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1 The epidemic model

We consider the basic SIR model'. Consider a population that faces a novel infectious disease. The population is categorized
into two groups, the protected and the active groups. The former is safely isolated from the virus. The total mass of individuals
in the active group is normalized to unity. The relative size of the entire population is N > 1; thus, 1/N € (0, 1] is the share of
the active group in the population. Below, S, I, and U denote susceptible, infectious, and recovered individuals, respectively,
where S+ 1+ U = 1. We use U for recovered individuals to avoid confusion with reproduction numbers. The dependence of
these quantities on time ¢ is suppressed where no confusion should result.

1.1 Uncontrolled dynamics

The uncontrolled dynamics of the epidemic in the active group is represented by the following equations: S=- BSI, I= BSI—yI,
and U = yI, where B > 0 is the infection rate and > 0 is the removal rate of infectious individuals, which are constants. The
initial condition is (S(0),1(0),U(0)) = (1 — €, €,0) where € > 0 is a small number. The average duration of infection is given by
1/y per the dynamics; y equals, say, 20 to 30 days for COVID-19, including the incubation period.

We scale time by the unit of the average duration of infection 1/y, so that the dynamics reduce into the following
dimensionless equations: S = —RoSI, I = (RyS—1)I, and U = I, where Ry = B/y > 0is the basic reproduction number. We
assume Ry > 1, for which an outbreak occurs from any small I(0) > 0 if no control measures are applied. On using this time
scale, the area below the epidemic curve {I(t) | t > 0} coincides with the final number of infected individuals.

The quantity RoS(¢) is the effective reproduction number, which represents transmissibility at time ¢ for the uncontrolled
dynamics. If RoS(f) > 1 (RoS(t) < 1), then I(t) increases (decreases) in f. This implies that for the uncontrolled case there is a
threshold S* for S(t),

S =Ry, (1)
and I(t) is maximized at £* such that S(*) = S*; the threshold proportion of the cumulative number of infectious individuals
to develop herd immunity, or the herd immunity threshold, is given by p*=1-5"=1-R] 1'€(0,1). The peak number of
infectious individuals in the uncontrolled case is given by

Lpeak = 1(t) = 1 =Ry =R, ' log Ro )

since S(t) +I(t) —7361 log S(t) = S(0) +1(0) —7361 logS(0) = 1 for all . As is well known, the final number of infected
individuals U}, in the uncontrolled scenario is the unique solution for Uy = =Ry ' log (1 -U;).
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1.2 Controlled dynamics

We assume that we have full control over the social activity level in the active group so that only a time-dependent fraction
a(t) € [0,1], of active individuals can interact with others. The controlled epidemic dynamics become S = —RoaSI, [ =
(RoaS —1)I, and U = I. The effective reproduction number for the controlled dynamics is given by R(t) = Roar(£)S(t). With
a control threshold I, the proposed adaptive control is as follows (see the bottom panel of Figure 1):

if I(t) < 1. (no control),
a(t) = 1. (3)
(RoS(t)) if I(t) = L.
Under the above control, R(t) = Roa(t)S(t) satisfies
>1 ifS(H)>S andI(t) <. (0<t<T),
R(t)y=1 ifS(t)=S"andI(t)=1 (T <t<T™), (€]

<1 ifS(t)<S” (t>T"),

where T* is the initial time the number of infectious individuals I(t) reaches I. and T** is the time the active group acquires
herd immunity, i.e., S(T*) = S* (see Figure 1). After T*, the outbreak in the active group proceeds toward the end without any
control. Standard final size arguments give the final size of the epidemic in the active group. Under the assumed SIR model, we
have the identity

S(t)+1(t)— Ry log S(t) = S(T™) + (T™) — Ry  log S(T™) (5)

at any t after T**. The initial conditions at t = T* are S(T™) = §* =R and I(T*) = I, provided that I; < Iyeq, Whereas the
terminal conditions for  — co are I(c0) = 0 and S(o0) + U(c0) = 1. Plugging these into (5), the final size U* = U(0) of the
epidemic in the active group under the proposed control policy is given as the solution for the following equation:

U =1-0-Ry"log(1 - U") = Ipeak — L. =Ry og (1-U"), (6)

where v =R} I+ Ry "log Ry is the value of the right hand side of (5). By the implicit function theorem regarding (6), we
observe
aur  1-u
dl. — U+-p*’

(N

implying that U* is increasing in I, because U* = 1—S5(c0) > 1-5* =1 —Ral =p".

The protection of high-risk individuals can be lifted at some T** > T** where I(T**) is sufficiently small so that U (T***) ~
U*. After the protection measure is lifted at time T, the size of the population becomes N. Then, no second outbreak can
occur if U* > p*N, which implies (6) where we denote A = U".

Plugging the minimum final size U* = p*N into (6), we obtain

Imin = peak_p*N_R(;llog(l _P*N)/ (®)

provided that | —p*N > 0,orn = 1/N > p*.

The above derivations for I, assume that I < Ipeax; Imin > Ipeax indicates the proposed control is infeasible because we
cannot increase U" by increasing I. beyond the uncontrolled peak level I..x (see the top panel Figure 1). Figure S1 shows the
final size U" as a function of I., which indicates that A = U" is an increasing function of I so long as I; < Ipe.x. We also have
U > p* for any I. > 0. However, U" can not be increased beyond the uncontrolled case U.

2 Data

2.1 Computation of 6 and ¢

We adopt the age-specific infection hospitalization ratio (IHR) and infection mortality ratio (IFR) provided in, respectively,
Table 3 and 1, respectively, of”>. Other estimates for IFR and IHR can be found in?, but they yield similar results. We
weight-average these ratios by the population composition of Japan* to obtain 6 and ¢ as (discrete) functions of the threshold
age a* €{5,10,15,...,55,60,65,...}, up to the availability of the population composition data. Figure S2 shows the computed
profiles of 0 and ¢ against a* for Japan. The computed profiles for Great Britain are shown as reference, where the population
composition data for Great Britain is obtained from>. For both countries, 6 and ¢ are increasing in a*. Because of Japan’s
aging population, the curves for Japan are steeper than those for Great Britain. We note that the adopted IFR by” was obtained
by correcting the case fatality ratios (CFR) for under-ascertainment; as a result, the IFR equals roughly half the CFR for Wuhan
data, thereby the average ascertainment ratio is approximately 0.5. Our assumption in the main text of a 1/10 times smaller
IFR/IHR can thus loosely be interpreted as an assumption that there are 20 times more infections than confirmed cases.
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Figure S1. The final number of infected individuals U* as a function of I under a given Ry where Ua denotes the uncontrolled final number.
The minimum level for ¢, Iin, is the solution for U* = p* N, which exists only if p*N < Uj.
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Figure S2. Infection hospitalization ratio 6 and infection fatality ratio ¢ for the active group with different age thresholds a*. The active
group comprises individuals of age < a*. The black solid curve represents Japan, whereas the red dashed curve represents the Great Britain as
areference. As Japan has a larger aging population than Great Britain, both 0 and ¢ for Japan rise faster with a* than those for Great Britain.

2.2 Healthcare service capacity u
The baseline per capita service capacity for the Japanese healthcare system is set to be y = 3.1 X 10*/1.26x 108 =2.5%x 107*

following a report by the Ministry of Health, Labor and Welfare, which states that the country will prepare 31,077 hospital
beds dedicated to the treatment of COVID-19 cases®.

2.3 Feasibility in terms of the critical care service capacity

Results become similar when we consider an effective capacity on the basis of the ICU service capacity instead of hospitalization.
The proportion of individuals who need critical care, which we denote by 6’, is reported to be around 10~20% among
hospitalized individuals with COVID-19%7. As a conservative assumption, we let 6’ = 0.2 X 0 where 6 is the IHR. The total
ICU and high care unit (HCU) bed count for Japan is around 1.7 x 10%, or w=13x 10~ per capita®. These numbers imply
L =160 =1.3x1074/(0.2xn0) = 6.5x 107*/(n0), which is more than twice greater than I,y = 2.5X 107#/(n6) in (8).
However, the actual effective capacity for critical care would be close to (8), as we acknowledge that (i) the above I’ ,, is an
overestimation because the free ICU beds per capita must be much fewer than u’ and that (ii) assuming the free ICU beds in
the normal setting is probably an underestimation because some special reinforcement measures for COVID-19 must be in
place. Because the actual situation regarding the free ICU capacity for COVID-19 cases is unknown, the main text uses the
hospitalization capacity in the numerical results provided in the main text.
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