the number of individuals reinfected a day among
susceptible individuals who got back from recovered individuals
(TAPReRec(n)) and the number of individuals infected a day
among the remaining original susceptible individuals
(APSus(n)).

5. Results and Discussion

5.1. Change in the number of infected individuals if
reinfection occurs when pfc is 1.0

When the potential (biological) infectious capacity of
coronavirus (pfc) is 1.0, the symptomatic rate (s; syr) is 1.0, and
the vaccination rate (v) is O (indicating that vaccination was not
performed), if the duration of infection-induced immunity (dii)
is set to 200 days, as mentioned previously (4.2. Change in the
number of individuals getting back to susceptible
individuals from recovered individuals), reinfection does not
occur. However, if the duration of infection-induced immunity
(dii) is set to 150 days, the number of infected individuals (P(n))
never becomes 0 for a long period. During this period, the total
number of susceptible individuals (RM(n)), which is represented
as ‘Sus’ in Figure 2, increases from a minimum of 859,857 on
day 264 to 980,834 on day 382. This number is sufficient to
cause reinfection, and as a result, reinfection (epidemic 2) starts
on day 282. Namely, when the duration of infection-induced
immunity (dii) is 150 days, reinfection (a second infection, a
third infection, etc.) occurs.

The number of individuals infected a day (AP), the number of
infected individuals (P), and the cumulative number of infected
individuals (CAP) when dii is set to 150 days are shown in Table
1. The date of the peak differed slightly between AP and P. The
duration of each epidemic differed slightly between AP and P,
resulting in differences in the total number of infected
individuals during each epidemic. The number of individuals at
the peak of both AP and P steadily decreases. As shown in
Figure 8-B, on day 2,982, when the seventh epidemic reached a
‘temporary calm,” the AP (2,982) was 54, and the RM (2,982)
was 990,992. This day is recognized as the end of the seventh
epidemic when compared to other epidemics. When the seventh
epidemic ends on day 2,982, the total number of infected
individuals of the seventh epidemic by AP (2,982) is 45,241, and
that by P (2,982) is 45,600, indicating that the total number of
infected individuals of each epidemic also steadily decreases
(Table 1).

Table 1: The number of individuals infected a day (AP) at peak and trough, the number of infected individuals (P) at peak and

trough, and the cumulative number of infected individuals (CAP)

. The “CAP” indicates the total number of infected individuals

for each epidemic. The duration of infection-induced immunity (dii) is 150 days.

syr 1.0 Epidemic [ Epidemic 2 Epidemic 3 Epidemic 4 Epidemic 5 Epidemic 6 Epidemic 7
dii 150 Peak |Trough| Peak | Trough| Peak | Trough Peak Trough Peak Trough Peak Trough Peak End
AP Date| 191 |336-381| 566 |(712-757| 957 |1,109-1,146|1.353-1,3541,521-1,532/1,745-1,749|1,919-1,936(2,139-2,147|2,331-2,358| 2,552-2,556 | 7,206
Number| 2,136 0| 1,999 0| 1,474 1 905 6 490 24 238 51 107 0
"C4P" 141,920 133,835 112,054 86,427 64,527 48,644 2.982; 45,241) 94,095
CAP 141,920 275,755 387,809 474,236 538,763 587,407 (632,648) 681,502
P Date| 194 [349-372| 569 |727-746| 960 |(1,127-1,132] 1,356 |1,524-1,535] 1,750 |1.927-1,933|2,144-2,148(2,344-2,351| 2,556-2,559 | 8,029
Number| 14,898 2| 13,942 2 10,288 8 6,324 45 3,429 169 1,665 356 746 0
"CAP" 141,917 133,833 112,040 86,466 64,434 48,358 (2,982; 45,600) 94,721
CAP 141,917 275,750 387,790 474,256 538,690 587,048 (632,648) 681,769
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The changes in the number of individuals infected a day (AP),
the number of infected individuals (P) and the number of
susceptible individuals who have got back from recovered

individuals to susceptible individuals a day (TReRIRTRAS) are
shown in Figure 6.

pfc; 1.0; s1; v0; dvi; 0; dii1l50; CAP; (8,029) 681,769; AP &
P D AP; 2,136—0—1,999—0—1,474—1—905—6—490—24—238—51=107—0(7,206);  TReR/RTRAS
20,000 ® TReRIRTRAS; 2,136—0—1,999—=0—1,474—1—905—6—490—24—238—51—107—0(7,371) - 2,500
i P ":P ... TReRIRTRAS
16,000 i : - 2,000
HE©)
3 CAP; 681,769
12,000 = H 2 ... CAPSus; 511,931 | 1200
...; CTAPReRec; 169,838
8,000 - 1,000
4,000 - - 500
APi2,982)—54 AP(7,206)=0 P(8,029)=0
0 v 4 0
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 Days

Figure 6: Changes in the number of individuals infected a day (AP) and the number of susceptible individuals who have got back
from recovered individuals to susceptible individuals a day (TReRIRTRAS). The dii is 150 days.

The number of individuals infected a day (AP) increases to the
first peak of 2,135 on day 191 and on day 192 during the first
epidemic ((1)), decreases to 0 and keeps 0 from day 336 to day
381, increases to the second peak of 1,999 on day 566 during the
second epidemic ((2)), decreases to 0 and keeps 0 from day 712
to day 757, increases to the third peak of 1,474 on day 957
during the third epidemic ((3)), decreases to 1 and keeps 1 from
day 1,109 to 1,146, increases to the fourth peak of 905 on day
1,353 and on day 1,354 during the fourth epidemic ((4)),
decreases to 6 and keeps 6 from 1,521 to 1,532, increases to the
fifth peak of 490 from day 1,745 to day 1,749 during the fifth
epidemic ((5)), decreases to 24 and keeps 24 from day 1,919 to
day 1,936, increases to the sixth peak of 238 from day 2,139 to
day 2,147 during the sixth epidemic ((6)), decreases to 51 and
keeps 51 from day 2,331 to day 2,358, and then increases to the
seventh peak of 107 from day 2,552 to day 2,556 during the
seventh epidemic ((7)), and decreases to 0 on day 7,206. Day
7,206, when the AP becomes 0, does not indicate a 'true end day
of infection', just as has been seen in the previous epidemics as
‘interruption of epidemic’ when AP showed 0 in the first
epidemic. The number of individuals infected a day (AP(n)
and/or AP1(n)) at the peak also declines with the epidemic.

The number of infected individuals (P) increases to the first peak
of 14,898 on day 194 during the first epidemic ((1)), decreases
to 2 and keeps 2 from day 349 to day 372, increases to the second
peak of 13,942 on day 569 during the second epidemic ((2)),
decreases to 2 and keeps 2 from day 727 to day 746, increases
to the third peak of 10,288 on day 960 during the third epidemic
((3)), decreases to 8 and keeps 8 from day 1,127 to 1,132,
increases to the fourth peak of 6,324 on day 1,356 during the

fourth epidemic ((4)), decreases to 45 and keeps 45 from 1,524
to 1,535, increases to the fifth peak of 3,429 on day 1,750 during
the fifth epidemic ((5)), decreases to 169 and keeps 169 from
day 1,927 to day 1,933, increases to the sixth peak of 1,665 from
day 2,144 to day 2,148 during the sixth epidemic ((6)), decreases
to 356 and keeps 356 from day 2,344 to day 2,351, increases to
the seventh peak of 746 from day 2,556 to day 2,559 during the
seventh epidemic ((7)), and decreases to 0 on day 8,029. Day
8,029, when P reaches 0, marks the ‘true end of infection,” since
no infections will occur after this date. The number of infected
individuals (P(n)) at the peak declines with the epidemic.

As shown in Figure 6, the date of the peak and the duration of
each epidemic differ slightly between the AP and P. However,
the curves of increase/decrease are so similar that it is difficult
to distinguish them clearly in the graph. The number of
susceptible individuals who got back from recovered individuals
a day (TReRIRTRAS(n)) shows the exact same curve as AP(n),
with a lag of 165 (= (14+1)+150; (rp+1)+dii) days.

On the other hand, the number of susceptible individuals (RM:
the total number of susceptible individuals in the community)
varies almost inversely with the total number of remaining
recovered individuals (TCRITASJ), which is given by Eq. (42),
as shown in Figure 7. The total number of individuals who got
back from recovered individuals (JCReRec) increases and
decreases repeatedly in sync with TCRITASJ and eventually
becomes equal to 511,931, which is the final value of CAPSus,
which is the cumulative number of ‘first-time infected’
individuals (individuals infected for the first time) among the
remaining original susceptible individuals.
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RM. JCReRec. TCRITASJ pfc; 1.0; s1; v0; dvi; 0; dii150; CAP; (8,029) 681,769;
CAP, CAPSus & CTAPReRec AP; 2,136—0—1,999—0—1,474—1—905—6—490—+24—238—51—107—0(7,206); AP
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Figure 7: Changes in the number of individuals infected a day (AP), the number of susceptible individuals in the community (RM),

the total number of individuals who got back from recovered

individuals (JCReRec), the total number of remaining recovered

individuals (TCRITASJ), the cumulative number of infected individuals (CAP), the cumulative number of the ‘first-time infected
individuals’ among the remaining original susceptible individuals (CAPSus) and the cumulative number of ‘newly reinfected
individuals' who get reinfected among the susceptible individuals who have got back from recovered individuals (CTAPReRec).

It is suggested that even if reinfection occurs, as long as no new
strains or variants emerge, the number of infected and reinfected
individuals will decrease, and the epidemic will eventually end.
However, according to the calculation in the example case with
a dii of 150 days, the number of individuals infected a day
(AP(n)) will be 0 on the 7,206 day (in longer than 19 years),
and the day when the number of infected individuals (P(n)) will
decrease to 0, meaning "the day when the epidemic will end
completely”, is the 8,029 day (after approximately 22 years). If
reinfection occurs, it may take a seriously long time for the
epidemic to subside. Moreover, even if the number of
individuals newly infected a day (AP(n)) is kept at O for a
relatively long period of time, such as several tens of days,
reinfection, that is, the next epidemic, may occur.

AP

Fig. A
2,500 e

®) second E.
2,000
1500 @) Third E.
1,000

500

The relationship between the number of susceptible individuals
in the community (RM) and the number of individuals infected
a day (AP) is shown in Figure 8 (A and B). The circles
representing the outbreaks of individual epidemics shrink as the
outbreaks progress. The number of susceptible individuals in the
community decreases with the occurrence of infections.
However, when AP(n) becomes relatively small during the latest
stage of each epidemic, since the number of susceptible
individuals who got back from recovered individuals overcomes
AP(n), RM(n) starts to increase before AP(n) reaches O or the
minimum number of each epidemic. As RM(n) continues to
increase and approaches 1,000,000, reinfection will occur, and
the next epidemic will begin.
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Figure 8-A: Relationships between the number of susceptible individuals in the community (RM) and the number of individuals
infected a day (AP). RM decreases with the occurrence of infection. The circles representing the outbreaks of individual epidemics
shrink as the outbreaks progress. RM(n) starts to increase before AP(n) reaches 0 or the minimum number of each epidemic.
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Figure 8-B: Relationships between RM and AP in the cases of the sixth and seventh epidemics. When AP(n) becomes significantly
small during the latest stage of each epidemic, RM(n) starts to increase before AP(n) reaches 0 or the minimum number of each
epidemic. On day 2,982, the lull (the inflection point in the trend) in the seventh epidemic, AP (2,982) becomes 54, and RM (2,982)
becomes 990,992. On day 7,206, when AP (7,206) reaches 0, RM (7,206) reaches 999,909. After AP(n) becomes 0, RM(n) continues

to increase and reaches 1,000,000 on day 8,187.

On day 2,982, the lull in the seventh epidemic, AP (2,982) is 54,
and RM (2,982) is 990,992 (Figure 8-B). After that, AP(n)
simply decreases, and RM(n) increases. At the end of the seventh
epidemic, on day 7,206, AP (7,206) reaches 0 and RM (7,206)
reaches 999,909. Even after AP(n) reaches 0, as recovered
individuals continue to get back to susceptible individuals,
RM(n) continues to increase and reaches 1,000,000 on day
8,187, in the calculation, including decimal points.

AP  Fig. A
2,500
@ Third E.
2,000
1,500
@ Fourth E.
1,000
2 >
200 Fig. B
("4
0
0 3,000 6,000

The relationships between the number of infected individuals in
the community (‘Spreaders’, RP), excluding the individuals kept
in isolation and the number of dead individuals, and the number
of individuals infected a day (AP) are shown in Figure 9 (A and
B). As the number of epidemic outbreaks progresses, the
maximum number of RP of each epidemic decreases.

®) Second E First I(Eﬁidemic
¥

RP

9,000 12,000 15,000

Figure 9-A: Relationships between the number of infected individuals in the community (‘Spreaders’, RP), excluding the
individuals kept in isolation and the number of dead individuals, and the number of individuals infected a day (AP).
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Figure 9-B: Relationship between the number of infected individuals in the community ("Spreaders"”, RP) and the number of
individuals infected a day (AP) in the case of the sixth epidemic and the seventh epidemic. As the number of epidemic outbreaks
progresses, the maximum number of RP of each epidemic decreases, and infection (reinfection) eventually never occurs because
the number of RP is too small.

5.2. Changes in the composition of the number of first-time
infected individuals and the number of reinfected
individuals

When ‘reinfection’ occurs multiple times among the same
individuals, the ‘TAPReRec(n)’ given by Eq. (51) indicates the
total number of individuals who were newly reinfected a day

individuals who are 'normal infected' individuals, that is, the
first-time infected' individuals, among the remaining original
susceptible individuals.

As explained in section 4.1. ‘A simple mathematical/statistical
process of reinfection” and shown in Figure 2, the total number
of individuals infected a day, AP(n) (= AP1(n), which is given

among the susceptible individuals who got back from the
recovered individuals. As previously explained, the number of
newly infected individuals, APSus(n), among the currently
existing original susceptible individuals is the number of

by Eqg. (2) or Eg. (22)), is the sum of TAPReRec(n) and
APSus(n). The changes in the compositions of TAPReRec(n) and
APSus(n) are shown in Figure 10.

CAP, CAPSUS  Normal inf. pfc; 1.0; s1; VO; dvi; 0; dif150; CAP; (8,029) 681,769; AP, APSus
& CTAPReRec ( First inf) AP; 2,136—0—+1,999—0—1,474—1—905—6—+490— 24— 238—51—107—0(7,206;0:8,029); & TAPReRec
I ) APSus +. TAPReRec; 284—0— 378—0—308—2—195—10—104—23— 49—0(6,606; 0:8,022)
700,000 only Second inf. APSus APSus + APSus + APSUS + APSUs ¢ - 2,500
AP = APSus ® Third inf. + FoEth}.w inf. + Fifth Inf + o AP 631,769
560,000 (Normal inf. y AP Second inf. Third inf. +  Foruth inf. + Sixth + - 2,000
First inf)-a Second inf.  Third.inf. + Fourth inf. +  Fifthi4...veeeeonesossnsnees
1% S dinf.t....3 T ) ...; CAPSuis; 511,931
420,000 Second inf. ® Ec°”F":h Fhtrd'inf. + " Fourth + ~"1,500
+ i i
TAPReRec ol o s | [ secondint ¢ Third +
A\ Third . econd + |
280,000 l\_r * @rhid + Third + Sixth + Seventh + 1,000
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Figure 10: The changes in the composition of TAPReRec(n), which is the total number of newly reinfected individuals among the
susceptible individuals who got back from the recovered individuals, and APSus(n), which is the number of infected individuals
(First-time infected individuals; normal infected individuals) among the currently existing original susceptible individuals. CAP is
the cumulative number of infected individuals, CAPSus is the cumulative number of ‘first-time infected individuals’ among the
remaining original susceptible individuals, and CTAPReRec is the cumulative number of 'newly reinfected individuals' who get
reinfected among the susceptible individuals who have got back from recovered individuals.
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As previously explained, APSus indicates the number of
infected individuals among the remaining original susceptible
individuals. During the first epidemic ((1), the ‘remaining'
original susceptible individuals indicate the ‘initial’ original
susceptible individuals. Therefore, AP(n) changes exactly the
same as does APSus(n) during the first epidemic ((1).

The APSus (Normal inf.) during the second epidemic((2))
indicates the number of infected individuals among the
remaining original susceptible individuals, excluding the
number of normal infected individuals (the first-time infected
individuals) during the first epidemic. This, therefore, indicates
a first-time infection in the case of the remaining original
susceptible individuals. ‘Second inf. (Reinf.)’ indicates the
number of infected individuals among the susceptible
individuals who got back from the recovered individuals who
recovered from the first-time infection (normal infection) during
the first epidemic. Thus, the ‘Second infection’ is the
‘reinfection’ in a narrow sense. AP is the sum of the APSus and
Second inf.

For the third epidemic ((3)), APSus indicates the number of
newly (first-) infected individuals among the remaining original
susceptible individuals, excluding the number of first-time
infected individuals during the first epidemic. ‘Second inf.
(second-time infected individuals)’ indicates the number of
individuals newly infected among susceptible individuals who
got back from recovered individuals who were first-time
infected during the first epidemic. ‘Third inf.” indicates the
number of newly (third-time) infected individuals among the
susceptible individuals who got already second infected during
the second epidemic and had recovered. The AP is the sum of
the APSus, Third inf and Second inf. The total number of

‘reinfected individuals’ is the sum of the Third inf. and Second
inf.

Similarly, for the seventh epidemic ((7)), the APSus indicates
the number of newly (first-time) infected individuals during the
seventh epidemic among the remaining original susceptible
individuals. The total number of newly ‘reinfected’ individuals
(TAPReRec) is the sum of ‘Seventh inf.” (seventh-time infected
individuals during the seventh epidemic among susceptible
individuals who got back from recovered individuals who were
sixth-time infected during the sixth epidemic), ‘Sixth inf.’
(sixth-time infected individuals during the seventh epidemic
among susceptible individuals who got back from recovered
individuals who were fifth-time infected during the sixth
epidemic), ‘Fifth inf.” (fifth-time infected individuals during the
seventh epidemic among susceptible individuals who got back
from recovered individuals who were fourth-time infected
during the sixth epidemic), ‘Fourth inf.” (fourth-time infected
individuals during the seventh epidemic among susceptible
individuals who got back from recovered individuals who were
third-time infected during the sixth epidemic), ‘Third inf.’
(third-time infected individuals during the seventh epidemic
among susceptible individuals who got back from recovered
individuals who were second-time infected during the sixth
epidemic) and ‘Second inf.” (second-time infected individuals
during the seventh epidemic among susceptible individuals who
got back from recovered individuals who were first-time
infected during the sixth epidemic). The total number of infected
individuals a day (AP(n)) during the seventh epidemic is the sum
of APSus (First inf.) and TAPReRec (Seventh inf. + Sixth inf. +
Fifth inf. + Fourth inf. + Third inf. + Second inf.) (Figure 11).

TCRITASI, CAP, pfc; 1.0; s1; v0; dvi; 0, dii150; CAP; (8,029) 681,769; AP, APSus
5 2, —()— ) —(0— , -] 60— — e d Emd Ed e d B ;
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Figure 11: Changes in the composition of TAPReRec(n) and APSus(n) in AP(n), especially during the sixth and seventh epidemics.
AP(n): total number of infected individuals a day; TAPReRec(n): the total number of newly reinfected individuals among the
susceptible individuals who got back from the recovered individuals; APSus(n): the number of infected individuals (First-time
infected individuals; normal infected individuals) among the currently existing original susceptible individuals; TCRITASJ: the total

number of remaining recovered individuals.

The change in the ratio of the number of newly first-time
infected individuals (APSus(n)) and the number of newly
reinfected individuals (TAPReRec (n)) to the total number of
individuals infected a day (AP(n)) is shown in Figure 12. When
AP(n) becomes 0, that is, when the value of AP(n) becomes less
than 0.5, the ratio is still calculated using decimal values. Thus,

the ratio never becomes 0 and represents a ratio between decimal
values.

As the number of epidemic outbreaks increases, the total number
of individuals infected a day (AP(n)) decreases. The ratio of the
number of ‘newly first-time infected individuals (APSus(n))’
among the remaining original susceptible individuals decreases
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toward 0.5. On the other hand, the ratio of the number of ‘newly
reinfected individuals (TAPReRec (n))’ among the susceptible
individuals who got back from recovered individuals increases
toward 0.5. Therefore, even in the epidemics caused by

‘reinfection’, the individuals who become infected for the first
time among the remaining original susceptible individuals
constitute the majority of infected individuals.
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Figure 12: Changes in the ratios of TAPReRec(n) and APSus(n) to AP(n). After around day 4,000, the number of individuals infected
a day (AP(n)) becomes less than 18, and the number of each of APSus and TAPReRec is less than 9, indicating that the ratios are

almost the same.

On the day of the 6,224", AP (6,224) becomes 1, and the
calculations show that the ratio of APSus (6,224) is 0.49 and that
the ratio of TAPReRec (6,224) is 0.51. Furthermore, on the day
of the 8,028™, the last day of infection, the AP (8,028) is still 1,
the ratio of APSus (8,028) is 0.49, and the ratio of TAPReRec
(8,028) is 0.51. After around the 4,000 day, the number of
individuals infected a day (AP(n)) becomes less than 18, and
both APSus(n) and TAPReRec(n) are less than 9, indicating that
the ratios are almost the same.

5.3. Relationship between the duration of infection-induced
immunity required for reinfection to occur and the
symptomatic rate

The symptomatic rate, syr, is the ratio of the number of
individuals who become symptomatic to the total number of
individuals newly infected a day. This symptomatic rate
practically refers to the ‘isolation rate’, which indicates the ratio
of the number of isolated individuals to the total number of
individuals newly infected a day. And it is known that the
symptomatic rate has a serious effect on the number of
infections [23].

As noted previously, when the potential (biological) infectious
capacity of coronavirus (pfc) is 1.0, the vaccination rate (v) is 0
(indicating that vaccination was not performed), and the
symptomatic rate (syr) is 1.0; if the duration of infection-
induced immunity (dii) is 200 days, reinfection will not occur,
but if dii is 150 days, reinfection will occur. Here, the

relationship between the duration of infection-induced
immunity required for reinfection to occur and the symptomatic
rate will be examined.

The duration of infection-induced immunity required for
reinfection to occur differs according to the symptomatic rate
(syr) (Table 2). For example, when the symptomatic rate (syr) is
1.0, if the duration of infection-induced immunity (dii) is 156
days, reinfection will never occur. However, if dii is 155 days,
reinfection occurs. Thus, the duration of infection-induced
immunity required for reinfection to occur can be said to be 155
days (Table 2-A).

Specifically, if the duration of infection-induced immunity (dii)
is 156 days, the number of individuals infected a day (AP)
increases to 2,136 at the peak on days 191 and 193 and then
decreases to 0. The infection ends on day 364, the day when the
number of infected individuals (P) becomes 0. The total number
of infected individuals is 141,874. On the other hand, if dii is
155 days, as explained in the case where dii is 150 days,
reinfection occurs accompanying 7 breakouts of the epidemic.
The first epidemic shows roughly the same pattern as the case
of a dii of 156 days where no reinfections occur. The infection
ends on day 8,254, and the total number of infected individuals
(CAP) is 681,562. Thus, the duration of infection becomes
extremely long, and the total number of infected individuals also
greatly increases.
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Table 2-A: Duration of infection-induced immunity required for reinfection to occur (dii) depending on the symptomatic rate (syr;
1.0~0.7). AP indicates the number of individuals infected a day, “CAP” indicates the total number of infected individuals for each
epidemic, and CAP indicates the cumulative number of infected individuals. ‘End’ indicates the day when the number of infected
individuals P(n) becomes 0. When syr is 1.0, if dii is 156, reinfection never occurs, but if dii is 155, reinfection with 7 epidemics
occurs. If reinfection occurs, when syr is 0.9 and 0.8, 6 epidemics occur, and when syr is 0.7, 5 epidemics occur. However, as the
symptomatic rate decreases, the total number of infected individuals (CAP) increases. When the value of syr is equal to or less than
0.8, if reinfection occurs, CAP exceeds the community population of 1,000,000.

Epidemic 1 Epidemic 2 Epidemic 3 Epidemic 4 Epidemic 5 Epidemic 6 Epidemic 7
syr_dii Peak | Trough| Peak | Trough| Peak | Trough | Peak | Trough | Peak | Trough Peak Trough Peak End
Date 191 |332-395| 578 |721-784|981-982(1,128-1,188(1,390-1,392(1,555-1,583(1,795-1,800(1,967-1,997| 2,201-2,208 |2,396-2,422| 2,612-2,641 8,254
155 4P 2,136 0| 1,999 0| 1,474 1 905 5 491 21 240 46 107 0
"CAP" 141,890 133,811 112,016 86,333 64,358 48,110 (3.079; 46,100) 95,044
1.0 C4P 141,890 275,701 387,717 474,050 538,408 586,518 (632,611) 681,562
Peak | End
Date |191-192| 364
156 AP 2,135 0
CA4P 141,874
Epidemic 1 Epidemic 2 Epidemic 3 Epidemic 4 Epidemic 5 Epidemic 6
syr_ dii Peak | Trough| Peak | Trough| Peak Trough Peak Trough Peak Trough Peak End
Date 145 |254-298| 435 |547-389| 749 868-902 1,072 |1,205-1,221|1,391-1,396|1,551-1,561| 1,715-1,735 5,213
115 AP 5411 0| 4,788 0| 2,787 3 1,234 27 470 84 161 0
"CAP" 251,422 225,789 165,249 108,522 71,589 (2,009; 51,853) 94,754
09 CAP 251,422 477,211 642,460 750,982 822,571 (874,509) 917,325
Peak | End
Date 145 278
116 AP 5.411 0
CAP 251,408
Epidemic 1 Epidemic 2 Epidemic 3 Epidemic 4 Epidemic 5 Epidemic 6
syr dii Peak |Trough| Peak |Trough| Peak | Trough | Peak | Trough | Peak | Trough Peak End
Date 125 |221-257| 374 |474-508| 654 765-783 | 945-946 |1,069-1,079]1,233-1,240|1,418-1,449| 1,469-1,523 4,110
100 4P 8,670 0| 7374 0] 3,664 5 1,304 58 393 119 121 0
"C4P" 336,155 291,537 195,396 116,304 76,638 60,276
0.8 CA4P 336,155 627,692 823,088 939,392 1,016,030 . 1,076,306
Peak | End
Date 125 242
101 4P 8,670 0
CA4P 336,143
Epidemic 1 Epidemic 2 Epidemic 3 Epidemic 4 Epidemic 5
syr  dii Peak | Trough| Peak | Trough| Peak | Trough Peak Trough Peak End
Date 112 |201-234| 339 |431-463| 600 703-720 875 996-1,002 (1,150-1,152| 3,545
92 4P 11,596 0| 9.614 0| 4317 7 1,320 85 337 0
"CAP" 400,974 339,725 215,231 119,727 116,823
0.7 C4P 400,974 740,699 955,930 1,075,657 1,192,480
Peak | End
Date 112 223
93 4P 11,596 0
CAP 400,964

When the symptomatic rate (syr) is 0.8 and the duration of becomes 1,076,306, exceeding the community population of
infection-induced immunity (dii) is 100 days, reinfection occurs, 1,000,000 (Table 2-A, Figure 13). As shown in Table 2 (A-D),
accompanying 6 outbreaks of the epidemic. The infection ends  when the value of syr is equal to or less than 0.8, if reinfection
onday 4,110, and the total number of infected individuals (CAP)  occurs, CAP exceeds the community population of 1,000,000.
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Figure 13: The changes in the composition of TAPReRec(n), which is the total number of newly reinfected individuals among the
susceptible individuals who got back from the recovered individuals, and APSus(n), which is the number of first-time infected
individuals (normal infected individuals) among the currently existing original susceptible individuals. CAP is the cumulative
number of infected individuals, CAPSus is the cumulative number of the first-time infected individuals among the remaining original
susceptible individuals, and CTAPReRec is the cumulative number of 'newly reinfected individuals' who get reinfected among the
susceptible individuals who have got back from recovered individuals. The symptomatic rate (syr) is 0.8, and the duration of

infection-induced immunity (dii) is 100 days.

The relationship between the number of susceptible individuals
in the community (RM) and the number of individuals infected
a day (AP) is shown in Figure 14 (A and B). The circles
representing the outbreaks of individual epidemics shrink as the
outbreaks progress. In the sixth epidemic ((6)), the AP increases
from 119 at the trough (from day 1,418 to day 1,449) to 121 at

the peak (from 1,469 to day 1,523) and then decreases to 0 on
day 3,739. However, the sixth epidemic ((6)) is not a neat circle
like the fifth epidemic ((5)), and its peak appears to be a “lull (an
inflection point in the trend)’ in the fifth epidemic (Figure 14-
B).

AP Fig. A RM-AP
10’000 Normal inf.
® \
3000 . . Forth inf. +
’ Re|nfect.|on+ ¢ & @
6000 Nmma'cgf' ¢ /" Third inf. + Fifth inf. +
’ / Reinfection + ®
Normal inf. N\ | Qiyth i
4,000 ® « Sixth inf. +
/\ ©
2,000
¢ . B & +t*- |
Sl S ALY SO 5
0 . RM
600,000 700,000 800,000 900,000 1,000,000

Figure 14-A: Relationships between the number of susceptible individuals in the community (RM) and the number of individuals
infected a day (AP). RM decreases with the occurrence of infection. The circles representing the outbreaks of individual epidemics
shrink as the outbreaks progress. RM(n) starts to increase before AP(n) reaches 0 or the minimum number of each epidemic.
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Figure 14-B: Relationships between RM and AP in the cases of the sixth and seventh epidemics. When AP(n) becomes relatively
small during the latest stage of each epidemic, RM(n) starts to increase before AP(n) reaches 0 or the minimum number of each
epidemic. AP shows 121 at the peak from day 1,469 to day 1,523 for the sixth epidemic ((6)). On day 3,739, when the AP reaches
0, the RM is 999,934. After AP(n) becomes 0, RM(n) continues to increase and reaches 1,000,000 on day 4,216.

The change in the ratio of the number of newly first-time infected individuals (APSus(n)) and the number of newly reinfected
individuals (TAPReRec (n)) to the total number of individuals infected a day (AP(n)) is shown in Figure 15. As the number of
epidemic outbreaks increases, the total number of individuals infected a day (AP(n)) decreases. The ratio of the number of newly
first-time infected individuals (APSus Ratio), among the remaining original susceptible individuals decreases from 1.0 to 0.29. On
the other hand, the ratio of the number of newly reinfected individuals (TAPReRec Ratio), among the susceptible individuals who
got back from recovered individuals increases from 0.0 to 0.71. On days 500 and 501, the APSus Ratio and TAPReRec Ratio intersect
at 0.5, after which the TAPReRec Ratio becomes larger than APSus Ratio (Figure 15).
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Figure 15: Changes in the ratios of TAPReRec(n) and APSus(n) to AP(n). After day 501, the number of APSus becomes less than
that of TAPReRec. syr is 0.8, and dii is 100 days.

When the symptomatic rate (syr) is 0.5, if the duration of reinfection to occur can be said to be 83 days for this case (Table
infection-induced immunity (dii) is 84 days, reinfection will ~ 2-B). With 5 outbreaks of the epidemic, the infection continues
never occur. However, if dii is 83 days, reinfection occurs. Thus,  until the 4,110" day, and the total number of infected individuals
the duration of infection-induced immunity required for  (CAP) becomes 1,076,306.
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Table 2-B: Duration of infection-induced immunity required for reinfection to occur (dii) depending on the symptomatic rate (syr;
0.6~0.4). AP indicates the number of individuals infected a day, “CAP” indicates the total number of infected individuals for each
epidemic, and CAP indicates the cumulative number of infected individuals. ‘End’ indicates the day when the number of infected
individuals P(n) becomes 0. If reinfection occurs, when the value of syr is 0.6 or 0.5, 5 epidemics occur. As the symptomatic rate
decreases, the total number of infected individuals (CAP) increases. When syr is 0.4, if dii is 81, 2 epidemics occur, and if dii is 80,

5 epidemics occur.

Epidemic 1 Epidemic 2 Epidemic 3 Epidemic 4 Epidemic 5
syr_ dii Peak [ Trough| Peak [Trough| Peak | Trough Peak Trough Peak End
Date 104 |[188-219| 315 |[402-434| 564 | 662-678 830 947-955 | 1092-1,101 | 3,190
87 4P 14,142 0] 11,542 0| 4864 8 1,330 85 298 0
"CAP" 451,034 376,360 229,905 121,701 102,421
0.6 CAP 451,034 827,394 1,057,299 1,179,000 1,281,421
Peak End
Date 104 210
88 4P 14,142 0
C4P 451,024
Epidemic 1 Epidemic 2 Epidemic 3 Epidemic 4 Epidemic 5
syr dii Peak [ Trough| Peak [Trough| Peak | Trough Peak Trough Peak End
Date 97 [179-206| 297 (380-411| 535 | 633-641 | 793-794 | 908-919 [1,046-1,057| 2,920
83 4P 16,342 0| 13,206 0| 5,358 8 1,345 118 271 0
"C4P" 490,263 405,197 241,651 123,276 91,585
0.5 CAP 490,263 895,460 1,137,111 1,260,387 1,351,972
Peak End
Date 97 201
84 AP | 16,342 0
CAP 490,255
Epidemic 1 Epidemic 2 Epidemic 3 Epidemic 4 Epidemic 5
syr dii Peak [ Trough| Peak [Trough| Peak | Trough Peak Trough Peak End
Date 92 [172-196| 282 ([362-393| 512 [ 606-617 | 766-767 | 884-886 |1,016-1,017| 2,722
80 4P 18,238 0| 14,678 0| 5,819 8 1,365 125 252 0
"CAP" 521,468 428,570 251,600 123,606 84,022
CAP 521,468 950,038 1,201,638 1,325,244 1,409,266
Peak | Trough| Peak End
Date 92 [171-198| 284 386
04 81 4P | 18,238 0| 14,677 0
"C4P" 521,465 428,563
c4P 521,465 950,028
Peak End
Date 92 193
82 4P 18,238 0
C4P 521,458

When the symptomatic rate (syr) is 0.4, if the duration of
infection-induced immunity (dii) is 82 days, reinfection will
never occur. The infection ends on day 193, with a total number
of infected individuals (CAP) of 521,458. However, if dii is 81
days, reinfection occurs, resulting in 2 outbreaks of the
epidemic, with an infection duration of 386 days and a CAP of
950,028. Furthermore, if dii is 80 days, reinfections occur,
resulting in 5 outbreaks of epidemic infection duration of 2,722

days and a CAP of 1,409,266 (Table 2-B). Thus, in this case, the
duration of infection-induced immunity required for one
outbreak of reinfection to occur is 81 days, and the duration of
infection-induced immunity required for multiple reinfections to
occur is 80 days. When multiple reinfections occur, both the
duration of infection and the total number of infected individuals
significantly increase.
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Table 2-C: Duration of infection-induced immunity required for reinfection to occur (dii) depending on the symptomatic rate (syr;
0.3 and 0.2). AP indicates the number of individuals infected a day, “CAP” indicates the total number of infected individuals for
each epidemic, and CAP indicates the cumulative number of infected individuals. ‘End’ indicates the day when the number of
infected individuals P(n) becomes 0. If reinfection occurs, when the value of syr is 0.3 or 0.2, 5 epidemics occur. As the symptomatic
rate decreases, the total number of infected individuals (CAP) increases. When syr is 0.3, if dii is 78, 2 epidemics occur, and if dii
is 77, 5 epidemics occur. When syr is 0.2, if dii is between 75 and 78, 2 epidemics occur, and if dii is 74, 5 epidemics occur.

Epidemic 1 Epidemic 2 Epidemic 3 Epidemic 4 Epidemic 5
syr_ dii Peak | Trough| Peak | Trough| Peak | Trough Peak Trough Peak End
Date 88 167-186| 269 |346-376, 491 580-593 739 851-862 | 977-985 |2,554
77 AP 19,879 0| 15,966 0| 6,264 8 1,391 133 237 0
"CAP" 546,638 447,987 260,315 124,931 76,943
CAP 546,638 994,625 1,254,940 1,379,871 1,456,814
Peak | Trough| Peak End
Date 88 166-188| 271 370
03 78 4P | 19,879 0] 15,969 0
"CAP" 546,635 447,981
CAP 546,635 994,616
Peak End
Date 88 188
79 AP 19,879 0
CAP 546,626
Epidemic 1 Epidemic 2 Epidemic 3 Epidemic 4 Epidemic 5
syr dii Peak | Trough| Peak | Trough| Peak | Trough Peak | Trough Peak iEnd‘
Date 85 164-175| 257 |331-359| 470 556-569 713 826-831 | 939-954 |2.410
74 AP 21,286 0] 17,102 0| 6,694 8 1,420 139 225 0
"CAP" 567,193 464,448 268,142 125,239 71,891
CAP 567,193 1,031,641 1,299,783 1,425,022 1,496,913
Peak | Trough| Peak End
Date 85 163-178| 259 357
75 AP 21,286 0] 17,108 0
"CAP" 567,191 464,442
C4P 567,191 1,031,633
0.2 ¢ Peak | Trough| Peak | End
Date 85 161-186( 265 359
T8 AP 21,286 0] 17,120 0
"C4P" 567,186 464,439
CAP 567,186 1,031,625
Peak End
Date 85 182
79 AP 21,286 0
C4P 567,176

When the symptomatic rate (syr) is 0.2, if the duration of
infection-induced immunity (dii) is 79 days, reinfection never
occurs. The infection ends on day 182, with a total number of
infected individuals (CAP) of 567,286 (Table 2-C). If dii is
between 78 and 75 days, one reinfection occurs, resulting in 2
outbreaks of the epidemic, with an infection duration of
approximately 360 days and a CAP of approximately 1,031,630.
However, if dii is 74 days, multiple reinfections occur, resulting
in 5 outbreaks of the epidemic, with an infection duration of

2,410 days and a CAP of 1,496,913. Thus, in this case, the
duration of infection-induced immunity necessary for one
reinfection to occur is between 75 and 78 days, and the duration
of infection-induced immunity necessary for multiple
reinfections to occur is 74 days. Similarly, when syr is 0.3, there
are two possible values of dii for the occurrence of reinfection:
77 days for one reinfection and 78 days for multiple reinfections
(Table 2-C).

Ameri J Clin Med Re, 2025

ISSN: 2835-9496

Vol. 5(9): 26 of 57



Citation: Ohmori H (2025) Effect of Reinfection on the Spread of COVID-19 Evaluated by a Flexible Compartment Model. Ameri
J Clin Med Re: AJCMR-238. https://doi.org/10.71010/2835-9496/ajcmr-e240.

Table 2-D: Duration of infection-induced immunity required for reinfection to occur (dii) depending on the symptomatic rate (syr;
0.1 and 0.0). AP indicates the number of individuals infected a day, “CAP” indicates the total number of infected individuals for
each epidemic, and CAP indicates the cumulative number of infected individuals. ‘End’ indicates the day when the number of
infected individuals P(n) becomes 0. If reinfection occurs, when syr is 0.1, if dii is between 73 and 77, 2 epidemics occur, and if dii
is 72, 5 epidemics occur. When syr is 0.0, if dii is between 71 and 76, 2 epidemics occur, and if dii is 70, 5 epidemics occur.

Epidemic 1 Epidemic 2 Epidemic 3 Epidemic 4 Epidemic 5
sy dii Peak | Trough| Peak | Trough| Peak | Trough Peak Trough Peak End
Date 82 150-178| 248 |320-347| 455 539-551 696 808-833 | 915-932 | 2,308
72 AP 22,538 0] 18,151 0 7.113 7 1.451 140 215 0
"CAP" 584,172 478,628 275,256 125,649 67,292
CAP 584,172 1,062,800 1,338,056 1,463,705 1,530,997
Peak | Trough| Peak End
Date 82 |161-170 249 345
73 AP | 22,538 0| 18,150 0
"CAP" 584,161 478,631
C4P 584,161 1,062,792
0.1 ¢ Peak | Trough| Peak | End
Date 82 157-181| 257 348
T7 AP 22,538 0] 18,141 0
"CAP" 584,153 478,632
CAP 584,153 1,062,785
Peak End
Date 82 180
78 AP | 22,538 0
CA4P 584,147
Epidemic 1 Epidemic 2 Epidemic 3 Epidemic 4 Epidemic 5
svit dii Peak | Trough| Peak |Trough| Peak | Trough Peak Trough Peak End
Date 79 |148-171 238 [309-336| 441 | 532-334 | 679-680 | 789-795 | 896-905 |2,217
70 4P 23,655 1| 19,069 0| 7,520 6 1,482 141 207 0
"CAP" 598,321 491,026 281,878 125,916 63,309
C4P 598,321 1,089,347 1,371,225 1,497,141 1,560,450
Peak | Trough| Peak End
Date 79 148-173| 240 334
71 4P | 23,655 1| 19,068 0
"CAP" 598,317 491,023
CAP 598,317 1,089,340
0.0 ¢ Peak | Trough| Peak End
Date 79 |155-176 250 339
76 AP 23,655 0| 19,062 0
"CAP" 598,299 505,180
CAP 584,153 1,089,333
Peak End
Date 79 179
77 AP 23,655 0
CAP 598,294

When the symptomatic rate (syr) is 0.1, if the duration of
infection-induced immunity (dii) is 78 days, reinfection never
occurs. The infection ends on day 180, with a total number of
infected individuals (CAP) of 584,147 (Table 2-D). If dii is
between 77 and 73 days, one reinfection occurs, resulting in 2
outbreaks of the epidemic, with an infection duration of
approximately 350 and a CAP of approximately 1,062,800.
However, if dii is 72 days, multiple reinfections occur, resulting
in 5 outbreaks of the epidemic, with an infection duration of
2,308 days and a CAP of 1,530,997. Therefore, in this case, the
duration of infection-induced immunity necessary for one

reinfection to occur is between 73 and 77 days, and the duration
of infection-induced immunity necessary for multiple
reinfections to occur is 72 days.

When the symptomatic rate (syr) is 0.0, if the duration of
infection-induced immunity (dii) is 77 days, reinfection never
occurs. The infection ends on day 179, with a total number of
infected individuals (CAP) of 598,294 (Table 2-D). If dii is
between 76 and 71 days, one reinfection occurs, resulting in 2
outbreaks of the epidemic, with an infection duration of
approximately 340 and a CAP of approximately 1,089,340.
However, if dii is 70 days, multiple reinfections occur, resulting
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in 5 outbreaks of epidemics (a normal infection and 4
reinfections), with an infection duration of 2,217 days and a
CAP of 1,560,450. Therefore, in this case, the duration of
infection-induced immunity necessary for one infection to occur
is between 71 and 76 days, and the duration of infection-induced
immunity necessary for multiple reinfections to occur is 70 days.

The relationships between the duration of infection-induced
immunity (dii) and the symptomatic rate (syr) for the cases of
‘No reinfection where one outbreak of the epidemic occurs’, for
the cases of ‘One reinfection where 2 outbreaks of the epidemic
occur’, and for the cases of ‘Multiple reinfections where 5 or 7
outbreaks of the epidemic occur’ are shown in Table 3.

Table 3: Duration of infection-induced immunity required for reinfection to occur (dii) depending on the symptomatic rate (syr).
The ‘End’ indicates the day when the number of infected individuals P(n) becomes 0, indicating the end of infection. ‘CAP” is the
cumulative number of infected individuals up to the ‘End’, indicating the total number of infected individuals. ‘No reinfection’
indicates the occurrence of only the first-time infection (normal infection), ‘One reinfection’ indicates occurrences of normal
infection and one reinfection, and ‘Multiple reinfections’ indicates occurrences of normal infection and multiple reinfections.
‘Times’ indicates the number of epidemics, including a normal infection. For example, the number of occurrences of epidemics is
seven, that is, one normal infection + six reinfections, for the case where the symptomatic rate is 1.0 and dii is 155 days.

No reinfection One-time reinfection Multiple reinfections
svr | dii End  caP | dii End  c4P | dii End 4P | dii Times End  CAP
1.0 156 364 141.874 155 7 8,254 681,562
09 116 278 251,408 115 6 5213 917,325
08 101 242 336,143 100 6 4,110 1,076,300
0.7 93 223 400,964 92 5 3,545 1,192,480
0.6 88 210 451,024 87 5 3.190 1,281,421
0.5 84 201 490,255 83 5 2,920 1,351,972
04 82 193 521,458 81 386 950,028 80 5 2,772 1,409,266
0.3 79 188 546,626 78 370 994,616 77 5 2,554 1.456.814
0.2 79 182 567.176 78 359 1,031,625 75 357 1,031,633 74 5 2,410 1,496,913
0.1 78 180 584,147 77 348 1,062,785 73 345 1,062,792 72 5 2308 1.530,997
0.0 77 179 598,294 76 339 1,089,333 71 334 1,089,340 70 5 2,217 1,560,450

If reinfection does not occur due to the long duration of
infection-induced immunity, i.e., if an epidemic occurs only
once, the infection duration (‘End’ in Table 3) will be
significantly shortened according to a decrease in the
symptomatic rate (syr), but the number of individuals infected a
day at peak and the total number of infected individuals (CAP)
will increase substantially (Tables 2 and 3). For example, if the
symptom rate is 1.0, the number of individuals infected a day at
peak becomes 2,136, the total number of infected individuals
becomes 141,874, and the infection duration becomes 364 days
(Figure 2-A); however, if the symptom rate is 0.0, the number
of individuals infected a day at peak becomes 23,655, the total
number of infected individuals becomes 598,294, and the
infection duration becomes 179 days (Figure 2-D). Even if

reinfection does not occur, a marked increase in the number of
infected individuals or the total number of infected individuals
according to lowering in symptomatic rate, could cause serious
damage.

The duration of infection-induced immunity required for
reinfection to occur decreases with decreasing symptomatic
rates. For example, when the symptomatic rate is 1.0, the
duration of infection-induced immunity required for reinfection
to occur is 155 days, but when the symptomatic rate is 0.0, the
duration of infection-induced immunity required for one
reinfection to is anywhere between 76 and 71 days, and the
duration of infection-induced immunity required for multiple
reinfections to occur is 70 days (Table 3 and Figures 16 and 17).

dii End (days)
200 10,000
160 8,000
120 6,000
dii required for multiple reinfections
20 to occur 4,000
40 End: Date of end (Duration of infection) 2,000
when multiple reinfections occur
(0] (0]
0.0 0.2 0.4 0.6 0.8 10 M

Figure 16: Relationships between the symptomatic rate (syr) and the end date of infection (duration of infection; End, days) and
between the symptomatic rate and the duration of infection-induced immunity required for multiple reinfections to occur (dii). The
population of the community is 1,000,000, pfc (the potential (biological) infectious capacity of coronavirus) is 1.0, v (vaccination
rate) is O (indicating that vaccination was not performed).
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Figure 17: Relationship between the symptomatic rate (syr) and duration of infection-induced immunity required for multiple
reinfections to occur (dii) and the relationship between the symptomatic rate (syr) and the cumulative number of infected individuals

(CAP).

In a model calculation with a population of 1,000,000 and a
potential (biological) infectious capacity of coronavirus (pfc) of
1.0, if reinfection occurs, one reinfection (two epidemics) will
occur; otherwise, four or more reinfections (five or more
epidemics) will occur (Table 2A~2D). Itis important to note that
when reinfection occurs multiple times, the periods when the
number of individuals infected a day (AP(n)) shows O are
observed between adjacent epidemics. In other words, even if
the number of individuals infected a day decreases to 0 and
remains that way for several tens of days, this does not
necessarily mean that the infection has ended. The infection is
considered to have ended completely when the number of
infected individuals (P(n)) becomes 0 because no more
infections will occur from that day onward.

It is noted that if multiple reinfections occur, herd immunity is
achieved more quickly as the symptomatic rate decreases, and
the duration of infection would be significantly shorter
according to lowering in symptomatic rate. For example, if the
symptomatic rate is 1.0, the epidemic occurs seven times, and
the duration of infection is 8,254 days (approximately 23 years);
however, if the symptomatic rate is 0.0, the epidemic occurs 5
times, and the duration of infection is 2,217 (approximately 6
years) (Table 3 and Figure 16). If the duration of infection
continues for a long time, preventive attitudes and protective
measures are likely to break down, and mutated strains of the
virus are more likely to emerge.

It must be noted that when the symptomatic rate is 1.0, the total
number of infected individuals including reinfected individuals
will be 681,562, but when the symptomatic rate is 0.0, the total
number of infected individuals including reinfected individuals
will be significantly large, 1,560,450 (Table 3 and Figure 17).
The increase in the number of infected individuals themselves

and the increase in the rate of increase in the number of
individuals infected a day will surely overwhelm the medical
system and hospital capacity. This must result in enormous
damage, including an increase in the number of seriously ill
individuals and deaths.

5.4. Relationship between the duration of infection-induced
immunity required for reinfection to occur and the potential
(biological) infectious capacity of coronavirus

The potential (biological) infectious capacity of coronavirus
(pfc) indicates an approximate value indicating the number of
susceptible individuals infected by an infected individual during
the latent period (Ip(n)). In the calculation, the ‘pfc(n)/Ip(n)’,
which means the number of susceptible individuals infected by
an infected individual a day, that is, the ‘infection rate
(persons/person/day)’, is used.

As noted previously in section 4.2. ‘Change in the number of
individuals getting back to susceptible individuals from
recovered individuals’, when the potential (biological)
infectious capacity of coronavirus (pfc) is 1.0 and the
symptomatic rate (syr) is 1.0, if the duration of infection-
induced immunity (dii) is set to 200 days, reinfection does not
occur. The number of individuals infected a day (AP) increases
to a peak of 2,135 on days 191 and 192 and then decreases to 0
on day 326, with a cumulative number of infected individuals of
141,786. The infection ends on day 343, with a total number of
infected individuals of 141,790 (Table 4). However, even if the
duration of infection-induced immunity (dii) is 200 days, if pfc
is set to 0.9, seven epidemics (one normal infection and six
reinfections) occur. The infection ends on day 14,003
(approximately 38 years), and the total number of infected
individuals becomes 431,510 (Table 4).
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Table 4: The number of individuals infected a day (AP), the total number of infected individuals for each epidemic (“CAP”), and
the cumulative number of infected individuals (CAP) for the cases where pfc is 0.9 and 1.0. ‘End’ indicates the day when the number
of infected individuals P(n) becomes 0. When dii is 200 days, reinfection occurs. The population of the community is 00,000, the
symptomatic rate (syr) is 1.0, the vaccination rate (v) is O (indicating that vaccination was not performed) and the duration of
infection-induced immunity (dii) is 200 days.

sr 1 Epidemic 1 Epidemic 2 Epidemic 3 Epidemic 4 Epidemic 5 Epidemic 6 Epidemic 7
pfe _dii Peak | Trough| Peak Trough Peak Trough Peak Trough Peak Trough Peak Trough Peak End
Date|373-380|589-609 | 838-842 | 1,049-1,076 | 1,295-1,306 (1,522-1,531{1,762-1,771|1,996-2,002|2,238-2,248|2.475-2,500)2,717-2,752|2,994-3,016| 3,212-3,274 | 14,003
0.9 200 AP 327 22 284 29 242 34 194 41 144 49 100 53 69 0
"CAP" 57,314 55,315 51,671 47,604 43,338 38,140 (3,528; 31,098)| 138,128
c4pP 57,314 112,629 164,300 211,904 255242 293,382 (324.480) 431,510
Date| 191-192| 343
1.0 200 AP | 2,135 0
CAP 141,790

When pfc is 0.9, if the duration of infection-induced immunity
(dii) is 396 days, reinfection does not occur. The infection ends
on day 783 (approximately 2 years), with a total number of
infected individuals of 54,537 (Table 5). However, when dii is
395 days, reinfections occur. Therefore, when pfc is 0.9, the

duration of infection-induced immunity (dii) required for

reinfection to occur is 395 days. When dii is 395 days, the
duration of infection becomes significantly long; that is, 11
epidemics (one normal infection and ten reinfections) occur, and
the infection ends on day 24,753 (approximately 68 years)
(Table 5).

Table 5: The number of individuals infected a day (AP), the total number of infected individuals for each epidemic (“CAP”), and
the cumulative humber of infected individuals (CAP) for the cases where pfc is 0.9, 1.0 and 1.1. ‘End’ indicates the day when the
number of infected individualsP(n) becomes 0. The symptomatic rate (syr) is 1.0.

gr= 1 Epidemic 1 Epidemic 2 Epidemic 3 Epidemic 4 Epidemic 5 Epidemic 6
pfe dii Peak Trough | Peak | Trough | Peak | Trough | Peak | Trough Peak Trough Peak Trough
Date | 374-378 | 697-880 |1,234-12401,559-1,745| 2111 |2.450-2,605[2,990-3,0013,386-3,438| 3.882-3.891 |4,233-4,382| 4,774-4.790 |5,155-5,257)
395 AP 323 0 315 0 285 0 238 0 187 1 138 2
"C4P" 54,566 53,450 50357 45,764 40,462 34,850
"C4P" 54,566 108,016 158,373 204,137 244,599 279,449
Epidemic 7 Epidemic 8 Epidemic 9 Epidemic 10 Epidemic 11
0.9 Peak Trough Peak Trough Peak Trough Peak Trough Peak End
Dale | 5.678-5.686 |6,085-6,141]6,588-6,596]6.975-7,101|7,485-7,556|7.966-8,031]8,471-8,496(8.922-9,202| 9.350-9,602 | 24,753
395 AP 97 4 64 8 39 11 24 13 15 0
"CAP" 29,577 25,314 20931 19,822 (10.513: 17.993) 53,603
"C4P" 309,026 334,340 355,271 375,093 (391,741) 428,696
Peak End
Date 374-378 783
396 AP 323 0
CAP 54,537
Epidemic 1 Epidemic 2 Epidemic 3 Epidemic 4 Epidemic 5 Epidemic 6
pfe_dii Peak Troush | Peak | Trough | Peak | Trough | Peak | Trough Peak Trough Peak | Trough
Date 191 332-395 578 721-784 | 981-982 [1,128-1,188[1,390-1,392(1,555-1,583| 1,795-1,800 [1.967-1,997| 2.201-2,208 [2,396-2,422
155 4P 2,136 0 1.999 0 1,474 1 905 5 491 21 240 16
"C4p" 141,890 133,811 112,016 86,333 64,358 48,110
4P 141,890 275,701 387,717 474,050 538,408 586,518
Epidemic 7
1.0 Peak End
Date | 2,612-2,641 | 8254
155 4P 107 0
"CAP" |(3.079; 46,100) 95,044
cAP (632,611) 681,562
Peak End
Date | 191-192 364
156 4P 2,135 0
CAP 141.874
Epidemic 1 Epidemic 2 Epidemic 3 Epidemic 4 Epidemic 5 Epidemic 6
pfe dii Peak Trough | Peak | Trough | Peak | Trough | Peak | Trough Peak Trough Peak End
Date 136 225-261 390 | 484-516 667 | 768-788 942 |1,054-1,063] 12081211 |1,344-1353| 1,476-1491 | 4,445
90 4P 5,536 0 4,902 0 2,845 4 1,263 40 488 109 173 0
"CAP " 234,135 210,399 152,742 100,554 67.950 (1.741:50.309) 89769
1.1 cAP 234,135 444,534 597,276 697,830 765,780 (816,089) 855,549
Peak End
Date 136 243
91 4P 5,536 0
CAP 234,108
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The number of individuals infected a day (AP) increases to its
first peak of 323 from day 374 to day 378 during the first
epidemic period (&), and decreases to 0 during from day 697 to
day 880, increases to the second peak of 315 from day 1,234 to
day 1,240 during the second epidemic (2), decreases to 0 during
from day 1,559 to day 1,745, increase to the third peak of 285
on day2,111 during the third epidemic (8), decreases to 0 during
from day 2,450 to day 2,605, increases to the fourth peak of 238
from day 2,990 to day 3,001 during the fourth epidemic (4),
decreases to 0 during from day 3,386 today 3,438, increases to
the fifth peak of 187 from day 3,882 to day 3,891 during the fifth
epidemic (5), decreases to 1 during from day 4,233 to day 4,382,
increases to the sixth peak of 138 from day 4,774 to day 4,790
during the sixth epidemic (6), deceases to 2 during from day
5,155 to day 5,257, increases to the seventh peak of 97 from day
5,678 to day 5,686 during the seventh epidemic (@), and
decreases to 4 during from day 6,085 to day 6,141, increases to
the eighth peak of 64 from day 6,588 to day 6,396 during the
eighth epidemic (8), and decreases to 8 during from day 6,975
to day 7,101, increases to the ninth peak of 39 from day 7,485
to day 7,556 during the ninth epidemic (8), and decreases to 11
during from day 7,966 to day 8,031, increases to the tenth peak
of 24 from day 8,471 to day 8,496 during the tenth epidemic (k9
), and decreases to 13 during from day 8,922 to day 9,202,
increases to the eleventh peak of 15 from day 9,350 to day 9,602
during the eleventh epidemic (X1), and decreases to 0 on day
21,230. Day 21,230, when the AP becomes 0, does not indicate
a ‘true end day of infection,” just as has been seen in past
‘interruptions’ in epidemics, such as the first epidemic, which
showed 0 of AP but 4 of P on its last day. On day 21,230, the
AP is 0, but P is 4, and there is a possibility of an infection
occurring due to some trigger. The number of individuals
infected a day (AP(n)) at the peak declines as the epidemic
progresses.

The number of infected individuals (P) increases to its first peak
of 2,258 on day 378 and day 379 during the first epidemic period
(2), and decreases to 1 during from day 757 to day 824,
increases to the second peak of 2,205 on day 1,24 and 1,241
during the second epidemic (2), decreases to 1 during from day
1,619 to day 1,688, increase to the third peak of 1,991 on
day2,114 during the third epidemic (8), decreases to 2 during
from day 2,476 to day 2,583, increases to the fourth peak of
1,668 from day 2,998 to day 2,999 during the fourth epidemic
(4), decreases to 3 during from day 3,389 today 3,441, increases
to the fifth peak of 1,308 from day 3,888 to day 3,891 during the
fifth epidemic (5), decreases to 7 during from day 4,278 to day
4,340, increases to the sixth peak of 967 from day 4,782 to day
4,788 during the sixth epidemic (6), deceases to 15 during from
day 5,186 to day 5,231, increases to the seventh peak of 676
from day 5,682 to day 5,689 during the seventh epidemic (@),
and decreases to 31 during from day 6,088 to day 6,144,
increases to the eighth peak of 445 from day 6,591 to day 6,598
during the eighth epidemic (8), and decreases to 54 during from
day 7,029 to day 7,051, increases to the ninth peak of 275 from
day 7,515 to day 7,532 during the ninth epidemic (9), and
decreases to 80 during from day 7,969 to day 8,034, increases to
the tenth peak of 165 from day 8,474 to day 8,499 during the
tenth epidemic (10), and decreases to 90 during from day 9,001

to day 9,100, increases to the eleventh peak of 104 from day
9,423 to day 9,535 during the eleventh epidemic (1), and
decreases to 0 on day 24,753. Day 24,753, when P reaches 0,
marks the ‘true end of infection’ because no infections will
occur after this date. The number of infected individuals (P(n))
at the peak declines with the epidemic.

As shown above, when dii is 395 days, the duration of infection
(24,753 days (approximately 68 years)) becomes significantly
longer than when dii is 396 (783 days (approximately 2 years)).
The total number of infected individuals (428,696) is much
greater than that when dii is 396 (54,537).

As examined previously in section 5.3. Relationship between
the duration of infection-induced immunity required for
reinfection to occur and the symptomatic rate, when pfc is
1.0, if the duration of infection-induced immunity (dii) is 156
days, reinfection does not occur. The infection ends on day 364.
The total number of infected individuals is 141,874 (Table 2-A
and Table 5). However, if dii is 155 days, reinfection occurs.
Seven outbreaks of the epidemic occur, the duration of infection
becomes 8,254 days (approximately 23 years), and the total
number of infected individuals becomes 681,562. Both the
duration of infection and the total number of infected individuals
substantially increase (Table 2-A and Table 5).

On the other hand, when pfc is 1.1, if the duration of infection-
induced immunity (dii) is 91 days, reinfection does not occur.
The infection ends on day 243, with a total number of infected
individuals of 234,108 (Table 5). However, when dii is 90 days,
reinfections occur. Therefore, when pfc is 1.1, the duration of
infection-induced immunity (dii) required for reinfection to
occur is 90 days. When dii is 90 days, 6 epidemics (one normal
infection and five reinfections) occur, and the duration of
infection is 4,445 days (approximately 12 years), which is
significantly longer than when reinfection does not occur. The
total number of infected individuals is 855,549, which is much
greater than when reinfection does not occur (Table 5).

As examined above, the duration of infection-induced immunity
(dii) required for reinfection to occur decreases markedly with
increasing pfc (potential (biological) infectious capacity of
coronavirus). For the same pfc, if reinfection occurs, the
duration of infection will be significantly longer than when
reinfection does not occur, and the total number of infected
individuals will also be substantially greater.

6. Summary of the results

Individuals who have been infected with COVID-19 and have
recovered will return to the community as individuals who have
infection-induced immunity after the recovery period ends.
However, infection-induced immunity has a duration that
indicates the ‘validity period of effectiveness of immunity
against SARS-CoV-2 infection and/or COVID-19 disease’. In
other words, the quantity of antibodies acquired through
infection gradually decreases and eventually declines below a
certain threshold of immunity level, below which recovered
individuals could become infected again.
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On the other hand, even if the effectiveness of infection-induced
immunity falls below a certain threshold, it does not necessarily
mean that reinfection will occur. In other words, even if
infection-induced immunity has a duration of effectiveness, if
the duration is long, reinfection might not occur. Therefore, this
study examined how long duration of immunity is necessary for
reinfection not to occur and how long duration of immunity is
required for reinfection to occur. Specifically, this study
investigated how the duration of infection-induced immunity
required for reinfection to occur is controlled by the
symptomatic rate and the potential (biological) infectious
capacity of the coronavirus.

Furthermore, infections also occur among susceptible
individuals who get back from individuals who have recovered
from ‘reinfection’. Some individuals may be infected multiple
times, not only first-time infection (initial infection, normal
infection) and second-time infection (reinfection in the narrow
sense) but also third-time infection, fourth-time infection and
more times. Therefore, the term ‘reinfection’ was used in a
broad sense to refer to any infection that occurs due to loss of
infection-induced immune effectiveness, regardless of the
interval between infections, indicating all infections after first-
time infection; second-time infection, third-time infection,
fourth-time infection, and so on. Thus, this study also
investigated how the number of infected individuals changes
when reinfections occur, how many outbreaks of epidemics
occur, and how long the duration of infection is prolonged.

In the simulation, the recovered individuals whose infection-
induced immunity decreased to below a certain threshold
essentially got back to the ‘susceptible individuals’, and from
both physical and statistical perspectives, they became infected
at the same rate as the ‘original’ susceptible individuals. The
simulations were performed in a community with a population
of 1,000,000, with an initial number of infected individuals
(P()) of 1, a latent period (Ip(n)) of 5 days, and a recovery period
(rp(n)) of 14 days, as well as a varying symptomatic rate (syr)
and potential (biological) infectious capacity of coronavirus
(pfc). The results of the simulation are as follows:

6.1. The duration of infection-induced immunity required for
reinfection to occur differs according to the symptomatic rate
(syr). For example, when syr is 1.0, if the duration of infection-
induced immunity (dii) is 156 days, reinfection will never occur.
However, if dii is 155 days, reinfection occurs. Thus, the
duration of infection-induced immunity required for reinfection
to occur can be said to be 155 days.

Specifically, if the duration of infection-induced immunity (dii)
is 156 days, the number of individuals infected a day (AP)
increases to 2,136 at the peak on days 191 and 193 and then
decreases to 0. The infection ends on day 364, the day when the
number of infected individuals (P) becomes 0. The total number
of infected individuals is 141,874. On the other hand, if dii is
155 days, reinfection occurs, causing 7 epidemic outbreaks,
including one normal infection epidemic (first epidemic) and six
reinfection epidemics. The first epidemic shows a pattern almost
identical to that of the epidemic, with a dii of 156 days when
reinfection does not occur. The infection ultimately ends on day

8,254 (approximately 23 years), and the total number of infected
individuals (CAP) reaches 681,562. Thus, when reinfection
occurs, the duration of infection becomes extremely long, and
the total number of infected individuals also greatly increases.

Now, note the following: Although each value of dii has been
expressed as a specific number of days in units of one day, such
as 155 days or 156 days, these values are the raw results of
calculations. It seems that the value of dii at the boundary of
whether reinfection occurs should be recognized as some day
between 150 days and 160 days.

6.2. The duration of infection-induced immunity required for
reinfection to occur differs by the symptomatic rate, and the
duration of infection-induced immunity required for reinfection
‘not’ to occur also differs by the symptomatic rate. When the
symptomatic rate (syr) is 1.0, the duration of infection-induced
immunity (dii) required for reinfection ‘not to occur’ is 156
days. If the dii is 155 days, 7 epidemics will surely occur,
including one normal epidemic and 6 reinfection epidemics. The
total number of infected individuals when reinfection does not
occur is 141,874, with a duration of infection of 364 days, and
that when reinfection occurs is 681,562, with a duration of 8,256
days.

When syr is 0.9, the dii required for reinfection not to occur is
116 days. If dii is 115 days, 6 epidemics will occur, including
one normal epidemic and 5 reinfection epidemics. The total
number of infected individuals when reinfection does not occur
is 251,408, with a duration of infection of 278 days, and that
when reinfection occurs is 919,325, with a duration of 5,213
days.

When syr is 0.8, the dii required for reinfection not to occur is
101 days. If dii is 100 days, 6 epidemics will occur, including
one normal epidemic and 5 reinfection epidemics. The total
number of infected individuals when reinfection does not occur
is 386,143, with a duration of infection of 242 days, and that
when reinfection occurs is 1,076,306, which is greater than the
population of 1,000,000, with a duration of 4,110 days.

When syr is 0.7, the dii required for reinfection not to occur is
93 days. If dii is 92 days, 5 epidemics will occur, including one
normal epidemic and 4 reinfection epidemics. The total number
of infected individuals when reinfection does not occur is
400,964 with a duration of infection of 223 days, and that when
reinfection occurs is 1,192,480 with a duration of 3,545 days.

When syr is 0.6, the dii required for reinfection not to occur is
88 days. If dii is 87 days, 5 epidemics will occur, including one
normal epidemic and 4 reinfection epidemics. The total number
of infected individuals when reinfection does not occur is
451,024 with a duration of infection of 210 days, and that when
reinfection occurs is 1,281,421 with a duration of 3,190 days.

When syr is 0.5, the dii required for reinfection not to occur is
84 days. If dii is 83 days, 5 epidemics will occur, including one
normal epidemic and 4 reinfection epidemics. The total number
of infected individuals when reinfection does not occur is
490,255 with a duration of infection of 201 days, and that when
reinfection occurs is 1,351,972 with a duration of 2,920 days.
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6.3. When syr is 0.4, the dii required for reinfection not to occur
is 82 days. If dii is 81 days, 2 epidemics occur, that is, one
normal epidemic and one reinfection epidemic. However, if dii
is 80 days, 5 epidemics occur, including one normal epidemic
and 4 reinfection epidemics. The total number of infected
individuals when reinfection does not occur is 521,458, with a
duration of 193 days. The total number of infected individuals
when 2 epidemics occur is 950,028, with a duration of 386 days,
and that when 5 epidemics occur is 1,409,266 with a duration of
2,772 days.

When syr is 0.3, the dii required for reinfection not to occur is
79 days. If dii is 78 days, 2 epidemics occur, that is, one normal
epidemic and one reinfection epidemic. However, if dii is 77
days, 5 epidemics occur, including one normal epidemic and 4
reinfection epidemics. The total number of infected individuals
when reinfection does not occur is 546,626, with a duration of
188 days. The total number of infected individuals when 2
epidemics occur is 994,616, with a duration of 370 days, and
when 5 epidemics occur is 1,456,913, with a duration of 2,554
days.

When syr is 0.2, the dii required for reinfection not to occur is
79 days. If dii is between 78 and 75 days, 2 epidemics occur,
that is, one normal epidemic and one reinfection epidemic. If dii
is 74 days, 5 epidemics occur, including one normal epidemic
and 4 reinfection epidemics. The total number of infected
individuals when reinfection does not occur is 567,176, with a
duration of 182 days. The total number of infected individuals
when 2 epidemics occur is between 1,031,625 with a duration of
354 days when dii is 78 days, and 1,031,633, with a duration of
357 days when dii is 75 days. The total number of infected
individuals when 5 epidemics occur is 1,496,913 with a duration
of 2,410 days.

When syr is 0.1, the dii required for reinfection not to occur is
78 days. If dii is between 77 and 73 days, 2 epidemics occur,
that is, one normal epidemic and one reinfection epidemic. If dii
is 72 days, 5 epidemics occur, including one normal epidemic
and 4 reinfection epidemics. The total number of infected
individuals when reinfection does not occur is 584,147 with a
duration of 180 days. The total number of infected individuals
when 2 epidemics occur is between 1,062,785, with a duration
of 348 days when dii is 77 days, and 1,062,792, with a duration
of 345 days when dii is 73 days. The total number of infected
individuals when 5 epidemics occur is 1,530,997, with a
duration of 2,308 days.

When syr is 0.0, the dii required for reinfection not to occur is
77 days. If dii is between 76 and 71 days, 2 epidemics occur,
that is, one normal epidemic and one reinfection epidemic. If dii
is 70 days, 5 epidemics occur, including one normal epidemic
and 4 reinfection epidemics. The total number of infected
individuals when reinfection does not occur is 598,294 with a
duration of 179 days. The total number of infected individuals
when 2 epidemics occur is between 1,089,333 with a duration of
339 days when dii is 76 days, and 1,089,340, with a duration of
334 days when dii is 71 days. The total number of infected
individuals when 5 epidemics occur is 1,560,450 with a duration
of 2,217 days.

6.4. When the potential (biological) infectious capacity of
coronavirus (pfc) is 1.0 and the symptomatic rate is 1.0, if the
duration of infection-induced immunity (dii) is set to 200 days,
reinfection does not occur. The total number of infected
individuals is 141,790 with a duration of infection of 343 days.
However, even if dii is 200 days, if the pfc is 0.9, seven
epidemics (one normal infection and six reinfections) occur. The
total number of infected individuals becomes 431,510, with a
duration of infection of 14,003 days.

When the pfc is 0.9, the dii required for reinfection not to occur
is 396 days. The infection ends on day 783 (approximately 2
years), with a total number of infected individuals of 54,537.
However, if dii is 395 days, reinfections occur. If dii is 395 days,
eleven epidemics (one normal infection and ten reinfection
epidemics) occur. The total number of infected individuals
becomes 428,696, with a duration of 24,753 days
(approximately 68 years).

When the pfc is 1.0, as noted previously, if the duration of
infection-induced immunity (dii) is 156 days, reinfection does
not occur. The infection ends on day 364. The total number of
infected individuals is 141,874. However, if dii is 155 days,
reinfection occurs. Seven epidemics (one normal infection and
six reinfections) occur, the duration of infection reaches 8,254
days (approximately 23 years), and the total number of infected
individuals becomes 681,562.

On the other hand, when the pfc is 1.1, if the duration of
infection-induced immunity (dii) is 91 days, reinfection does not
occur. The infection ends on day 243, with a total number of
infected individuals of 234,108. However, when dii is 90 days,
reinfections occur. Therefore, when the pfc is 1.1, the duration
of infection-induced immunity (dii) required for reinfection to
occur is 90 days. When dii is 90 days, 6 epidemics (one normal
infection and five reinfections) occur, and the duration of
infection is 4,445 days (approximately 12 years), which is
significantly longer than when reinfection does not occur. The
total number of infected individuals is 855,549, which is much
greater than when reinfection does not occur.

As examined above, the dii required for reinfection decreases
markedly with increasing pfc. For the same pfc, if reinfection
occurs, the duration of infection will be significantly longer than
when reinfection does not occur, and the total number of
infected individuals will also be substantially greater.

6.5. As shown above, the duration of infection-induced
immunity required for reinfection to occur decreases with
decreasing symptomatic rate and/or increasing potential
(biological) infectious capacity of coronavirus. For example,
when the potential (biological) infectious capacity of
coronavirus is 1.0 and the symptomatic rate is 1.0, the duration
of infection-induced immunity required for reinfection to occur
is 155 days. However, when the symptomatic rate is 0.0, the
duration of infection-induced immunity required for one
reinfection to occur can be between 76 and 71 days, and the
duration of infection-induced immunity required for multiple
reinfections to occur is 70 days. Furthermore, when the potential
(biological) infectious capacity of coronavirus is 1.1, the
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duration of infection-induced immunity required for reinfection
to occur is 91 days. On the other hand, when the potential
(biological) infectious capacity of coronavirus is 0.9, even if the
duration of infection-induced immunity is 395 days, longer than
one year, reinfection occurs.

The occurrence of reinfection is controlled by the duration of
infection-induced immunity, and when reinfection occurs, the
duration of infection and the total number of infected individuals
increase significantly. A small change in factors such as the
symptomatic rate and the potential (biological) infectious
capacity of coronavirus can result in a large change in the
duration of infection-induced immunity required for reinfection
to occur.

6.6. If reinfection occurs, multiple epidemics will occur. In most
cases, five or more epidemics, which include one ‘first epidemic
(normal epidemic) consisting only of the first-time infected
individuals, occur. As a result, when reinfection occurs, several
epidemics occur, and the duration of infection becomes
extremely long. For example, when multiple reinfections occur,
if the symptomatic rate is 1.0, seven epidemics occur, and the
duration of infection is 8,254 days (approximately 23 years),
which is significantly longer than the 364 days when reinfection
does not occur. If the symptomatic rate is 0.0, five epidemics
occur, and the duration of infection is 2,217 (approximately 6
years), which is significantly longer than the 179 days when
reinfection does not occur. Furthermore, when pfc is 0.9, eleven
epidemics occur. The duration of infection is 24,753 days
(approximately 68 years), which is significantly longer than the
787 days when reinfection does not occur.

6.7. When reinfection occurs, as the number of epidemic
outbreaks progresses, the number of individuals infected a day
at the peak of each epidemic decreases. On the other hand,
regarding the ‘troughs’ that indicate periods of low numbers of
individuals infected a day between adjacent epidemics, there are
some troughs where the number of individuals infected a day is
0 for several tens of days. Therefore, even if the number of
individuals infected a day (AP(n)) decreases to 0 and remains
that way for several tens of days, this does not necessarily mean
that the infection has ended. The infection is considered to have
ended completely when the number of infected individuals
(P(n)) becomes 0 because no more infections will occur from
that day onward.

6.8. There are always many first-time infections, which are
infections that occur in original susceptible individuals during
every epidemic period. The first epidemic consists of only the
“first-time infected’ individuals, and for some early epidemics,
a large proportion of the total number of infected individuals is
occupied by the ‘first-time infected’ individuals, indicating that
the ratio of the number of ‘first-time infected' individuals
significantly exceeds the ratio of the number of ‘reinfected’
individuals. However, as the number of epidemic outbreaks
progresses, the ratio of the number of individuals ‘first-time
infected' decreases. Conversely, the ratio of the number of
'reinfected' individuals increases. Both ratios gradually
approach each other, and eventually, the ratio of the number of
‘reinfected’ individuals becomes larger. On the other hand, as

the number of epidemic outbreaks progresses, both the number
of ‘first-time infected’ individuals and the number of
‘reinfected’ individuals decrease. Thus, the infection will
eventually come to an end, although it may take decades for this
to end.

6.9. If multiple reinfections occur, several epidemics inevitably
occur, and the number of infected individuals becomes
extremely large. For example, when the symptomatic rate is 1.0,
seven epidemics occur, and the total number of infected
individuals is 681,562, which is significantly greater than
141,874 when reinfection does not occur. When the
symptomatic rate is 0.0, 5 epidemics occur, and the total number
of infected individuals will be 1,560,450, which is significantly
greater than the 598,294 when reinfection does not occur and
substantially larger than the community population of
1,000,000. Therefore, it can be noted that the occurrence of
reinfections inevitably causes multiple outbreaks of the
epidemic, produces many infected individuals and repeatedly
induces a ‘seriously high rate of increase’ in the number of
individuals infected a day.

7. Conclusion

In this article, the term ‘reinfection’ was used in a broad sense
to refer to any infection that occurs due to loss of infection-
induced immune effectiveness, regardless of the interval
between infections, indicating infections occurring after the
first-time infection, such as second-time infection, third-time
infection, fourth-time infection, and so on. The duration of
infection-induced immunity required for reinfection to occur
was examined in relation to the symptomatic rate and the
potential (biological) infectious capacity of the coronavirus. It
simulated changes in the number of infected individuals, the
number of outbreaks of the epidemic, and the duration of
infections when reinfections occur. In the simulation, the
recovered individuals whose infection-induced immunity
decreased to below a certain threshold essentially get back to
susceptible individuals, and from both physical and statistical
perspectives, they became infected at the same rate as the
‘original’ susceptible individuals. The simulations were
performed in a community with a population of 1,000,000, with
an initial number of infected individuals of 1, a latent period of
5 days, a recovery period of 14 days, and varying values of the
symptomatic rate and potential (biological) infectious capacity
of coronavirus.

This study clarified the critical values of duration (the threshold
of duration) of infection-induced immunity required for
reinfection to occur and revealed several important features of
the infection process during reinfection, which may provide a
reference for medical and policy measures.

7.1. The duration of infection-induced immunity required for
reinfection to occur decreases with decreasing symptomatic
rates and/or increasing potential (biological) infectious capacity
of coronavirus and increases with increasing symptomatic rates
and/or decreasing potential (biological) infectious capacity of
coronavirus. A small change in factors such as the symptomatic
rate and the potential (biological) infectious capacity of
coronavirus can result in a large change in the duration of
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infection-induced immunity required for reinfection to occur.
These factors vary depending not only on the characteristics of
the coronavirus itself, including its ability to respond to changes
in the natural environment and social circumstances, but also on
human behaviors, including infection prevention measures such
as isolating infected individuals, wearing masks and others.
Therefore, it is important to clarify the characteristics of the
coronavirus itself as well as to implement infection prevention
measures in a timely manner.

7.2. When reinfection occurs, several epidemics inevitably
occur, and the duration of infection becomes extremely long.
For example, when multiple reinfections occur, if the potential
(biological) infectious capacity of coronavirus is 1.0 and the
symptomatic rate is 1.0, seven epidemics occur, and the duration
of infection is 8,254 days (approximately 23 years). When the
potential (biological) infectious capacity of coronavirus is 0.9,
eleven epidemics occur. The duration of infection is long,
24,753 days (approximately 68 years). When the duration of
infection continues for a long time, preventive attitudes and
protective measures are likely to break down, and mutated
strains of the virus are also more likely to emerge. The
emergence of mutant strains can reset the infection process and
is likely to induce a new infection process similar to that
observed when reinfection occurs, resulting in a longer duration
of infection. Therefore, if a situation arises where reinfection
occurs, we must settle down and prepare to care for the 'long-
term COVID-19 infections'.

7.3. Between adjacent epidemics, there are ‘troughs’ that
indicate periods of time where the number of individuals
infected a day shows relatively low. And there are some troughs
where the number of individuals infected a day shows O for
several tens of days. Therefore, even if the number of
individuals infected a day (AP(n)) decreases to 0 and remains
that way for several tens of days, it is too early to conclude that
the infection has ended. When the number of infected people
(P(n)) reaches 0, no more infections will occur from that day
onward, and the infection is completely ended.

7.4. When reinfection occurs, as the number of epidemic
outbreaks progresses, the number of individuals infected a day
at the peak of each epidemic decreases. Thus, the rate of increase
in the number of individuals infected a day decreases as the
number of epidemic outbreaks progresses. On the other hand,
the number of individuals infected a day during troughs
increases as the number of epidemic outbreaks progresses. This
means that a considerable number of individuals infected a day
will constantly occur. It might threaten the capacity of medical
care.

7.5. Many first-time infections are observed during every
epidemic period. The first epidemic consists of only first-time
infected’ individuals. During the early stages of infection, the
ratio of the number of ‘first-time infected' individuals
significantly exceeds the ratio of the number of ‘reinfected’
individuals. However, as the number of epidemic outbreaks
progresses, the ratios of both gradually approach each other, and
eventually, the ratio of the number of ‘reinfected’ individuals
becomes larger. On the other hand, as the number of epidemic

outbreaks progresses, not only the number of first-time infected
individuals but also the number of reinfected individuals
decreases. Thus, the epidemic will eventually come to an end.
However, it may take decades for this to end. Since reducing the
number of ‘first-time" infected individuals induces a decrease in
the number of reinfected individuals, medical and policy care
for original susceptible individuals, such as vaccination, PCR
testing and others, can decrease the total number of infected
individuals and shorten the duration of infection.

7.6. If multiple reinfections occur, the number of infected
individuals becomes extremely large. For example, when the
potential (biological) infectious capacity of coronavirus is 1.0
and the symptomatic rate is 1.0, the total number of infected
individuals will be 681,562, substantially larger than that,
141,874 or less, when reinfection does not occur. When the
symptomatic rate is 0.0, the total number of infected individuals
will be 1,560,450, which is significantly larger than the
population of 1,000,000. A ‘high rate of increase’ in the number
of individuals infected a day is repeated multiple times. The
increase in the number of infected individuals themselves and
the increase in the rate of increase in the number of individuals
infected a day might inevitably overwhelm the medical system
and hospital capacity, especially during the early stage of
infection. This must result in enormous damage, including an
increase in the number of seriously ill individuals and deaths.
Therefore, it is necessary to reduce the occurrence of reinfection
in the early stages of infection through vaccination, PCR testing,
and other medical and policy care.
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Appendix 1: Explanations of the independent variables and dependent variables used in the Excel file for the ‘flexible
compartment model for simulation specific to COVID-19 (for “Effect of reinfection on the spread of COVID-19 evaluated by a

flexible compartment model’’) Hiroo Ohmori

1. Independent variables of the model (24 variables)

For simulation, n starts from 1, and the independent variables
of twenty-four terms can be set arbitrarily by the user as
follows:

1) TN(1): the initial total population of the community, such as
a city. TN(n) is changed by the number of susceptible
individuals (NAP(n)) and/or infected individuals (UP(n)) who
come in and/or leave the community. TN(n)=TN(n-
1)+NAP(n)+UP(n) (101)

2) P(1): the initial number of infected individuals in the
community. The infected individuals are those who have been
infected and are capable of infecting susceptible individuals.
Thus, they can be called ‘spreaders’. Infected individuals
(UP(n)) other than the initial infected individuals can enter
and/or leave the community. Additionally, when the initial
incidence rate, ir(1), is given, P(1) is given by the product of
ir(1) and TN(1), that is, ir(1)*TN(1), because ir(n) is usually
given by P(n)/TN(1). The number of infected individuals in the
morning on day n, P(n), is given by the following equation:

P(n)= P(n-1(night))=RP(n-1)+AP(n-1(night)) =RP(n-1)+p(n-
1)*RM(n-1) (102) (=25)

where P(n-1(night)) is the number of infected individuals on
the previous night.

3) NAP(n): the number of susceptible individuals who come in
and/or leave the community. Specifically, the value of NAP(n)
changes according to changes in the number of susceptible
individuals who come in or come out of the community, such as
travel, self-isolation, and migration (immigration/emigration),
etc. In addition, NAP(n) should be added to both TN(n) and
RM(n) when NAP(n) is given a positive value, meaning that
susceptible individuals enter the community. When NAP(n) is
given a negative value, meaning that susceptible individuals
leave the community, including self-isolation, the value of
NAP(n) should be subtracted from both TN(n) and RM(n).
Emergency actions such as ‘avoiding any unnecessary
outings/travel’, ‘staying home (self-isolation)’ and ‘lockdown’
for infection prevention practically induce a reduction in the
number of susceptible individuals in the real community,
indicating that NAP(n) should be given a negative value. By
setting NAP(n) for the simulation, the effects of such
interventions can be evaluated.

4) UP(n): the number of infected individuals who come in
and/or leave the community. Specifically, the value of UP(n)

changes according to changes in the number of susceptible
individuals who come in or come out of the community, such as
travel, self-isolation, migration (immigration/emigration), etc.
UP(n) should be added to both TN(n) and P(n) when UP(n) is
given a positive value, meaning that infected individuals enter
the community. When UP(n) is given a negative value, meaning
that infected individuals are not isolated but leave the whole
community in Figure 1, the value of UP(n) should be subtracted
from both TN(n) and P(n). Since symptomatic infected
individuals get isolated, most of the individuals of UP(n) are
asymptomatic. In a simulation where asymptomatic infected
travelers come into the community from other cities and/or
foreign countries, by setting the value of UP(n), the effect of
infected individuals coming into the community can be
evaluated.

For the model proposed here, NAP(n) and UP(n) are each set
once a certain day, and the condition is automatically maintained
until it is reset, although the other independent variables should
be set every day. For example, if UP(100) is set to a positive
value of ‘10 only on the 100" day and is set to 0 on days before
and after the 100" day, 10 infected individuals, as asymptomatic
individuals, would come into the community on the 100%™ day.
After they enter the community, they stay in the community and
mix with existing infected individuals, causing increases in
TN(n) and N(n) after the 100" day. In the calculation, they are
treated as ‘ordinary’ infected individuals who get infected on the
100" day, develop symptoms at a given symptomatic rate, and
continue to infect susceptible individuals in the community.

5) T(n): the number of individuals with PCR and/or antibody
tests. The test time should be set on the day when the test is
performed.

6) bp(n): the multiplier value of the incidence rate in the testing
against the incidence rate (ir(n); P(n)/TN(n)) in the community.
It indicates the value of magnification of the incidence rate in
the testing to the incidence rate (ir(n); P(n)/TN(n)) in the
community. Since the individuals having the test are mainly
close contacts, the incidence rate in the tested individuals would
be biased to be higher than ir(n). The incidence rate in the testing
is given by the magnification with respect to ir(n). Specifically,
the number of infected individuals confirmed to be test positive,
CP(n), is calculated as follows:

CP(n)=T(n)*bp(n)*ir(n) 103) (=5)
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The value of bp (n)*ir(n) indicates the percentage of positive
results in the PCR and/or antibody test; that is, the positive
rate, tir(n).

7) vd(n): the vaccination rate used to count the number of
individuals newly vaccinated a day to the initial total
population of the community. The number of individuals
newly vaccinated a day, VO(n), is given by:

VO(n) =TN(L)*vd(n) (104)

where TN (1) is the initial total population of the community,
such as a city.

The cumulative/total number of vaccinated individuals on day
n, CVO(n), is given by summing the number of individuals
vaccinated a day from the first day of vaccination to day n:

CVO(N)=2VO(n)= (TN(L)*vd(n))  (105)(=10)

Vaccinated individuals have vaccine-induced immunity. They
live and work in the real community in Figure 1 (see ‘Dependent
variables; 2-57 &2-58”: VO & CV0).

8) ds: the starting day of mass vaccination. This indicator
indicates the first day of mass vaccination and is used to
calculate the first day when individuals getting back (returning)
to susceptible individuals appear. The individuals who are
vaccinated on the first day of mass vaccination get back to
susceptible individuals on the day when the ‘duration of
vaccine-induced immunity’ has elapsed since the first day.

Specifically, it is calculated as follows.

Consider the case where the first date of mass vaccination is ds
and the duration of vaccine-induced immunity is dvi (see 9: dvi).
The individuals vaccinated on the first day of mass vaccination
will get back to susceptible individuals on the (ds+dvi)" day,
which is the first day when the individuals getting back to
susceptible individuals appear. Thus, the number of individuals
getting back to susceptible individuals on the first day when the
individuals getting back to susceptible individuals appear
(ReVac(ds+dvi)) is given by:

ReVac(ds+dvi)=V0(ds)*bvi(ds) (106)

where bvi(n) is the 'back to rate’ at which vaccinated individuals
with vaccine-induced immunity get back to susceptible
individuals a day (see 10: bvi). For example, when the value of
ds is set to 51, which indicates that mass vaccination started on
the 51% day and the duration of vaccine-induced immunity (dvi)
is set to 150 days, the first individuals who get back to
susceptible individuals appear on the 201% day. The number of
individuals who get back to susceptible individuals on that day
is as follows:

ReVac(51+150) =V0(51)*bvi(51) (107)
That is,
ReVac(201)=V0(201-150)*bvi(201-150) (108)

During the period before the 151% day, ReRVac(n) should be set
to 0.

Formula (108) is rewritten by substituting 201 by n and 150 by
bvi;

ReVac(n)=V0(n-150)*bvi(n-150) =VO(n-dvi)*bvi(n-dvi)
(109)

Thus, on and after the 201% day, that is, on and after the
(ds+dvi)™" day, ReVac(n) is given by:

ReVac(n)=V0(n-dvi)*bvi(n-dvi) (110)

This means that the number of individuals who got back to
susceptible individuals on day n is equivalent to (the number of
individuals who were vaccinated ‘dvi’ days before day n) * (the
vaccination rate ‘dvi’ days before day n). Specifically, Eq. (110)
indicates that the immunity of individuals vaccinated on date (n-
dvi) decreases below a certain threshold on date n (see
‘Dependent variables; 2-53°: ReVac(n)).

Another example, for a community whose population is
1,000,000, when vaccination at a rate of 0.001 starts on the 51°
day and ends on the 300" day and the duration of vaccine-
induced immunity is 150 days, the number of vaccinated
individuals increases by 1,000 a day, and the number of
currently existing vaccinated individuals (V(n)) becomes
150,000 on the 200" day. Since, after the 201% day, 1,000
vaccinated individuals who were vaccinated 150 days before
each day get back to susceptible individuals, V(n) did not
increase until the 300™ day, despite vaccinations continuing, and
was maintained at 150,000. Since vaccination ends on the 300%"
day, after the 301 day, V(n) decreases by 1,000 a day and
becomes 0 on the 450" day. The number of susceptible
individuals in the community (RM) changes with the change in
the number of vaccinated individuals (see ‘Dependent variables;
2-46°: RM(n)).

9) dvi: the duration of vaccine-induced immunity (the validity
period of vaccine-induced immunity). This indicates the time
interval between when an individual is vaccinated and when
his/her antibodies acquired by vaccination decrease below a
certain threshold of immunity level at which infection could
occur. The value of dvi should be determined on the basis that
the quantity of antibodies acquired through vaccination
decreases below a certain threshold within several weeks and/or
several months after vaccination. In other words, on the dvit" day
after receiving vaccination, since the quantity of antibodies of
vaccinated individuals decreases to below a certain threshold of
the immunity level at which vaccinated individuals could get
infected, vaccinated individuals essentially get back to
‘susceptible individuals’ and could get infected with COVID-
19. In the calculation, the average duration of vaccine-induced
immunity is used as the dvi value. The number of individuals
getting back to susceptible individuals from vaccinated
individuals on date n, ReVac(n), is given by:

ReVac(n)=V0(n-dvi)*bvi(n-dvi)
(111)(=110)

where the coefficient ‘bvi‘ is the ‘back-to-rate’ at which
vaccinated individuals with vaccine-induced immunity get back
to susceptible individuals a day. (see ‘Dependent variables; 2-
58’: ReVac(n))
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10) bvi(n): the ‘back to rate’ at which vaccinated individuals
with vaccine-induced immunity get back to susceptible
individuals a day. It indicates the ratio of the number of
individuals who get back to susceptible individuals from
vaccinated individuals to the number of vaccinated individuals
who were vaccinated on the same day. The ‘getting back to
susceptible individuals’ occurs ‘dvi’ days after the day of
vaccination. Since the average duration of vaccine-induced
immunity is used, the value of bvi(n) is typically assigned a
value of 1.0. However, if, for example, 20% of vaccinated
individuals develop permanent immunity, bvi(n) should be
assigned a value of 0.8 because 80% of vaccinated individuals
should get back to susceptible individuals. The individuals
getting back to susceptible individuals could be attacked by
breakthrough infection. However, all individuals who got back
to susceptible individuals do not always get infected. In the
calculation, the individuals who got back to susceptible
individuals got infected in the same manner (at the same rate) as
the ‘original' susceptible individuals got. (see ‘Dependent
variables; 2-58’: ReVac(n))

11) dii: the duration of infection-induced immunity (the validity
period of infection-induced immunity). This indicates the time
interval between when an individual recovers from COVID-19
and when his/her quantity of antibodies acquired through
infection decreases below a certain threshold. Infected
individuals acquire immunity and become ‘recovered’
individuals after the end of the recovery period (rp). For
COVID-19, the effectiveness of the immunity acquired through
infection does not continue permanently but decreases gradually
below a certain threshold. The value of dii should be determined
while referring to the decrease in the quantity of antibodies
acquired through infection below a certain threshold several
months after infected individuals have recovered. In other
words, on the dii" day after infection, since the quantity of
antibodies of recovered individuals decreases to below a certain
threshold of the immunity level at which recovered individuals
could become infected, the recovered individuals essentially get
back to ‘susceptible individuals’ and could get infected with
COVID-19. In the calculation, the average duration is used as
the dii value and recovered individuals get back to ‘susceptible
individuals’ on the day ‘dii’ days after they have returned to the
community, and on and after that day, they could get infected
again.

Since the infected individuals would recover and return to the
community on the day '(rp +2)' days after infection, the
recovered individuals would get back to ‘susceptible
individuals’ on the day ‘(rp+2+dii)’ days after infection. For
example, when the recovery period (rp) is set to 14 and dii is set
to 150, individuals infected on the first day of simulation will
recover on day 16 (=14+2) and will get back to susceptible
individuals on day 166 (=16+150), which is the day 150 days
after the infected individuals have recovered. Conversely, the
number of individuals getting back to susceptible individuals
from isolated-recovered individuals on day 166, ReRT (166), is
given by:

ReRT(166)= RT (16)*bii(16)= RT (166 -150)*bii(166 -150)
(112).

Specifically, the number of individuals getting back to
susceptible individuals from isolated-recovered individuals on
day n, ReRT(n), is given by:

ReRT(n)= RT (n-dii)*bii(n-dii) (113)

where coefficient “bii” is the ‘back-to’ rate at which recovered
individuals with infection-induced immunity get back to
susceptible individuals a day. RT(n) is the number of recovered
individuals who were isolated because they were symptomatic
in the community and returned to the community after the
isolation period ended. (see ‘Dependent variables: 2-39’:
ReRT(n): Egs. (223, 224, 225).

12) bii(n): the ‘back-to’ rate at which recovered individuals with
infection-induced immunity get back to susceptible individuals
a day. This index represents the ratio of the number of
individuals who get back to susceptible individuals from
recovered individuals to the number of recovered individuals
who were infected on the same day and recovered on the same
day after the recovery period. However, note the following: The
number of recovered individuals is not always equal to the
number of infected individuals, because the number of
recovered individuals is the number obtained by subtracting the
number of deaths from the number of infected individuals. An
‘getting back to susceptible individuals’ occurs on the day ‘dvi’
days after an infected individual has recovered. (see ‘Dependent
variables 2-39’: ReRT(n): Eq. (223)).

Since the average duration of infection-induced immunity is
used, the value of bii(n) is typically set to 1.0. However, if, for
example, 20% of infected individuals develop permanent
immunity, the value of bii(n) should be set to 0.8 because 80%
of infected individuals and/or recovered individuals get back to
susceptible individuals. The individuals getting back to
susceptible individuals could be attacked by ‘reinfection’.
However, all individuals who got back to susceptible individuals
do not always become infected. In the calculation, the
individuals who got back to susceptible individuals will get
infected in the same manner (at the same rate) as the ‘original’
susceptible individuals.

13) icf(n): the infection reduction rate by infectious control
measures preventing the spread of viruses, such as facemasks,
partitions and disinfectants. When the reduction effect of
infectious control measures does not need to be considered, the
value of icf(n) should be set to 1. On the other hand, when the
number of infected individuals is reduced to 0.9 by a control
measure, the value of icf(n) is set to 0.9. Additionally, it consists
of several reduction steps, such as wearing a facemask, wearing
icf1(n), partitioning, wearing icf2(n), disinfecting, and wearing
icf3(n).

icf(n)=icfl(n)* icf2(n)* icf3(n) (114)

When icf1(n)=0.9 and icf2(n)=0.8, the reduction rate is given
by:

icf(n)=icf1(n)* icf2(n)=0.9*0.8=0.72 (115)

The reduction effect increases with decreasing icf(n). By giving
a value to icf(n), the effect of the control measure can be
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evaluated on the basis of the differences in the number of
infected individuals calculated.

14) i(n): the isolation rate for individuals who are confirmed to
be infected because they test positive. All confirmed infected
individuals are not always isolated. The number of isolated
individuals, I(n), is given by:

I(n)= CP(n-1)*i(n-1) (116) (= 4)

where CP(n) is the number of confirmed infected individuals.
The value of i(n) indicates the ratio of the number of isolated
individuals to the total number of infected individuals confirmed
to be positive. When all confirmed infected individuals are
isolated, the value of i(n) should be set to 1. The value of i(n) is
controlled by medical environments. For calculation, as shown
by Eq. (4), the individuals who must be isolated are isolated the
next day. Specifically, I(n) is practically given by equation
(116): 1(n)=CP(n-1)*i(n-1).

15) syr(n): the symptomatic rate, which is the ratio of the
number of individuals who become symptomatic to the total
number of individuals infected on the same day. The term ‘syr
(n)’ indicates the symptomatic rate of individuals who are
confirmed to be infected because they are symptomatic in the
community and are isolated. Since not all infected individuals
are symptomatic, all infected individuals are not always isolated.
The number of isolated individuals, PI(n), is given by:

PI(n)= AP(n-(Ip+1))* syr(n-(Ip+1)) (117) (= 14)

where (n-(Ip+1)) is the day one day before the ‘latent period’
before the n" day, indicating the day after the end of the latent
period, since the infected individuals become symptomatic and
are isolated the day after the end of the latent period.

The symptomatic rate (syr) can be used as an isolation rate for
infected individuals in the community.

The value of AP(n-(Ip+1)) indicates the number of infected
individuals who were newly infected on the (n-(Ip+1)) and were
isolated on day n, that is, the day after the end of the latent
period. For example, when the latent period Ip is 5 and n is 157,
Ip+1=6; then, (n-(Ip+1))=(157-6) =151, indicating that the
number of individuals isolated on the 157™ is (the number of
individuals newly infected on the 151%)*syr(151), that is,
AP(151)*syr(151). The AP(n-(Ip+1)) wvalue includes
symptomatic infected individuals, asymptomatic infected
individuals in the community and individuals who tested
positive but were not isolated. When AP(n) becomes less than
‘pfc(n)/rp(n)-0.0001°, AP(n) is set to 0. However, the number of
asymptomatic infected individuals, AS(n), is given by:

AS(n) = AP(n-(Ip+1)) - PI(n) (118) (= 15)

Asymptomatic individuals are not isolated. They stay in the
community and continue to infect susceptible individuals until
the recovery period ends, after which they become recovered
individuals in the community, although the true number of
recovered individuals is the value minus the number of deaths.

16) pfc (n): the potential (biological) infectious capacity of
coronavirus (persons/person), which is an approximate value

suggesting the number of susceptible individuals infected by
an infected (infectious) individual during the latent period
(and/or during the recovery period). Although infection
starts two or three days before the end of the latent period,
the infection rate given by the value of pfc(n)/Ip(n)
(persons/person/day) is used for calculation.

The infection rate is generally defined as the product of the
biological infection rate p, (persons/person) and the contact
number m of a person a day (persons/person/day), that is, ps
* m (persons/person/day). The practical infection rate,
however, is usually affected by the infection reduction effect
induced by infection control measures such as facemasks.
The model used here included the effect of the infection
reduction rate, icf (n), induced by infection control measures.
Specifically, for calculation, the practical infection rate, p(n),
which is the infection coefficient indicating the practical
infection rate used in calculation and includes the effect of
the infection reduction rate, is used here. p(n) is given by:

p(n)= (pfe(n)/Ip(n))*(RM(n)/N(n))* icf(n)* (1-(AL(n)/N(n)))
*(RP(n)/N(n)) (119) (=23)

where AL(n)/N(n) is
(@ll(n)*(RI(n)+RT(n))+al(n)*RAS(n)+alV(n)*V(n))/N(n)), and
the term (1-(AL(n)/N(n))) is the reduction rate of the contact
rate, which is equivalent to the term (1-6(R(n)/N(n))) of Eq.

(2):
cr(m=(S(n)/N(m))(1-6(R(n)/N(n))) @

As previously explained, p(n) indicates an infectious capacity,
including the contact rate changing with the number of
susceptible individuals (RM(n)), recovered individuals (RI(n),
RT(n), and RAS(n)); vaccinated individuals (V(n)); and the
population excluding the individuals kept in isolation and dead
but including the recovered individuals who returned to the
community, that is, the total number of individuals living and
working in the community (N(n)).

17) Ip(n): the latent period, which is the time interval between
when an individual is infected and when he/she is symptomatic.
The latent period is usually defined as the time interval between
when an individual is infected and when he/she is symptomatic
and infectious. Specifically, infected individuals can infect
susceptible individuals after the latent period. However, for
COVID-19, infections have occurred and spread even during the
latent period. Infected individuals infect susceptible individuals
even during the latent period. However, when an infected
individual becomes symptomatic after the latent period ends,
he/she is isolated. Thus, infected individuals can potentially
infect susceptible individuals throughout the recovery period,
including the latent period, but since infected individuals who
become symptomatic are isolated, they cannot infect susceptible
individuals after the latent period. The infected individuals who
do not develop symptoms, that is, those who are asymptomatic,
are not isolated, remain in the community and continue to infect
susceptible individuals in the community.
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18) rp(n): the recovery period, which is the time interval
between when an individual is infected and when he/she
recovers from one's disease and when he/she is not capable of
infection. This period is also equivalent to the infectious period.
However, for infected individuals who are isolated because of a
positive test, the recovery period is equal to the isolation period,
as explained by 19) rpl(n). The recovered individuals return to
the community the day after the end of the recovery period.

The variables Ip and rp are used in the following
calculation:

RAS(n)=AS(n-(rp-1p))-DAS(n-(1+trunc((rp-1p)/2))) = AS(n-
(rp-1p))-AS(n-(rp-Ip))*fr(n-(rp-Ip)) (120) (=17)

where RAS(n) is the number of ‘recovered’ individuals who
were infected but did not develop symptoms, were
asymptomatic, were not isolated, were staying in the
community, had continued to infect until the recovery period
ended, and then had become ‘recovered’ individuals on day
n. AS(n-(rp-Ip)) is the number of asymptomatic infected
individuals who were infected on day (n-(rp-Ip)), were not
isolated, were staying in the community and could be
recovered individuals on day n and was calculated by
subtracting the P1 from the AP, as shown in Eq. (118). The
deaths of infected individuals occurred during the middle of
the isolation period; that is, ‘trunc(rp-Ip)/2’. Specifically,
some of the infected individuals who have been isolated on
date n die on date (n+trunc(rp-lp)/2). For asymptomatic
individuals, the same procedure was used. Specifically,
when the number of asymptomatic individuals infected on
date n is AS(n) and the fatality rate for the asymptomatic
infected individuals in the community is fr(n), the AS(n)*
fr(n) individuals die on date (n+trunc(rp-Ip)/2). Conversely,
the death toll of asymptomatic individuals on date n, DAS(n),
is given by Egs. (16) and (123). Thus, in the actual
calculation, RAS(n), which is the number of individuals
recovered from asymptomatic infected individuals
excluding the death toll, is given by Eq. (120).

For the Excel file, the row and column number should be
given not by function (and/or formula) but by a numerical
value. For example, column BN is assigned to the number of
recovered individuals in the community (RAS), and BN(n)
indicates the value of RAS(n) on date n. In the attached Excel
file, the calculation of RAS(n) is expressed as follows:

[BN (n)] =IF(V(n)>N(n)+1, AQ (n-(rp - Ip))-AT (n-
(1+trunc(rp - Ip)/2)),0) (121)

where column V is assigned to the time (n; the number of
trials); column N is the recovery period (rp); column AQ is
the number of asymptomatic infected individuals in the
community (AS(n)); and column AT is the number of
individuals who are asymptomatic and die of infection after
the latent period in the community, that is, the death toll in
the community (DAS(n)). When the time is 1, the row
number, n, is 24. Since n-(rp-1p)=24-(14-5)=24-9=15 and (n-
(1+trunc(rp-1p)/2)) =24-(1+trunc(14-5)/2)) =24-
(1+trunc(9)/2)=24-(1+4)=24 - 5=19, formula (121) should
be rearranged as follows:

[BN (24)] =IF((V24>N24+1, AQ 15 — AT19, 0)
(122)

As mentioned above, when the latent period and/or the
recovery period are set, the row numbers for the columns
corresponding to the recovery and death periods should be
assigned unique numerical values calculated in the same
manner as (n-(rp-Ip)) and (n-(1+trunc(rp-1p)/2)). When the
values of Ip, rp and rpl are set in the designated columns of
the 24™ row, the unique numerical values equivalent to ‘15
and ‘19°, which are applied to the individual columns in the
24" row, are automatically calculated and shown in the
columns necessary for rearranging in the 23 row. Once you
have changed all the columns required to be changed in row
24, copy everything from column A to column DZ in row
24, paste it into the next row, and continue from the 25th row
until the row where another independent variable is required
to be set/changed. When copies and pastes are finished at the
end row necessary, the calculation is finished, and the
numerical results and a graph expressing the changes in the
number of infected individuals and others are shown in the
Excel file.

19) rpl(n): the recovery period, which is the time interval
between when an individual is isolated because of a positive test
and when he/she returns to the community. This period is
equivalent to the ‘isolation period’ for test-positive individuals.
For the recovered individuals who were infected, symptomatic,
isolated and returned to the community since they were isolated
after the latent period, the ‘isolation period’ is ‘rp(n) - Ip(n)’.
However, the ‘isolation period’ together with the recovery
period is set not only from a medical point of view but also from
a policy point of view.

20) all (n): the activity level of the recovered individuals who
returned to the community from the isolated category. In other
words, it is the activity level for individuals who were isolated
because both tested positive and symptomatic and who returned
to the community after the recovery period (after the isolation
period).

21) al (n): the activity level of the recovered individuals who
were asymptomatic, were not isolated and recovered in the
community after the recovery period.

22) alV(n): the activity level of the vaccinated individuals who
have immunity.

23) fr(n): the fatality rate for asymptomatic infected individuals
in the community. Since symptomatic infected individuals
should be isolated, fr(n) is applied to asymptomatic infected
individuals in the community. For the model proposed here,
some infected individuals die on the middle date of the recovery
period. Specifically, some of the individuals infected and/or
isolated on date n die on date (n+(rp-Ip)/2). For asymptomatic
individuals, when the number of asymptomatic individuals
infected on date n is AS(n), the AS(n)* fr(n) individuals die on
date (n+(rp-1p)/2). Conversely, the death toll of asymptomatic
individuals on date n, DAS(n), is given by:
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DAS(n)=AS(n-trunc((rp-1p)/2))*fr(n-trunc((rp-1p)/2))
(123) (=16)

24) frl(n): the fatality rate for the isolated individuals.
Individuals who are confirmed to be infected because they are
symptomatic in the community and/or because they test positive
are isolated and receive some medical treatment. The fatality
rate for isolated individuals is probably different from that for
asymptomatic individuals in the community.

For the model proposed here, some isolated individuals die on
the middle date of the recovery period; for example, rpl/2 is used
for individuals who are isolated because they test positive, and
(rp-Ip)/2 is used for individuals who are isolated because they
are symptomatic. For example, some of the individuals isolated
because they test positive on date n die on date (n+rpl/2) days
after date n. Specifically, when the number of individuals
isolated on date n is I(n), the I(n)* fri(n) individuals die on date
(n+rpl/2) days after date n. Conversely, the death toll on date n,
DTI(n), is given by:

DTI(n)=1(n-trunc(rpl/2))*frI(n-trunc(rpl/2))
(124) (= 19)

An Excel table was also used for the recovery period. For
example, the column AM is assigned to the death toll (DTI),
and AM(n) indicates the value of DTI(n) on date n. The
calculation of DTI(n) is expressed as follows:

[AM (n)] =IF(V(n)>trunc(O(n)/2), AF(n-trunc(rpl/2))*I (n-
trunc(rpl/2)), 0) (125)

where column V is assigned to the time (n, the number of
trials); column O is the recovery period for the isolated
individuals because of a positive test (rpl); column AF is the
number of individuals newly isolated because of a positive
test (I(n)); and column 1 is the fatality rate for the isolated
individuals (frl(n)). For example, when the recovery period
is 14 days and the number of trials is 100, the row number,
n, is 123. Since n-trunc(rpl/2)) =123 - trunc(14/2) =123 -
7=116, formula (125) should be rearranged as follows:

[AM123] =IF(V123> trunc(0123/2), AF116 *1116, 0)
(126)

Consequently, the number of individuals recovered on date n,
RI(n), is given by:

RI(n)=1(n-rp1)-DTI(n-(1+trunc(rpl/2))) = I(n-rpl)-1(n-
rpl)*fri(n-rpl) (127) (= 18)

For the individuals isolated due to being symptomatic, PI(n), for
the calculation of the number of recovered individuals who
returned to the community, the same procedure as rp(n) was
used.

Note the following: In the calculation, the numbers below the
decimal point are used; however, for the expression of the
number of individuals in the table, the nearest whole number is
rounded. Specifically, the number of individuals is rounded to a
whole number, that is, ‘0.5=Number of Individuals, then
Number=1; 0.5 >Number, then Number=0’.

Therefore, regarding the cumulative number and/or total number
and/or sum, there may be cases that show a difference of a few
persons between the cumulative number/total number/sum of
the converted integer and the cumulative number/total/sum
number calculated including the decimal point.

2. Dependent variables of the model (results of simulation
(101 variables))

The values of the dependent variables are uniquely determined
on the basis of the values of the independent variables that you
specify. The meanings and calculation processes of the
dependent variables are as follows:

2-1) TN(n): the total population of the community, such as a city,
on date n. Although TN (1) is the initial total population of the
community, specified by you, TN(n) is changed by the number
of susceptible individuals (NAP(n)) and/or infected individuals
(UP(n)) who come in and/or come out of the community, both
of which are also specified by you. TN(n) is given by Eq. (201).

TN(n)=TN(n-1)+NAP(n)+UP(n)
(201)(=101)

2-2) N(n): the population of the ‘real' community on the
morning of day n, excluding the individuals kept in isolation
and dead. It is given by:

N(n)=TN(n-1) - (CI(n-1) + CPI(n-1) + CDAS(n-1)) + CRI(n-1)
+ CRT(n-1) (202) (= 26)

while N (1) is TN (1).

2-3) P(n): the number of infected individuals in the morning on
date n, which is equal to the number of infected individuals at
night on the previous day, that is, P(n-1(night)). The initial
number of infected individuals (P(1)) is specified by you. P(n)
in the morning on the second day and thereafter (n>1) is given

by:

P(n)= P(n-1(night))=RP(n-1)+AP(n-1(night)) =RP(n-1)+p(n-
1)*RM(n-1) (203) (=102, 25)

where P(n-1(night)) is the number of infected individuals on the
previous night. Since an infection occurs during the day from
the morning to the evening in the model, the AP(n(night)), which
is the value of AP(n) at night, is the correct number of
individuals newly infected a day.

As noted in the text, the ‘number of infected individuals: P(n)’
is not the ‘number of individuals newly infected a day: AP(n)’
but rather the total number of infected individuals currently
existing in the community, that is, the sum of the number of
infected individuals during the latent period and/or the recovery
period.

2-4) trunc (P(n)): the number of infected
individuals truncating the decimal point for reference. for
reference.

2-5) ir(n): the incidence rate in the whole community:

ir(n)=P(n)/TN(n) (204) (= 6)
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It is expressed not as “per 10,000 person-days” but as a “ratio”
for convenience of calculation.

2-6) tir(n): the percentage of positive results in the PCR test
and/or antibody test; that is, the positive rate:

tir(n)=bp(n)*ir(n) (205)

=7

2-7) CP(n): the number of individuals confirmed to be infected
because they tested positive:

CP(n)=T(n)*bp(n)*ir(n) (206)

(=103, 5)
2-8) CCP(n)=XCP(n)

2-9) truncCP (n): the number truncating the decimal point of the
infected individuals confirmed because they tested positive.
This figure is for your reference.

2-10) TCP(n)=ZtruncCP(n)

2-11) I(n): the number of individuals isolated because they
tested positive:

I(n)= CP(n-1)*i(n-1) (207)

(=116, 4)

where i(n) is the isolation rate for individuals who are confirmed
to be infected because they test positive. The individuals
confirmed to be infected on the previous day, the date of (n-1),
are isolated on date n for the purpose of calculation. Thus, 1(n)
is given by I(n)= CP(n-1) * i(n-1).

2-12) CI(n)=ZI(n)

2-13) RAI(n): the remaining number of isolated individuals
minus the number of recovered individuals and death toll from
the number of individuals isolated due to being test positive:

RAI(n)=CI(n) - (RI(n) + DTI(n))
(208)

2-14) RPM(n): the remaining number of infected individuals in
the community excluding the number of individuals isolated due
to being test positive but including the individuals who tested
positive but were not isolated and were staying in the
community.

RPM(n) =P(n) + UP(n) - I(n-1)
(209)

2-15) AP(n): the number of individuals newly infected for one
day from the morning to the night on day n. Since infections
occur during the day from the morning to the evening in the
model, AP(n) can also be expressed as AP (n (night)):

AP(n)= AP (n (night))=RPM(n) — RP(n-1)
(210)

The value of AP(n) includes symptomatic infected individuals,
asymptomatic infected individuals in the community and
individuals who tested positive but were not isolated and were
staying in the community.

Thus, in the Excel file, AP(n) is given by:
[AJ (n)] = Al(n)-Cl(n-1)) (211)

where column AJ is assigned to the AP, column Al is assigned
to the RPM and column ClI is assigned to the RP. Formula (211)
means that

‘AP(n)=RPM(n)- RP(n-1)’
2-16) CAP(n)==AP(n)

2-17) DTI (n): the death toll of the individuals isolated because
they tested positive. The isolation period was rpl:

DTI(n)=I(n-trunc(rpl/2))*frI(n-trunc(rpl/2))
(212) (=124, 19)

2-18) CDTI(n)==DTI(n)

2-19) PI(n): the number of isolated individuals who are isolated
because they are symptomatic in the community.

PI(n)=AP(n-(Ip+1))* syr(n-(Ip+1))
(=117,14

(213)

2-20) CPI(n)=xPI(n)

2-21) AS(n): the number of asymptomatic infected individuals
in the community, that is, the number of infected individuals
excluding the individuals isolated due to being symptomatic in
the community:

AS(n)=AP(n-(Ip+1))-PI(n) (214) (=118, 15)

Since asymptomatic individuals are not isolated, they continue
to infect susceptible individuals in the community until the
recovery period ends, after which they become recovered
individuals in the community.

2-22) CAS(n)=XAS(n)

2-23) DAS(n): the number of individuals who are asymptomatic
and die of infection after the latent period in the community, that
is, the death toll in the real community:

DAS(n)=AS(n-trunc((rp-1p)/2))*fr(n-trunc((rp-1p)/2))
(215) (=123, 16)

The date of death of asymptomatic infected individuals
remaining in the community was the same as that of
symptomatic/isolated infected individuals, as explained by Eqgs.
(16) and (123).

2-24) CDAS(n)=2DAS(n)

2-25) DT(n): the death toll of the individuals isolated due to
being symptomatic in the community:

DT(n)=PI(n-trunc((rp-1p)/2))*fri(n-trunc((rp-1p)/2))
(216) (= 21)

2-26) CDT(n)=2DT(n)

2-27) DDTI(n): the death toll of the individuals isolated because
they test positive and symptomatic:

DDTI (n)= DTI (n)+DT (n) (217).

Ameri J Clin Med Re, 2025

ISSN: 2835-9496

Vol. 5(9): 43 of 57



Citation: Ohmori H (2025) Effect of Reinfection on the Spread of COVID-19 Evaluated by a Flexible Compartment Model. Ameri
J Clin Med Re: AJCMR-238. https://doi.org/10.71010/2835-9496/ajcmr-e240.

2-28) CDDTI(n) ==DDTI(n).
2-29) DSUM(n): sum of the death tolls:

DSUM(n)=DTI(n)+DAS(n)+DT(n) (218)

2-30) CDSUM(n) =ZDSUM(n)

2-31) RI(n): the number of recovered individuals who were
isolated because they tested positive and returned to the
community after the isolation period ended. It is the number of
isolated individuals excluding the death toll. The isolation
period was rpl:

RI(n)=1(n-rpl)-DTI(n-(1+trunc(rpl/2))) = I(n-rpl)-I(n-
rpl)*fri(n-rpl) (219) (=127, 18)

2-32) CRI(n)=XRI(n)

2-33) ReRI(n): the number of individuals who got back to
susceptible individuals from recovered individuals (RI) who
were isolated because they tested positive:

ReR1(n)=CRI(n-dii)*bii(n-dii) (220)

2-34) CReRI(n)= ZReRI(n)

2-35) JCReRI(n): the adjusted ReRI(n): the number of currently
existing susceptible individuals who got back to susceptible
individuals from recovered individuals (R1) who were isolated
because the test was positive:

JCReRI(n)= ReRI(n)-CAPReRI(n-1)
(221)

2-36) CRIJ(n): the number of remaining recovered individuals
who were isolated because they tested positive:
CRIJ(n)=CRI(n)-JCReRI(n)

2-37) RT(n): the number of recovered individuals who were
isolated because they were symptomatic in the community and
returned to the community after the isolation period ended. It is
the number of isolated individuals excluding the death toll. The
isolation period is the value after the latent period is subtracted
from the recovery period, that is, rp(n)-lp(n), because these
individuals were symptomatic after the end of the latent period,
were isolated the next day, and recovered from the disease when
the recovery period, which includes the latent period, ended and
subsequently returned to the community:

RT(n)=PI(n-(rp-1p))-DT(n-(L+trunc((rp-1p)/2)))

=PI(n-(rp-Ip)) -P1(n-(rp-Ip))*fri(n-(rp-Ip))
(= 20)

(222)

2-38) CRT(n) =2RT(n)

2-39) ReRT(n): the number of individuals who got back to
susceptible individuals from recovered individuals (RT) who
were isolated because they were symptomatic:

ReRT(n)=CRT(n-dii)*bii(n-dii) (223)

where bii(n) is the ‘back-to’ rate at which recovered individuals
with infection-induced immunity get back to susceptible
individuals a day.

As explained before (see ‘Independent variables 11°: dii), in the
calculation, recovered individuals get back to susceptible
individuals on day ‘dii’ days after they return to the community,
and on and after the day, they could become infected again.
Since the infected individuals would recover and return to the
community on the day ‘rp +2” days after infection, the recovered
individuals get back to susceptible individuals on the day
‘rp+2+dii’ days after infection.

For example, when the recovery period (rp) is set to 14 and dii
is set to 150, the individuals infected on the first day of
simulation recover on day 16 and get back to susceptible
individuals on day 166, which is the day 150 days after the
isolated-recovered individuals return to the community.
Conversely, the number of individuals ‘getting back to
susceptible individuals from isolated-recovered individuals’ on
day 166, ReRT (166), is given by:

ReRT(166)= RT (16)*bii(16)= RT (166 - 150)*bii(166 -150)
(224)

Eq. (224) is rewritten by substituting 166 by n and 150 by dii:

ReRT(n)= RT (n-dii)*bii(n-dii) (225)(=223, 113)

Eqg. (225) indicates the number of individuals getting back to
susceptible individuals from isolated-recovered individuals on
day n. In the Excel file, Eq. (225) is expressed as follows:

[BI(Y)] = BH(X)* E(x) (226)

where y is the starting row number (= the starting date when the
individuals getting back to susceptible individuals appear) of
column BJ, which is assigned to the number of susceptible
individuals (ReRT(n)) who got back from isolated-recovered
individuals; x is the row number set to column BH, which is
assigned to the number of isolated-recovered individuals a day
(RT (n)); and it is also the row number set to column E, which is
assigned to bii(n), which is the 'back-to’ rate of individuals with
infection-induced immunity a day.

In the Excel file, the 24" row was set to the first day of
simulation, and the values of y and x are given by:

y= (23+dii+rp(n)+2) (227)

and

x= (23+ rp(n)+2) (228)

For the Excel file, as mentioned before, the row and column
numbers should be given not by function (and/or formula) but
by a numerical value. For example, when dii is set to 150 and
rp(n) is set to 14, the value of y becomes 189=23+150+14+2),
and the value of x becomes 39 (=23+14+2). This indicates that
the values of column BH should be set to 0 until date 188, and
the first day when the individuals get back to susceptible
individuals appear is day 189. Thus, the formula in the 189" row
of column BJ is expressed as:
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[BJ189] = BH39* E39 (229)

When the value of dii is set in the 23" row of column E and
the value of rp is set in column N, the unique numerical value
ofy, which is equivalent to ‘189’, is automatically calculated
and shown in the 23" row of column BH, and the unique
numerical value of x, which is equivalent to ‘39°, is
automatically calculated and shown in the 23™ row of
column BJ. For the row after the 189" row, the cell of BJ189
should be copied and pasted to the following rows (from the
190" row to the end row necessary). The formulas in the
following rows are automatically changed as follows:

[BJ190]= BH40* E40
[BJ191]= BH41* E41
and in the n™ row,

[BJ(n)] = BH(n-dii)* E(n-dii) (230)

Formula (230) is mathematically equivalent to

ReRT(n)=RT(n-dii)*bii(n-dii) (231)(=225, 223, 113)

When the COVID-19 epidemic ends, the number of recovered
individuals themselves should ultimately be 0. When the
number of recovered individuals becomes 0 on date m, the value
of ReRT (m+ dii) on date (m+ dii) automatically becomes 0
because RT (m) becomes 0; that is, the value of BH(m) becomes
0. Thus, Eq. (231) indicates that when the epidemic ends on date
m, the values of ReRT(n) automatically become 0 on and after
date (m+ dii).

2-40) CReRT(n)=ZReRT(n)

2-41) JCReRT(n): the adjusted ReRT(n): the number of currently
existing susceptible individuals who got back to susceptible
individuals from recovered individuals (RT) who were isolated
because they were symptomatic:

JCReRT(n)= CReRT(n)-CAPReRT(n-1) (232)

where CAPReRT(n)= X APReRT(n), and APReRT(n): the
number of reinfected individuals among susceptible individuals
(ReRT) who got back from recovered individuals (RT) who were
isolated because they were symptomatic:

APReRT(n)=AP(n)*(JCReRT(n)/RM(n)) (see 2-83:
APReRT(n)).

2-42) CRTJ(n): the number of remaining recovered individuals
who were isolated because they were symptomatic:

CRTJ(n)=CRT(n)-JCReRT(n) (233)

2-43) RAS(n): the number of recovered individuals who were
infected once but did not become symptomatic, were
asymptomatic, were not isolated, were living in the community,
continued to infect susceptible individuals until the recovery
period ended, and subsequently recovered. It is equal to the
number of asymptomatic infected individuals excluding the
death toll:

RAS(n)=AS(n-(rp-Ip))-DAS(n-(1+trunc((rp-1p)/2)))= AS(n-(rp-
Ip))-AS(n-(rp-1p))*fr(n-(rp-Ip)) (234) (=120, 17)

(see ‘Independent variables; 18: rp(n), Eq. (120))

2-44) CRAS(n)=XRAS(n)

2-45) ReRAS(n): the number of individuals who got back to
susceptible individuals from recovered individuals (RAS;
asymptomatic-recovered individuals) who were asymptomatic
and were not isolated, were living in the community and had
recovered:

ReRAS(n)=CRAS(n-dii)*bii(n-dii) (235)

2-46) CReRAS(n)= ReRAS(n)
2-47) JCReRAS(n): the adjusted CReRAS(n)
JCReRAS(n)= CReRAS(n)-CAPReRAS(n-1)
(236)
2-48) CRASJ(n): the adjusted number of remaining
recovered individuals who were asymptomatic, not isolated
and remained in the community:
CRASJ(n)=CRAS(n)- JCReRAS(n)
(237)
2-49) CRITASO(n): the total number of the cumulative number
of recovered individuals:

CRITASO(n) =CRI(n)+CRT(n)+CRAS(n)
(238)
2-50) TReRIRTRAS(n): the total number of susceptible
individuals who got back to susceptible individuals from
recovered individuals (RI, RT & RAS)

TReRIRTRAS(n)=ReRI(n)+ ReRT(n)+ReRAS(n) (239)

2-51) JCReRec(n): the cumulative number of susceptible
individuals who got back from recovered individuals, excluding
the number of individuals who got reinfected, that is, the number
of currently existing susceptible individuals who got back from
recovered individuals. JCReRec(n) is the sum of the adjusted
ReRI(n)(=JCReRI(n)), the adjusted ReRT(n)(=JCReRT(n)) and
the adjusted ReRAS(n)(=JCReRAS(N)):

JCReRec(n)=JCReRI(n)+JCReRT(n)+JCReRAS(n)  (240)

2-52) CRITASJ(n): the total number of remaining recovered
individuals in the community:

CRITASJ(n)=CR1J(n)+CRTJ(n)+CRASJ(n) (241)

2-53) TCRITASJ(n): the adjusted total number of remaining
recovered individuals (Susceptible - (Infected +Reinfected)):

TCRITASJ(n)=CRIJ(n)+CRTJ(n)+CRASI(n)-CTAPReRec(n-1)
=CRITASJ(n)-CTAPReRec(n-1)(=SRT(n)) (242)

2-54) irN(n): the incidence rate in the real community (%).
It is for your reference:

irN(n)=P(n)/N(n)*100 (243)

2-55) trCP (n): the percentage of positive PCR and/or
antibody test results; that is, the positive rate; (%). It is for
your reference:

trCP(n)=(CP(n)/T(n))*100 (244)
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2-56) RMO00(n): the number of currently existing susceptible
individuals in the community at night:

RMO00(n)= TN(n)+JCReRec(n)-(Cl(n)+CAP(n)) (=(TN(n)-
(Cl(n)+CAP(n))) +JCReRec(n)) (245)

where TN(n) is the total population of the community;
JCReRec(n) is the cumulative number of susceptible individuals
who got back from recovered individuals, excluding the number
of individuals who got reinfected, that is, the number of
currently existing susceptible individuals who got back from
recovered individuals; CI(n) is the cumulative number of
individuals isolated because they tested positive; and CAP(n) is
the ZAP(n), that is, the cumulative number of individuals up to
the n™ day, including the number of individuals who tested
positive but were not isolated and remain in the community. Eq.
(245) represents the sum of the number of ‘remaining original’
susceptible individuals (TN(n)-(CI(n)+CAP(n))) and the
number of currently existing susceptible individuals who got
back from recovered individuals (JCReRec(n)).

2-57) VO(n): the number of individuals vaccinated a day:
VO(n) =TN(1)*vd(n)
(246)(=104)

where vd(n) is the vaccination rate, which is the ratio of the
number of individuals newly vaccinated a day to the initial total
population of the community. (see ‘Independent variables; 7’:
vd(n), Eq. (104))

2-58) CVO(n): the cumulative number of vaccinated individuals
up to day n:

CVO(n)=2V0(n)= =(TN(L)*vd(n))
(247)(=105,10)

Vaccinated individuals have vaccine-induced immunity. They
live and work in the real community in Figure 1 (see
‘Independent variables; 7°: vd, Egs. (104 & 105)).

However, the total number of currently existing vaccinated
individuals (CV0O(n)) must be less than or equal to the total
number of the community's population (TN(n)) and the number
of susceptible individuals in the community (RMO0O(n)).
Specifically, (TN(n)+ RMO00(n)-CV0(n)) should be greater than
or equal to 0; that is, (TN(n)+ RMO0O0(n)-CVO(n))=0. Thus,
CVO(n) should be less than or equal to the value of
(TN(n)+RMOO0(n)); that is, CVO(n))=(TN(n) +RMO00(n)).
Therefore, if CVO(n) calculated via Eq. (247) becomes larger
than (TN(n) +RM0O0(n)), CVO(n) should be set to (TN(n) +RM00
(n)); otherwise, CVO(n) is given by Eq. (247).

2-59) JCVO(n): the adjusted CVO(n), which is the value of
CVO0(n) adjusted in the manner explained above.

JCVO(n)=IF(CVO(n)< (TN(n) +RMO00(n)), (TN(n) +RMOO(n)),
(TN(n) +RMOO(n)))  (248)(=11)

In the Excel file, JCVO(n) is expressed as follows:

[CF(n)-=IF(CE(n)<($U(n)+CC(n)),CE(n),($U(n)+CC(n)))
(249)

where column CF is assigned to JCVO; column CE is assigned
to CVO; column U is assigned to TN; and column CC is assignhed
to RM00. As shown by Eg. (245), RMOO(n)),
RMO00(n)=TN(n)+JCReRec(n)-(CI(n)+CAP(n)). Formula (249)
indicates that:

‘If CVO(n) < (TN(n) +RMO00(n)), then JCVO (n)= CVO (n);
otherwise, JCVO(n)= (TN(n) +RMO00(n))’

2-60) ReVac(n): the number of individuals getting back to
susceptible individuals from vaccinated individuals:

ReVac(n)=VO0(n-dvi)*bvi(n-dvi)
(250)(=111, 110)

where dvi is the duration of vaccine-induced immunity (the
validity period of vaccine-induced immunity) and bvi(n) is the
‘back to rate’ at which vaccinated individuals with vaccine-
induced immunity get back to susceptible individuals a day (see
‘Independent variables; 8’: ds, 9: dvi & 10: bvi).

As explained before (see ‘Independent variables 8’: ds), on the
first date when the individuals getting back to susceptible
individuals appear, the number of individuals getting back to
susceptible individuals (ReVac(ds+dvi)) is given by:

ReVac(ds+dvi)=V0(ds)*bvi(ds)
(251)(=106)

where ds is the starting date of mass vaccination, dvi is the
duration of vaccine-induced immunity (the validity period of
vaccine-induced immunity), and bvi(n) is the 'back to rate’ of
individuals with vaccine-induced immunity.

For example, ds is set to 51, indicating that vaccination starts on
date 51, and the duration of vaccine-induced immunity (dvi) is
set to 100, indicating that vaccinated individuals get back to
susceptible individuals 100 days after vaccination. The first day
when the individuals getting back to susceptible individuals
appear is day 151, and the number of individuals getting back to
susceptible individuals on that day is as follows:

ReVac(51+100)= ReVac(151)=V0(51)*bvi(51) =V0(151-
100)*bvi(151-100) (252)

Before day 151, ReVac(n) should be set to 0.

Formula (252) is rewritten by substituting 151 by n and 100 by
dvi:

ReVac (151) =V0(151-100) *bvi(151-100); that is,

ReVac(n)=V0(n-dvi)*bvi(n-dvi)
(253)(=250, 111, 110)

This indicates that on and after date 151, ReVac(n) is given by
Eq. (253), which means that the number of individuals getting
back to susceptible individuals on day n is equivalent to (the
number of individuals who recovered ‘dvi’ days before day n) *
(the vaccination rate ‘dvi’ days before day n). As previously
noted, Eq. (253) indicates that the immunity of individuals
vaccinated on date (n-dvi) decreases below a certain threshold
on date n.
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In the Excel file, Eq. (253) is expressed as follows:

[CG(y)]=IF(C(x)>0, CD(x)* D(x), 0) (254)

where y is the starting row number (= the starting date when the
individuals getting back to susceptible individuals appear) of
column CG, which is assigned to the number of individuals
(ReVac(n) who get back to susceptible individuals from
vaccinated individuals, x is the row number set to both column
CD, which is assigned to the number of individuals vaccinated
individuals a day (VO(n)), and column D, which is assigned to
the 'back to rate (bvi)’ of individuals with vaccine-induced
immunity a day. Column C, which is assigned to the vaccination
rate a day (vd(n)), indicates that when vd(n) is equal to or less
than 0, ReVac(n) is 0.

In the Excel file, the 24™ row was set to the first day of
simulation, and the values of y and x are given by:

y= (23 + ds + dvi) (255)

and

x= (23+ds) = (y-dvi) (256)

For the Excel file, as mentioned before, the row and column
numbers should be given not by function (and/or formula) but
by a numerical value. For example, when ds is set to 51 and dvi
is set to 100, the value of y becomes 174 (=23+51+100), and the
value of x becomes 74 (=23+51). This indicates that the value of
the column CG should be set to 0 until day 173, and the first date
when the individuals getting back to susceptible individuals
appear is day 174. Thus, the value of the 174" row of column
CG should be expressed as:

[CG174]= IF(C74>0, CD74* D74, 0)
(257)

When the value of ds is set in the 23' row of column C, the
unigue numerical value of y, which is equivalent to ‘174, is
automatically calculated and shown in the 23 row of
column CD. When the value of bvi is set in the 23 row of
column D, the unigque numerical value of x, which is
equivalent to ‘74°, is automatically calculated and shown in
the 23" row of column CG. For the row after the 174" row
of column CG, the cell of the CG174 is copied and pasted to
the following rows (from the 175" row to the end row
necessary). The formulas in the following rows are
automatically changed as follows:

[CG175] = IF(C75>0, CD75* D75, 0)

[CG176] = IF(C76>0, CD76* D76, 0)

and in the n' row,

[CG(n)] = IF(C(n-dvi)>0, CD(n-dvi)* D(n-dvi), 0) (258)
Formula (258) is mathematically equivalent to

ReVac(n)=VO(n-dvi) *bvi(n-dvi) (259)(= 253, 250, 111, 110)

Additionally, if mass vaccination starts on the 51% day,
continues until the 200" day and ends on the 201% day, the value
of the 224" row of column C, which is assigned to the
vaccination rate vd(n), should be set to 0, that is, C224= 0.
Formula (258) is rewritten as

[CG324] = IF(C224>0, CD224* D224, 0) (260)

where 224=201 (the end date of mass vaccination), +23 (the first
row of the simulation), and 324=100 (dvi; the duration of
vaccine-induced immunity) +224.

Formula (260) indicates that “when C224 is equal to or less than
0 (since CD224 hecomes 0), then CG324 is 0”. In other words,
the vaccination rate on the 201 day, vd(201) (=C224), is equal
to or less than 0, since the number of individuals vaccinated a
day on the 201% day (V0(201) (=CD224) becomes 0, then the
number of individuals who get back to susceptible individuals
from vaccinated individuals on the 301% day (ReVac(301)
(=CG324) is 0”. Thus, when mass vaccination ends on the 201
day and the values on and after the 224" row of column C are
set to 0, the values of column CG (the number of individuals
who get back to susceptible individuals from vaccinated
individuals) become 0 on and after the 301% day.

As explained above, when the mass vaccination program ends
on day m, the values of ReVac(n) become 0 on and after day
(m+dvi).

2-61) CReVac0(n)=XReVac(n)

2-62) JCReVac(n): the adjusted CReVac(n). Since susceptible
individuals who get back from vaccinated individuals could be
infected with breakthrough infection, the number of susceptible
individuals who get back from vaccinated individuals,
CReVac(n), decreases, accompanied by an increase in
breakthrough infection. The adjusted CReVac(n), which is
expressed by JCReVac(n), is given by:

JCReVac(n) =CReVac(n)-CAPReVac(n-1) (261)

JCReVac(n)
susceptible
individuals.

indicates the number of currently existing
individuals who got back from vaccinated

2-63) V(n): the number of currently existing vaccinated
individuals who have immunity, excluding individuals who
have got back to susceptible individuals:

V(n) = JCVO(n)-CReVac(n) 262)(=9)

2-64) N (n (night)): the population excluding the individuals
kept in isolation and the dead individuals in the real
community at night:

N(n(night))=TN(n)-(Cl(n)+CPI(n)+CDAS(n)+CDT(n))+
CRI(n)+CRT(n) (263)

2-65) RMO(n): the number of susceptible individuals excluding
the individuals who have got back from vaccinated individuals
to susceptible individuals, that is, the number of ‘original’
susceptible individuals:
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RMO(n)= TN(n)-(CI(n)+CAP(n)+JCV0(n))+JCReRec(n)
(264)

where TN(n) is the total population of the community, such as a
city, that is, the number of living individuals and the toll of death
in the community; CI(n) is ZI(n), that is, the cumulative number
of isolated individuals who test positive; CAP(n) is XAP(n), that
is, the cumulative number of individuals newly infected a day,
including the number of individuals who test positive but are not
isolated; JCVO(n) is the ‘adjusted CVO(n)’ and CVO(n) is the
cumulative number of vaccinated individuals up to day n (see 2-
59: JCVO(n)); and JCReRec(n): the cumulative number of
susceptible individuals who got back from recovered
individuals, excluding the number of individuals who got
reinfected, that is, the number of currently existing susceptible
individuals who got back from recovered individuals:
JCReRec(n)=JCReRI(n)+JCReRT(n)+JCReRAS(n) (see 2-51:
JCReRec(n)).

Note the following: TN(n) changes with changes in the number
of susceptible individuals (NAP(n)) and/or infected individuals
(UP(n)) coming in and/or coming out of the community.
However, since the vaccinated individuals are living in the
community and the recovered individuals also have already
lived in the community, TN(n) itself is not changed by changes
in the numbers of V(n) and JCReRec(n).

2-66) RM(n): the number of susceptible individuals in the
community at night, that is, the number of currently existing
susceptible individuals, including the ‘original’ susceptible
individuals and the susceptible individuals who got back from
recovered individuals:

RM(n)= TN(n)-(CI(n)+CAP(n)+V(n))+JCReRec(n)
(265) (= 46, 3)

where TN(n) is the total population of the community such as a
city; CI(n) is ZI(n); CAP(n) is ZAP(n); V(n) is the number of
vaccinated individuals who are living in the community; and
JCReRec(n) is the number of susceptible individuals who got
back from recovered individuals. Specifically, Eq. (265)
indicates that the number of susceptible individuals RM(n) is
calculated by subtracting the cumulative number of individuals
tested positive-isolated (CI) and the cumulative number of
infected individuals (CAP), including recovered individuals and
dead individuals, and moreover, by subtracting the number of
vaccinated individuals (V) and adding the number of currently
existing susceptible individuals (JCReRec(n)). Here, V(n) is the
number of currently existing vaccinated individuals who have
immunity, excluding individuals who got back to susceptible
individuals (see 2-63: V(n)):

V(n) = JCVO(n)-CReVac(n) (266)(=262, 9).

JCReRec(n) is the cumulative number of susceptible individuals
who got back from recovered individuals, excluding the number
of individuals who got infected again. It indicates the number of
currently existing susceptible individuals who got back from
recovered individuals (see 2-51: JCReRec(n)).

JCReRec(n)=JCReRIRT(n)+JCReRAS(n)(=JCReRI(n)+JCReR
T(n)+JCReRAS(n)) (267)(=240)

2-67) RP(n): the ‘Spreader’: the number of infected
individuals excluding the individuals kept in isolation and
the dead:

RP(n)==(AP(n)-PI(n-1)-DAS(n-1)-RAS(n)) = CAP(n)-
CPI(n)-CDAS(n)-CRAS(n)  (268) (=13)

RP (n) indicates the number of infected individuals who are
practically infecting susceptible individuals in the real
community; this parameter includes the number of individuals
who test positive but are not isolated and should be categorized
as the ‘Spreader’ to distinguish from P(n) and P(n(night)), each
of which is the gross number of infected individuals before any
isolated individuals and/or the dead individuals have been
removed.

In an Excel file, for example, RP(n(night)) is given by:

[CO(n)] = AK(n)-AP(n)-AU(n)-BO(n))
(269)

where column CO is assigned to RP; column AK is assigned
to CAP; column AP is assigned to CPI; column AT is
assigned to CDAS; and column BP is assigned to CRAS.
Formula (269) means that:

RP(n(night)) =CAP(n)-CPI(n)-CDAS(n)-CRAS(n)’.

2-68) SRT (n)+V(n): the sum of the number of recovered
individuals, SRT(n), and the number of vaccinated
individuals who are vaccinated and have immunity, V(n).
The value of SRT(n) is the sum of the number of recovered
individuals who were isolated due to being test positive,
CRI(n), the number of recovered individuals who were
isolated due to being symptomatic in the community,
CRT(n), and the number of recovered individuals who were
asymptomatic infected individuals who continued infecting
susceptible individuals in the community until the recovery
period ended and then became recovered individuals,
CRAS(n):

SRT(n))+V(n)=CRI(n)+CRT(n)+CRAS(n)+V(n) (270)

From another point of view, SRT+V individuals are those
who are not currently infected, and since they have immunity,
they will not get infected unless their immunity wanes and
will not infect others in the community in the future.
However, if their immunity wanes and falls below a certain
threshold, they become ‘susceptible individuals’.

2-69) 12(n): the number of individuals who are kept in

isolation:

12(n)=(Cl(n) - CDTI(n)) + (CPI(n) - CDT(n)) - CRI(n) -
CRT(n) (271)
where CI(n)=ZI(n)=X(CP(n-1)* i(n-1))= Z(T(n-1) *tr(n-1))
(272) (see 2-12: CI(n))
CDTI(n)=2DTI(n)=2(I(n-trunc(rpl/2))*frI(n-trunc(rpl/2)))
(273) (see 2-18: CDTI(n))

CPI(n)= ZPI(n)=X(AP(n-(Ip+1))* syr(n-(Ip+1)))
(274) (see 2-20: CPI(n))
CDT(n)=2DT(n)=%(PI(n-trunc((rp-1p)/2))*fri(n-trunc((rp-
Ip)/2))) (275) (See 2-26: CDT(n))
CRI(n)= ZRI(n)=X(I(n-rpl)-DTI(n-(1+trunc(rpl/2))))
=X(I(n-rph)-1(n-rpl)*frl(n-rpl))

(276) (see 2-32: CRI(n))
CRT(n)=ZRT(n)=X(PI(n-(rp-Ip))-DT(n-(1+trunc((rp-
1p)/2))))
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= Z(PI(n-(rp-1p))-P1(n-(rp-Ip))*fri(n-(rp-Ip)))
(277) (see 2-38: CRT(n))

2-70) SN1(n): the population of the whole community in
Figure 1 for verification. It is the sum of the number of
susceptible individuals in the community at night, RM(n);
the number of infected individuals excluding the individuals
kept in isolation and the number of dead individuals, RP(n);
the number of recovered individuals, SRT(n); the number of
vaccinated individuals, V(n); the number of individuals kept
in isolation, 12(n); the death toll of the individuals isolated
due to being test positive, CDTI(n); the death toll of the
individuals isolated due to being symptomatic in the
community, CDT(n); and the number of individuals who are
asymptomatic and die of infection after the latent period in
the community, CDAS(n):

SN1(n)=RM(n)+ RP(n) + SRT(n)+V(n)+ 12(n) + CDTI(n) +
CDT(n) + CDAS(n) (278)

2-71) SN2(n): the population of the whole community for
verification. The population values were calculated using the
different variables from the case of SN1(n): the sum of the
population excluding the individuals kept in isolation and the
dead individuals in the real community at night
(N(n(night))+the number of individuals isolated due to being
test positive (Cl(n))+the number of individuals isolated due
to being symptomatic in the community (CPI(n))+ the
number of individuals who were asymptomatic and died of
infection after the latent period in the community (CDAS(n)+
the number of currently existing susceptible individuals who
got back from the ‘isolated-recovered individuals’(JCReRI
(n)+JCReRT(n))-the number of recovered individuals who
were the individuals isolated due to being test positive
(CRI(n))-the number of recovered individuals who were the
individuals isolated due to being symptomatic in the
community (CRT(n)):

SN2(n)=N(n(night))+ CI(n) +CPI(n)+ CDAS(n)+JCReRI
(n)+JCReRT(n)-CRI(n)-CRT(n) (279

2-72) SN3(n): the population of the whole community for
verification and is given by:

SN3(n)=CAP(n)-JCReRec(n)-

CRITASJ(n)+RM(n)+SRT(n)+V(n) (280)

where CAP(n) is the ZAP(n), that is, the cumulative number of
individuals up to the n® day, including the number of individuals
who test positive but are not isolated and were staying in the
community; JCReRec(n) is the cumulative number of
susceptible individuals who got back from recovered
individuals, excluding the number of individuals who got
infected again, that is, the number of currently existing

susceptible individuals who got back from recovered
individuals’; CRITASJ(n): the total number of remaining
recovered individuals in the community:
CRITASJ(n)=CRIJ(n)+CRTJ(n)+CRASJ(n) (see 2-52:

CRITASJ(n)); and RM(n) is the number of susceptible
individuals in the community at night and (SRT(n)+V(n)) is the
sum of the number of recovered individuals (SRT(n)) and the
number of vaccinated individuals who are vaccinated and have
immunity (V(n)).

2-73) AL(n): the sum of the activity levels of recovered
individuals and vaccinated individuals:

AL(n)=all(n)*(CRI(n)+CRT(n))+al(n)*CRAS(n)+alV(n)*V(
n) (281) (= 24)

where all (n) is the activity level of the recovered individuals
returning from the isolated category, al(n) is that of the
individuals recovered from the ‘asymptomatic’ category in
the community and alV(n) is that of the vaccinated
individuals. The term AL(n) is equivalent to the term 6*R(n)
of Eq. (2).

2-74) cr(n): the contact rate between infected individuals and
susceptible individuals:

cr(n)=(RM(n)/N(n)) (L-AL(n)/N(n)) =(RM(n)/N(n))* (1-(all(n)*
CRT(n)+alV(n)*V(n))/N(n)) (282) (=1, 1)

where RM(n) is the sum of the number of susceptible
individuals in the community at night, equivalent to S(n),
and N(n) is the population excluding the individuals kept in
isolation and dead in the real community in the morning. The
term (1-(AL(n)/N(n))) is the reduction rate of the contact rate,
which is equivalent to (1-0*(R(n)/N(n)) of Eg. (1),
expressing the contact rate as:

cr(n):(S(n)/N(n))l(l-(S*(R(n)/ N(n)))

where S(n) is the number of susceptible individuals in the
community and R(n) is the number of recovered individuals
who returned to the community. Since the number of
susceptible individuals (S(n)) is practically represented by
RM(n) and (1-6(R(n)/N(n)) is also replaced by '(1-
AL(n)/N(n))' and/or by ‘(2-(all(n)*
CRT(n)+alV(n)*V(n))/N(n))', Eq. (280) is equivalent to Eq.
(1) and/or to Eq. (1°):

cr(n) =(S(n)/N(n))* (1-(all(n)* CRT(n)+alV(n)*V(n))/N(n))
1)

2-75) p(n): the infection coefficient, which indicates the
practical infection rate used in the calculation. This coefficient
indicates the infectious capacity, including the contact rate,
which changes with the change in the number of susceptible
individuals and recovered individuals:

p(n)= (pfe(n)/Ip(n))*(RM(n)/N(n))* icf(n)* (1-(AL(n)/N(n)))
*(RP(N)/N(n)) (283) (=119, 23)

2-76) AP1(n(night)): the number of individuals newly
infected on date n, that is, the number of infected individuals
who increased for one day from the morning to the night on
date n.

AP(n(night))=(pfc(n)/Ip(n))*(RM(n)/N(n))*icf(n)*

(2-(all(n)*(CRI(n)+CRT(n))+al(n)*CRAS(n)+alV(n)*V(n))/
N(n))*(RP(n)/N(n))*RM(n) (284) (=22, 2)

2-77) CAP1(n(night)): ZAP(n(night)) for verification.

2-78) APSus(n): the number of infected individuals among the
individuals who were ‘original’ susceptible individuals until
then:
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APSus(n)=AP(n(night))*((RM(n)-
(CReRI(n)+CReRT(n)+CReRAS(n)+JCReVac(n)))/RM(n))
(285)

where AP (n) (night) is the number of individuals newly infected
on date n, RM(n) is the sum of the number of susceptible
individuals in the community at night, CReRI(n)= ZReRI(n), and
ReRI(n) is the number of susceptible individuals who got back
to susceptible individuals from recovered individuals (RI) who
were isolated because they tested positive, CReRT(n)=
YReRT(n), and ReRT(n) is the number of susceptible individuals
who got back to susceptible individuals from recovered
individuals (RT) who were isolated because they became
symptomatic, CReRAS(n)=XReRAS(n), and ReRAS(n) is the
number of individuals who got back from asymptomatic-
recovered individuals to susceptible individuals. JCReVac(n) is
the adjusted CReVac(n) and indicates the number of currently
existing susceptible individuals who got back from vaccinated
individuals.

2-79) APSus (n) Ratio: the ratio of APSus (n) to the total
number of infected individuals a day.

2-80) CAPSus(n) =XAPSus(n)

2-81) APReRI(n): the number of reinfected individuals among
susceptible individuals who got back from recovered
individuals who were isolated because they tested positive:

APReRI(n)=AP(n)*(JCReRI(n)/RM(n)) (286)

2-82) CAPReRT(n)=ZAPReRT(n)

2-83) APReRT(n): the number of reinfected individuals among
susceptible individuals who got back from recovered
individuals who were isolated because they were symptomatic:

APReRT(n)=AP(n)*(JCReRT(n)/RM(n))  (287)

2-84) CAPReRT(n)==APReRT(n)

2-85) APReRAS(n): the number of reinfected individuals
among susceptible individuals who got back from
asymptomatic-recovered individuals:

APReRAS(n)=AP(n)*(JCReRAS(n)/RM(n)) (288)

2-86) CAPReRAS(n)=XAPReRAS(n)

2-87) APReVac(n): the number of individuals infected with
breakthrough infection a day, that is, the number of individuals
infected a day among the susceptible individuals who got back
from vaccinated individuals. They once had vaccine-induced

immunity and became infected with breakthrough infection:
APReVac(n)=p(n)*JCReVac(n) (289)

where

p(n)= (pfc(n)/Ip(n))*(RM(n)/N(n))* icf(n)* (1-
(AL()/N()*(RP(N)/N(n))  (290)(=283, 119, 23)

where AL(n) is the sum of the activity levels of the recovered
individuals and vaccinated individuals:

AL(n)=all(n)*(CRI(n)+CRT(n))+al(n)*CRAS(n)+alV(n)*V(n)
(291)(=281, 24)

The term AL(n)/N(n) is equivalent to the term &(R(n)/N(n)), and
the term ‘1-(AL(n)/N(n))’ is equivalent to the term (1-
J(R(n)/N(n)) of Eq. (1). JCReVac(n) is the adjusted number of
individuals getting back to susceptible individuals from
vaccinated individuals, which indicates the number of currently
existing susceptible individuals who got back from vaccinated
individuals and is given by Eq. (261).

2-88) APReVac2(n): the number of individuals infected a day
among the susceptible individuals who got back from vaccinated
individuals, that is, the number of individuals who are infected
with breakthrough infection a day, for verification:

APVac2(n)= AP(n(night)) *JCReVac(n)/RM(n)
(292)

where AP(n (night)) is the number of individuals newly infected
on day n and RM(n) is the sum of the number of susceptible
individuals in the community at night.

2-89) APReVac(n) Ratio: the ratio of APReVac(n) to the total
number of infected individuals a day among susceptible
individuals (AP(n (night))):

APReVac(n) Ratio=APReVac(n)/AP(n(night))
(293)

2-90) CAPReVac(n)= ZAPReVac(n)

2-91) TAPReRec(n): the total number of individuals who got
breakthrough infected among susceptible individuals who got
back from recovered individuals:

TAPReRec(n)=APReRI(n)+APReRT(n)+APReRAS(n)

=AP(n)*(JCReRI(n)/RM(n))+AP(n)*(JCReRT(n)/RM(n))
+AP(n)*(JCReRAS(n)/RM(n))

=AP(n)*((JCReRI(n)+JCReRT(n)+JCReRAS(n))/RM(n)
=AP(n)*(JCReRec(n)/RM(n)) 294)

Note the following: The cumulative number (JCReRec(n)) of
susceptible individuals getting back from recovered individuals,
excluding the number of individuals who got infected again.
JCReRec(n) is the sum of the adjusted ReRI(n)(=JCReRI(n)), the
adjusted ReRT(n)(=JCReRT(n)) and the  adjusted
ReRAS(n)(=JCReRAS(n)) and is given by Egs. (240) and (267):

JCReRec(n)=JCReRI(n)+JCReRT(n)+JCReRAS(n)) (240 &
267)

2-92) TAPReRec(n) Ratio: the ratio of TAPReRec(n) to the total
number of infected individuals a day among susceptible
individuals (AP(n(night))):

TAPReRec(n) Ratio =TAPReRec(n)/AP(n(night)) (295)

2-93) CTAPReRec(n)=XTAPReRec(n)=2(APReRI(n)+
APReRT(n)+APReRAS(n))  (296)

2-94) TRecVac Ratio(n): the total ratio of the APReVac(n)
Ratio and the TAPReRec(n) Ratio:
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TRecVac(n)Ratio=APReVacRatio(n)+TAPReRecRatio(n)
(297)

2-95) TRatio(n): Total ratio for verification (total should be
1.0):
TRatio(n) =APSus(n) Ratio+APReVac(n)
Ratio+TAPReRec(n) Ratio (298)

2-96) P(n(night)): the number of infected individuals at night,
that is, the total number of infected individuals in the
morning and the individuals newly infected on date n:
P(n(night)) =RP(n)+AP(n(night)) = RP(n) +p(n) *RM(n)
(299) (=203, 102, 25)

where RP(n) is the number of infected individuals excluding
the individuals kept in isolation and the dead individuals.

In an Excel file, for example, P(n(night)) is given by:
[DT(n)] = (CX(n)*CN(n)) +CO(n)
(300)

where column DT is assigned to P (n (night)); column CO is
assigned to RP; column F is assigned to pfc; column N is
assigned to rp; and column CX is assigned to p. Additionally,
column CN is assigned to RM, which means that:

P (n (night)) =p(n)*RM(n)+RP(n)’.

In addition, P(n) is given by:
[X(n)] = DT(n-1) (301)

where column X is assigned to P(n), which is the number of
infected individuals in the morning on day n. This means that
‘P(n) is equal to the number of infected individuals on the
previous night (n-1(night))’:

P(n)= P(n-1(night)) (=AP(n-1(night)+ RP(n-1)) = p(n-
1)*RM(n-1)+ RP(n-1) (203)) (see 2-3: P(n))

2-97) AP2(n): the number of individuals newly infected on
date n for verification:

AP2(n)=P(n(night)) +UP(n)-RP(n)  (302)

2-98) CAP2(n)=2AP2(n)

2-99) truncAP2(n): the number truncating the decimal point
of the individuals newly infected on date n. It is for your
reference.

2-100) TAP2(n)= ZtruncAP2(n)
2-101) 4P1(n): the increment of newly infected individuals,
AP, per day,

AP1(n) = AP(n(night)) -P1(n) (303)

where AP(n(night)) is the number of individuals newly

infected on date n,
AP(n(night))= p(n)* RM(n) (304) (=22)

and PI(n) is the number of individuals isolated because they
are symptomatic in the community,

PI(n)= AP(n-(Ip+1))* syr(n-(Ip+1)) (305) (=213, 117, 14)

2-102) 4P2(n): the increment of infected individuals, P, per
day for verification:

AP2(n)=P(n(night)) -P(n-1(night)) (306)

where P(n(night)) is the number of infected individuals at
night,

P(n(night)) =RP(n)+AP(n(night)) (307) (=299, 203, 102,
25)

2-103) 4P3(n): the increment of infected individuals, P, per
day on the previous day, for verification,

AP3(n)=P(n) -P(n-1) (308)

where P(n) is the number of infected individuals in the
morning on date n (=the number of infected individuals at
the night before; P(n-1(night)).
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Appendix 2: Part of the Excel file of the ‘flexible compartment model for simulation specific to COVID-19 (for “Effect of
reinfection on the spread of COVID-19 evaluated by a flexible compartment model””) H. Ohmori

1p (n):the recovery period which

JrI(n ): the fatality rate forthe solated individuals 7p7(n ): the recovery pert
97 the symptonaioate ofthe idviduals who s onfimed tobe feced due o b
pfe (n): the potential(biological) infectious capacity of coronavimus which is an approximate value indi
bii(n):the 'back to' rate for mdividuals with infection-mduced immunity a day and
dii: the duration of nfection-induced immunity (in the 23rd row) icf(n ): the infec
bvi(n):the 'back to' rate for mdividuals with vaccine-mduced immunity a day, and bp(n):t
dvi:the duration of vaccine-induced immunity (in the 23rd row) alV (n):the activity level of the vaccinated indivis
vd (n )the vaccination rate for mdividuals vaccinated a day all (n):the activity level of the recovered individuals return from is
and ds : the date of start of vaccination (in the 23rd row) al (n):the activity level of individuals recovered from the *

fi(n): the fatality rate for the asymptomatic infeced mdividuals in the community

(7 ): the isolation rate for the mdividuals who are confirmed to be infected due to test positive. Ip (n ): the latent period which is the time it
Time: vd(n) bvi(n) bii(n)—BD,BE;
. i(n * pfe(n -(n I(n) alltn) al(n) alVn) Ip@m) mpm) mwpln) icfln) bpkn
Teitn @) ~CF —CECF BJBK:BOBR: pfe(n) fr@) fil(n) () al(m) () Ip@) rp(n) rpI(n) cfin) bp(n)
ds dvi dii
0 0 0 0
1 1000 0.000 1.000 1.000 1.000 1.000 0.0000 0.0000 1.00 1.00 1.00 5.00 14.0 14.0 1.000 5.00
2 1000 0.000 1.000 1.000 1.000 1.000 0.0000 0.0000 1.00 1.00 1.00 5.00 14.0 14.0  1.000 5.00
3 1000 0.000 1.000 1.000 1.000 1.000 0.0000 0.0000 1.00 1.00 1.00 5.00 14.0 14.0  1.000 5.00
4 1000 0.000 1.000 1.000 1.000 1.000 0.0000 0.0000 1.00 1.00 1.00 5.00 14.0 14.0 1.000 5.00
5 1.000 0.000 1.000 1.000 1.000 1.000 0.0000 0.0000 1.00 1.00 1.00 5.00 14.0 14.0 1.000 5.00
6 1.000 0.000 1.000 1.000 1.000 1.000 0.0000 0.0000 1.00 1.00 1.00 5.00 14.0 14.0  1.000 5.00
7 1000 0.000 1.000 1.000 1.000 1.000 0.0000 0.0000 1.00 1.00 1.00 5.00 14.0 14.0  1.000 5.00
R S T 0] \Y W X Y Z JAVAY AB AC AD
is the time interval between when an individual is infected and when he/she is not capable of infecting. CP (n): the number of infected individt

>d which is the time interval between when an individual is isolated due to being test positive and when he/she comes back to the community, that is, the ‘isolation p:

_ N (n): the population excluding the individuals kept in isolation and dead in the community:N (n )=TN (n )-

cating that the number of susceptible infected by an infected individual during the latent period. ir (n): the incidence rate in the community: ir(n)=P (n )/TN (
truncP (n): the number of infected individuals truncating the decimal point fc

tion reduction rate by infectious control measures preventing the spread of virus by such as facemask, partition and disinfectant. truncCP (n): the

he magnification of incidence rate for PCR test to the incidence rate ir (n) (=P (n)/TN (n)) in the community. CCP (n)=XCP(n).

Juals. NAP (n): the value of increase or decrease in number of susceptible individuals due to external factors such as travelling and migration.

dlated category UP (n): the value of increase or decrease in number of infected individuals due to external factors such as travelling and migration

asymptomatic” in the community TN (n): the total population of the community; TN (1): the initial population, arbitrarily set in the cell of row 23. TN (n) is changed

T (n): the number of individuals having PCR and/or antibody tests. P (n): the infected individuals (P (n -1(night)) & P (1): the initial number of infected individual

aterval between when an individual is infected and when he/she is symptomatic. tir (n) : the positive rate for the test: bp (n)*ir(n)
(@) 3:5 ((f)l’o LjJF}’D ((121’0 UI((0) TTrIir;eﬁ N (Bﬁ& ) ftonrJ ?ecf(eljé:g)e I tr() AR CCP(M) ftc:lr"r]ecfngr(\rle)z
P(1)
0 0 1,000,000 0 1
0 0 0 1,000,000 1 1,000,000 1 1 0.00000  0.00001 0 0 0
0 0 0 1,000,000 2 1,000,000 1 1 0.00000  0.00001 0 0 0
0 0 0 1,000,000 3 1,000,000 1 1 0.0000  0.00001 0 0 0
0 0 0 1,000,000 4 1,000,000 2 1 0.00000  0.00001 0 0 0
0 0 0 1,000,000 5 1,000,000 2 2 0.00000  0.00001 0 0 0
0 0 0 1,000,000 6 1,000,000 2 2 0.00000  0.00001 0 0 0
0 0 0 1,000,000 7 1,000,000 3 2 0.00000  0.00001 0 0 0
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AE AF AG AH Al Al AK AL AM AN AO AP AQ AR AS
1als confirmed due to being test positive: CP (n)=T (n)*bp (n)*ir(n).

eriod’.
«(C1(n)+CPI (n)+CDAS (n)+CDT (n))+CRI (n)+CRT (n). DAS (n):1
n)). AS (n): the number of asymptom
or reference. DTI (n): the death toll of the individuals isolated due to being test positive:
2 number truncating the decimal point of infected individuals confirmed due to being test positive CPI(n)=2PI(n)
TCP(n )= ZtruncCP (n) AP (n) : the number of infected individuals having increased for one day fromthe previous day: AP (n )= RPM
_ RPM (n) : the remainder of infected individuals in the community excluding the individuals isolated due to being test-posit
RAI (n): the remainder of isolated individuals subtracting the number of recovered individuals and death toll from the number of indiv
by coming in/going out of the susceptible (NAP (n)) and/or the infected (UP (n)) CDTI(n)==DTl(n)
s in the community, arbitrarily set in the cell W of row 23. CAP (n)=ZAP (n). PI(n): the number of individuals isolated due to being s
1(n): the number of individuals isolated due to being positive for PCR test: I (n)=i (n -1)*CP (n -1)=T (n -1)*tr (n -1). CAS (n)=2AS(n)
Trifeggcfgr ) RAI(N) RPM(n) CAP(n) TI:;‘en DTI(n) CDTI() PI(n) CPI(n) AS() CAS(n) DAS(n)
ABXxBx AFXxIx AJXGX AlJx AQxHXx
23 fRET ~&E=7LNo. X 0 17 18 18 20
0 0 0 0 1 1 1 1 0 0 0 0 0 0 0
0 0 0 0 1 0 1 2 0 0 0 0 0 0 0
0 0 0 0 1 0 1 3 0 0 0 0 0 0 0
0 0 0 0 2 0 2 4 0 0 0 0 0 0 0
0 0 0 0 2 0 2 5) 0 0 0 0 0 0 0
0 0 0 0 2 0 2 6 0 0 0 0 0 0 0
0 0 0 0 3 0 & 7 0 0 1 1 0 0 0
AT AU AV AW AX AY AZ BA BB BC BD BE BF

the number of individuals who are asymptomatic and die of infection after the latent period in the community, that is, the death toll in the community: DAS (n )=AS (n -trunc((rp-lp )/2))*fr
atic infected individuals in the community: AS (n )=AP (n- (Ip +1))-PI (n).
DTI(n)=I(n -trunc(rpl/ 2)*frl (n -trunc(rpl/2)).

DT (n): the death toll of the individuals isolated due to being symptomatic in the community: DT (n )=PI (n -trunc((rp -1p )/2))*frl (n -trunc((rp -Ip )/2)).

(n)—RP (n-1). DDTI (n ):the death toll of the individuals isolated due to being test positive and ymptomatic: DDTI (n )= DTI (n )+DT (n).
tive: RPM (n)=P (n )+UP (n)-1(n -1). DSUM (n):sumof the death toll:DSUM (n )=DTI (n )+DAS (n )+DT (n).
iduals isolated due to being test positive: RAI(n)=CI (n)-(RI(n)+DTI(n)). RI(n): the number of recovered individuals who were isolated due to being test pos
CDAS (n )=2DAS (n) ReRI (n): the number of susceptible individualswho got bac
ymptomatic in the community: PI(n)= (AP (n-(Ip +1))* syr (n-(Ip +1)). CDSUM (n)=EDSUM (n) CReRI (n): the cumulative number o
CDT(n)= XDT(n) CDDTI (n)==DDTI(n). CRI(n)=2RI(n) JCReRI(n): the
CDAS(n) DT() CDT() DDTI() CDDTI(n) DSUM(n) CDSUM(n) T::;Ten RI(")  CRI(n) BB?ﬁ:'i; )Egé?n)-;i ) ;Eigl ((: )): Bé(?;_?é(g‘_)f)
AOXIx BB=AFx, AMx yline of BD= x of BBX* $Exin y
20 0 10 16 0 0
0 0 0 0 0 " 0 0 1 0 0 0 0 0
0 0 0 0 o’ 0 0 2 0 0 0 0 0
0 0 0 0 o 0 0 3 0 0 0 0 0
0 0 0 0 o 0 0 4 0 0 0 0 0
0 0 0 0 0 i 0 0 5) 0 0 0 0 0
0 0 0 0 0 r 0 0 6 0 0 0 0 0
0 0 0 0 o 0 0 7 0 0 0 0 0
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(n -trunc((rp-1p )/2)).

CRIJ (n): the number of remaining recovered individuals who were isolated due to being test positive: CRIJ (n)=CRII (n)-JCReRI (n) _

ReRT (n): the number of susceptible individuals who got back from Recovered (RT) who were isolated due to being symptomatic : ReRT (n )
CRT(n)=XRT(n)
RT (n): the number of recovered individuals who have been isolated due to being symptomatic in the community: RT (n )=PI (n- (rp-Ip ))-DT (n -trunc((rp-Ip )/2)).

sitive: RI(n)=1 (n -rpl)-DTI (n -(1+trunc(rpl/2)))=1(n -rpl)-1 (n -rpl )*fri(n -rpl) CRTJ (n): the number of remaining recovered individuals who were isolated ¢
k to Susceptible from Recovered (RI) who were isolated due to being test positive : ReRI (n )=CRI (n -dii )*bii (n -dii ) ReRAS (n): the numb
fsusceptible individuals who got back from Recovered (RI)=XReRI (n) JCReRT (n): the ajdusted ReRT (n )= ReRT(n)-CAPReRT (n- CRAS (n )=ZRAS (n)
2 ajdusted ReRI (n )= ReRI(n)-CAPReRI (n-1) CReRT (n): the cumulative number of susceptible individuals who got back from Recovered (RT)=2£ReRT (n)
ki) FTO) R oS SRRT()  BKOyDGOSD | ICReRT) | Trialn CRAS(1) o5 s
BH=A0Ox, AUx y line of BJ= x of BH* $Exin y BO=AQx, ASx y line of BQ=
15 19 0 0 0 15 19 0
0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 2 0 0 0
0 0 0 0 0 0 0 3 0 0 0
0 0 0 0 0 0 0 4 0 0 0
0 0 0 0 0 0 0 5) 0 0 0
0 0 0 0 0 0 0 6 0 0 0
0 0 0 0 0 0 0 7 0 0 0
BR BS BT BU BV BW BX BY BZ
TCRITASJ (n): Adjusted total numbr
CRITASJ (n): total number of remaining recovered individt
=CRT (n -dii )*bii (n -dii) JCReRec (n): Total of the cumulative numbers of susceptible individuals geti
CRASJ (n): the number of remaining recovered individuals who were asymptomatic, not isolated and staying in the community: CRASJ (n )=CRAS
TReRIRTRAS (n ): Total of the number of susceptible individuals who got back to Susceptible from ¥
{ue to being symptomatic: CRIJ (n )=CRII (n)-JCReRI (n) CRITAS 0(n ): total number of the cumulative number of Recovered individuals: CRITAS 0(n ) =CRI (n )+CRT(n )+CRAS (n

er of susceptible individuals who got back to Susceptible from Recovered (RAS) who were asymptomatic and staying in the community: ReRAS (n )= CRAS (n-dii )*dvi(n-dii )
JCReRAS (n): the ajdusted ReRAS (n )= ReRAS(n)-CAPReRAS (n-1)
CReRAS (n): the cumulative number of susceptible individuals who got back from Recovered (RAS )=XReRAS (n)

CReRAS (n): JCReRAS (n)= CRASJ(n)=CRAS (n) - CRITASO(n); CRITASI(n);BG(n) TCRITASJ(n);BG(n)+  Time:
¥ReRAS (n) BR(n)-DI(n-1) JCReRAS (n) BC(n)+BI(n )+BP(n) +BM(n)+BT(n) BM(n)+BT(n)-DQ(n-1) Trial,n
x of BOX* $Exin 'y

0 0
0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 2
0 0 0 0 0 0 0 0 3
0 0 0 0 0 0 0 0 4
0 0 0 0 0 0 0 0 5
0 0 0 0 0 0 0 0 6
0 0 0 0 0 0 0 0 7
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er of remaining recovered individuals (Susceptible - (Infected +Reinfected)): CRITASJ (n )=CRIJ (n)+CRTJ (n )+CRASJ (n )-CTAPReRec (n -1)=CRITASJ (n )-CTAPReRec (n -1)(=SRT (r
1als who have not got reinfected yet: CRITASJ (n)=CRIJ (n )+CRT J(n )+CRASJ (n)

ting back from Recovered: JCReRec (n )=JCReRI (n )+JCReRT (n )+JCReRAS (n) JCReVac (n): the adjustedCReVac 0(n ) =X
(n)-JCReRAS (n) CVO0 (n): the number of vaccinated individuals who are vaccinated and have immunity: CV0(n)=xVO0(n)
Recovered (RI, RT & RAS)=ReRI (n)+ ReRT (n)+ReRAS (n) ReVac (n): the number of individuals getting back to Susceptible from Vaccinated: ReV:
) V0(n): the number of vaccinated individuals who are vaccinated and have immunity: VO(n) =TN (1)*vd (n).
trCP (n) : the positive rate for the test: trCP (n)=(CP (n)/T (n))* 100. CReVac0(n )=XReVac (n) V (n): the adjusted nt
RM 00(n ): the number of susceptible individuals in the community at night (before Vaccination): RM 00(n )= TN (n )+JReRec (n )-(CI (n )+CAP (n))
irN (n): the incidence rate in the real community: irN (n)=(P (n )/N (n)))*100 JCV 0(n): the adjusted CVO (n) =2V 0(n). If CV0(n) < (TN (n) +RM 00(n ), then JCV 0 (n)=CV 0 (n); ot/

RER trCP (), % ) (i:\(/(z)(?n))_ ade(:sYtgéng\_/o CGy:IF?Ce‘)\(/:(;:,g]D);(*Dx,O) CQEZ\?Z? E: ;_ adst:eer}/chzér\]/;_c o A T-II'—:ra]}en
y of CGy= x of Cx, CDx*Dx of CGy

0 0 0 0 0 0

0.000 0.000 999,999 0 0 0 0 0 0 0 1
0.000 0.000 999,999 0 0 0 0 0 0 0 2
0.000 0.000 999,999 0 0 0 0 0 0 0 &
0.000 0.000 999,998 0 0 0 0 0 0 0 4
0.000 0.000 999,998 0 0 0 0 0 0 0 5
0.000 0.000 999,998 0 0 0 0 0 0 0 6
0.000 0.000 999,997 0 0 0 0 0 0 0 7

cL CcM CN co cP cQ CR cs CcT cu cv cw cX cY

RMO(n ): the number of susceptible individuals excluding the individualswho have got back from vaccinated individuals (fter Vaccination): RM 0(n )= TN (n )-(CI (n )+CAP (n)+JCV 0

RM (n): the number of susceptible individuals in the community at night (after Duration of Immunity/ Breakthrough Infection and/or Reinfection): RM (n)=TN (n )-(CI (n

1)) RP (n),' Spreader": the number of infected individuals excluding the individuals kept in isolation and the dead: RP (n )=CAP (n)-CPI(n) - CDAS (n )-CRASJ (

SN 1(n): the population of the whole community: SN 1(n )=RM (n )+RP (n )+SRT (n))+V (n )+l (n )+CDTI (n)+CDT (n)

SN 2(n ): the population of the whole community: SN 2(n )=N (n (night))+ CI (n ) +CPI (n )+ CDAS(n )+JC

ReVac 0(n )-CAPVac (n-1) SN 3(n)=CAP (n)-JCReRec (n)-CRITASJ (n )+RM (n )+SRT (n)+V (n) AP 1(n (night)):

N (n (night)): the population excluding the individuals kept in isolation and dead in the real community at night: N (n )=TN (n )-(CI (n )+CPI (n )+CDAS (n ))+JCReRI (n )+JCReRT (n )+(CRITASJ (n )
ac (n )=V 0(n -dvi )*bvi (n-dvi) 12 (n): the number of individuals kept in isolation: 12(n )=CI (n)- DTI (n )+CPI (n )-CDT (n )-CRI(n )-CRT (n).

1mber of vaccinated individuals who are vaccinated and have immunity: V (n) = JCV 0(n )-CReVac 0(n) p (n): the infection coefficient: p (n

cr(n): the contact rate: cr (n)=(RM (n)/N (n)) (1-AL

herwise, JCV 0(n )= (TN (n) +RM 00(n)) SRT (n))+V (n): the sumof the number of recovered individuals, SRT (n )(=TCRITASJ (n)), and the number of vaccinated individuals who are v
RP(n); SRT(n))+V 12(n)  SN1(n) for SN2(n)for SN3(n)for Time: cr(n) AP1(n)
(night)  (n) (night)  (night)  verification verification verification Trial, n contact rate (night)
0 0

1,000,000 999,999 999,999 1 0 0 1,000,000 1,000,000 1,000,000 1 0.00 1.00 0.0000002 0.2000
1,000,000 999,999 999,999 1 0 0 1,000,000 1,000,000 1,000,000 2 0.00 1.00 0.0000002 0.2400
1,000,000 999,999 999,999 1 0 0 1,000,000 1,000,000 1,000,000 3 0.00 1.00 0.0000003 0.2880
1,000,000 999,998 999,998 2 0 0 1,000,000 1,000,000 1,000,000 4 0.00 1.00 0.0000003 0.3456
1,000,000 999,998 999,998 2 0 0 1,000,000 1,000,000 1,000,000 5} 0.00 1.00 0.0000004 0.4147
1,000,000 999,998 999,998 2 0 0 1,000,000 1,000,000 1,000,000 6 0.00 1.00 0.0000005 0.4977
999,999 999,997 999,997 2 0 1 1,000,000 1,000,000 1,000,000 7 0.00 1.00 0.0000004 0.3972
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(674 DA DB DC DD DE DF DG DH DI DJ DK
(n))+JCReRec (n)
)J+CAP (n)+V (n))+JCReRec (n )+CTAPReRec (n -1)

n)

+CDAS (n) APSus (n): the number of infected individuals excluding the number of 'Newly multi-time Reinfected individuals': APSus (n )=AP 1(n (night))*((RM (n)-(CJCReRI (i
>ReRI(n )+JCReRT (n)-CRI (n)-CRT (n)

the number of individuals newly infected on the day for the currently existing susceptible individuals: AP 1(n (night))=p (n)*RM (n );Calculate including decimal places
-CRASJ(n)) APReRAS (n): the number of individuals who were reco
CAP 1(n (night)): the cumulative number of infected individuals: ZAP1(n (night); n +1(in the next morning))

nd vaccinated individuals: AL (n)=all (n)*(CRI(n )+CRT (n))+al (n)*CRAS (n)+alV (n)*V (n) APVac(n): tl
)= (pfc (n )/Ip (n))* (RM (n)/N (n))* icf(n)* (1-AL(n )/N (n)) *(RP (n )/N (n)) APReRT (n): the number of individuals who were recovered individuals and got reinfectio
(n)N(n)) APReRI (n): the number of individuals who were recovered individuals and got reinfection among RI : APReRI (n)=AP (n
‘accinated and have immunity, V (n). CAPSus(n)=SAPSus(n) CAPReRI(n)=2APReRI(n)  CAPReRT (n)=XAPReRT (n) CAPREeRAS (n )=ZAPReRAS (n)

C(ﬁ';i(tr)‘) Aps:t?é") CAPSus(n) APReRI(1) CAPReRI(n) ~APRERT(N) CAPRERT(n) APReRAS(n) CAPReRAS(n) . APVac(n)
0
1.20 0200 10000 120 0.000 0.000 " 0.000 0.000 " 0.000 0.000 1 0
144 0240 10000 144 0.000 0.000 " 0.000 0.000 " 0.000 0.000 2 0
173 0.288 1.0000 173 0.000 0000 " 0.000 0.000 " 0.000 0.000 3 0
207 0346 10000 2,07 0.000 0.000 " 0.000 0.000 " 0.000 0.000 4 0
2.49 0415 10000 2.49 0.000 0.000 " 0.000 0.000 " 0.000 0.000 5 0
2.99 0498 10000 299 0.000 0.000 " 0.000 0,000 " 0.000 0.000 6 0
338 0397 10000 3.38 0.000 0.000 " 0.000 0.000 " 0.000 0.000 7 0

AP 2(n ): the number of infected individuals (

AP 2(n )=P (n (night))+UP (n )-RP (n )+TAPRe
APVac 2(n): the number of individuals who got breakthrough infection among ReVac : APVac 2(n )=AP (n )*(JCReVac (n )/RM (n)) trunc(AP2(n)) :
n)+JCReRT (n )+JCReRAS (n )+JCReVacd (n)))/RM (n)) on the day

TRecVac Ratio(n ): Ratio of total of breakthrough infection among ReRec (got back frominfect

and ReVac (got back from vaccinated individuals): TRecVac (n )=APVac Ratio(n )+APRec Ratio

vered individuals and got reinfection among RAS : APReRas (n )=AP (n )*(JCReRAS (n )/RM (n)) CAP 2(n )=2AP 2(n ) (Calculate
TAPReRec (n): the total number of individuals who were recovered individuals returned fromisolation and got Newly multi-time Reinfection (s¢

he number of individuals who got breakthrough infection among ReVac (the individuals who got back to Susceptive from Vaccinated): APVac (n)=p (n )*ReVac (n)

n among RT: APReRT (n)=AP (n )*(JCReRT (n )/RM (n)) P (n (night): the number of infected individuals at night: P (n
)*(ICReRI (n )/RM (n)) CTAPReRec (n): the cumulative number of ‘Newly reinfected (newly multi-time infected) individuals': TAPReRe:
CAPVac (n)=XAPVac (n) TRatio: Total of ratios: TRatio (n )=APSus Ratio(n )+APVac Ratio(n )+APRec R

Vertcaton Rt CAPVac()  TapRerec() "L cTapRemeet) Bl "\arcaton i e B
0 0 0 1.0
0.00 0.000 0 0.000 0.000 0.000 0.000 1.000 1.2000 0 1 0
0.00 0.000 0 0.000 0.000 0.000 0.000 1.000 1.4400 0 1 0
0.00 0.000 0 0.000 0.000 0.000 0.000 1.000 1.7280 0 2 0
0.00 0.000 0 0.000 0.000 0.000 0.000 1.000 2.0736 0 2 0
0.00 0.000 0 0.000 0.000 0.000 0.000 1.000 2.4883 0 2 0
0.00 0.000 0 0.000 0.000 0.000 0.000 1.000 2.9860 0 3 0
0.00 0.000 0 0.000 0.000 0.000 0.000 1.000 2.3832 0 3 0
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DX DY Dz EA EB EC ED EE EF EG EH El EJ
New and Reinfec) on the day: TN (1)= 1,000,000 P(1)= 1.000 pfc= 1.000 Ip=5.00
Rec (n);Calculate including decimal places rp=14.0 all= 1.000 al= 1.000 alv = 1.000
the number truncating the decimal point of individuals newly infected . activity lewel of Iso.  act. lewel in city act. lewel of Vac.
syr= 1.000 fr=0.000 fri= 0.000
ed individuals) symptomatic rate fatality rate incity  fatality rate of Iso.
W) RM, P & CAP AP
rincluding decimal places) 1,000,000 —\ - 2,500
scond/third/+): TAPReRec (n )=APReRI (n )+APReRT (n )+APReRAS (n) B
g _ 800,000 4p. Infected/day RM: Susceptible 2,000
TAP 2(n )=Xtrunc(AP 2(n )) AP 2=P (n (night)) - 600.000 - 1500
(hight)) =p (N )*RM (n )}+RP (n)=AP (n)+RP (n) P (n-1(night)) ’ ’
c(n): CTAPReRec (n )==TAPReRec (n) AP3=(P(n) 400,000 CAP:ZInfected | 1,000
latio(n) AP 1=AP (n (night)) -P1 (n) -P(n-1) 200,000 p. |nfected - 500
' e N
TAP2(n)  Time: APLAP(n(night)- AP2for  AP3for 0 0
forreference  Trial, n PI(n)) verification verification 0 100 200 300 400 Days
0 P&I2 AP
20,000 2,500
LR S
1 3 0.29 0.29 0.24 12,000 1,500
1 4 0.35 0.35 0.29 8,000 1,000
1 5 0.41 041 0.35 4,000 >00
0 0
1 6 0.50 0.50 0.41
N - 0s 060 050 0 100 200 300 400 Days
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