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1. Simulation results
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Figure 1: Time variation of newly reported cases (top) and estimated herd immunity ratio (bottom) for
COVID-19 in Japan (2020/1/14 - 2022/3/6).



2. Symbols

Parameter Description Value

S Susceptible population (unvaccinated) -

E Exposed population (unvaccinated) -
I Infectious population (unvaccinated) -

R Removed population (unvaccinated) -

S1 Susceptible population (vaccinated once) -

E, Exposed population (vaccinated once) -

I Infectious population (vaccinated once) -

Ry Removed population (vaccinated once) -

So Susceptible population (vaccinated more than twice) -

Es Exposed population (vaccinated more than twice) -

Iy Infectious population (vaccinated more than twice) -

R2 Removed population (vaccinated more than twice) -
t Time -
a Class age (time elapsed since the vaccination) -

Jé] Infection rate Estimated using data in [9]
€ Onset rate 0.2 (incubation period 1/¢ = 5 days) [4]
vy Removal rate 0.1 (infection period 1/ = 10 days) [1]
A Force of infection Equation (1)
1-0 Efficacy of one time vaccination 0.46 [6]

v Vaccination rate (first) Estimated using data in [7]

w Vaccination rate (second) Estimated using data in [7]

q(a) Vaccination rate (third) at class age a Equation (2)
u Vaccination rate (third) Estimated using data in [7]

T Duration between the second and third vaccination 180 days

1—p(a) Efficacy of full vaccination at class age a 0.8e70-993¢ (estimated using data in [6])

0 Detection rate 0.5 (estimated using data in [5])

N Total population in Japan 1.26 x 10® [8]




3. Model
Before vaccination (January 14, 2020 - February 16, 2021).
S'(t) = —BS()1(¢),
E'(t) = BS(t)I(t) —eE(t),
I'(t) = <B(t) = y1(1),
R'(t) = ~vI(t).

After vaccination (February 17, 2021 - March 6, 2022).

e Unvaccinated population:

e Population vaccinated once:

S1(t) = vS(t) — aA(t)S1(t) — wSi (1),

Ei(t) = vE(t) + oA(t)S1(t) — (e +w)Er (1),
I(t) = vI(t) + eE1(t) — (v +w) 1 (t),

Ry (t) = vR(t) + vL1(t) — wRy(t).

e Population vaccinated more than twice:
Sg(t, 0) =wS; (t) + AOO q(a)SQ(t, a)da,
(5 + 52 ) S2(t:0) = A ©S2(t.) - (@),
Fa(t,0) = wEs (£) + /0 ~ (@) Bs(t, a)da,
4 4 E. = A(t)S: FE.
(5 + 50 ) Ealt:0) = paN®Sa(t.0) = [ + a(a)] a0,
I5(t,0) = wli(t) + /000 q(a)Iz(t,a)da,
(5 + 3¢ ) Blt-0) = <Ealt.) - -+ ala(),
Ra(t,0) = whi (£) + /0 ~ (@) Ra(t, a)da,

<§t + 68 ) RZ(t (1) ’VIQ(t,a) — q(a)R2(t’a).
3



e Force of infection:
At)y=p8 {I(t) + I (t) + /000 Ig(t,a)da} . (1)

e Vaccination rate (third) at time a passed since the second vaccination:

0, a<T,
q(a) = { u, otherwise. (2)

e Efficacy of full vaccination at class age a: 1 —p(a) = 0.8e7%:0%3¢ which is fitted to
the data in [6] as shown in Figure 2.
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Figure 2:

e Full immunity at time ¢: 1 — S(t) — S1(t) — [ S2(t, a)da.
e Partial immunity at time ¢: 1 — S(¢).

How to estimate 5 = §(t)
Let the unit time be 1 day. Newly reported cases per day: let A(t) be the actual data

collected from [9] and let

Y (t) :=(detection rate 9)
x (newly removed [I(t) +I(t) + / Ix(t, a)da])
0

x (total population N),

be the simulation data. For ¢ < 7, we assume 5 = 0.25 so that the basic reproduction
number Rg = /v = 2.5 [2]. For t > 7 (¢t € Z), we seek f = S* that minimizes the least
square error

7

L(B) = [Y(t—s) = Alt — )

s=1
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and let 8(t) = B8*. In other words, we repeatedly estimate 5(¢) using data in previous 1
week. Simulation is carried out using the above model with initial condition

Y(0)

Y(0) =1, Hm:ﬁﬁ’

S(0) =1-1(0),
and other variables are zero.

How to estimate v, w and u
Note that v x [S(¢) + E(t) + I(t) + R(t)] x N is the number of first vaccination at
time ¢t. Hence, we estimate v = v(t) as

(number of first vaccination at time t [7])

v(t) = [S(t) + E(t) + I(t) + R(t)] x N

In a similar manner, we estimate w = w(t) and u = u(t) as

(number of second vaccination at time t [7])

t = )
YO = TS T B+ L0 + Ra(O)] < N
and
u(t) = (number of third vaccination at time t [7])
S [S2(t,a) + Ea(t,a) + Iz(t,a) + Ra(t,a)lda x N’
respectively.

How to estimate ¢

To estimate §, we used the data in [5]. Taking average of each data in [5], we obtain
the herd immunity ratio at June 2020 as 0.1%; at December 2020 as 0.662%; at December
2021 as 2.158%. We estimated 6 = 0.5 by fitting the curve to the data as shown in Figure
3.
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Figure 3: Time variation of herd immunity ratio for COVID-19 in Japan (2020/1/14 - 2022/3/6).



4. Limitations

The following factors are not explicitly considered in our model.

1.
2.

6.
7.

Seasonality;

Virus mutation;

Behavior change;

Different susceptibility;

Space structure;
(Chronological) age structure;

Stochasticity.

Since we estimated g for each day, effects of 1-3 on the infection rate may be implicitly
considered in our model. However, effect of 2 on the herd immunity is not considered

and

this may lead to the overestimation of the herd immunity. On the other hand,

considering 4 may decrease the critical proportion of immunization [3]. Considering 5-7
could improve the model but the estimation may become more complex.
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MATLAB code for main simulation

e ‘cases.xlsx’ is an excel file collecting the newly reported cases of COVID-19 per day
in Japan from 2020/1/14 to 2022/3/6.

e ‘vaccine.xlsx’ is an excel file collecting the newly number of vaccination against
COVID-19 per day in Japan from 2020/1/14 to 2022/3/6.

N

© o N o «u

clear
tic

A=xlsread('cases.xlsx');
B=xlsread('vaccine.xlsx");

gam=1/10;
eps=1/5;
N=1.26%x10"8;
del=0.5;
sig=0.54;

pp=0.003;
dt=1;te=max (size (A))-1;nt=te/dt;

T=180; nT=T/dt;
da=1;ae=4+T;na=ae/da;

1;

Y (1) / (delxNxgam) ;
=1-I(1);
0
0

H MW E®NHK
PR R R~~~ ~

for a=l:1:na
S2(1,a)=0;
E2(1,a)=0;
I2(1,a)=0;
R2(1,a)=0;

35 SS
36 EE
37 II
38 RR
39

sum(S2
=sum (E2
=sum (I2
sum (R2

1
1
01
1

:na)) xda;
:na) ) xda;
:na)) xdaj;
:na)) *da;

40 db=0.01;be=4;nb=be/db;

41
42 t0=7/dt;
43 tl1=401/dt;
44

45 for t=1l:1:nt

%$2021/2/17 start

46 if B(round(txdt),2)==0

a7 v(t)=0;
48 end

of vaccination




49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
T2
73
T4
75

if B(round(txdt),3)==

w(t)=0;
end
if B(round(txdt),4)==0
u(t)=0;
end
if t < t0
bet=0.25;
S(t+1)=S(t)+dt* (-bet*S(t)*I(t));
E(t+1)=E(t)+dt* (bet*S(t)+I(t)-eps*E(t));
I(t+1)=I(t)+dtx(eps*E(t)-—gam*xI(t));
R(t+1)=R(t)+dtrgam*I (t);
Y (t+1l)=del*«Nxgam*I (t+1);
S1(t+1)=0;
E1l (t+1)=0;
I1(t+1)=0;
R1 (t+1)=0;
for a=l:1:na
S2 (t+1,a)=0;
E2 (t+1,a)=0;
I2(t+1,a)=0;
R2 (t+1,a)=0;
end

elseif t<tl
for b=1:1:nb
bet=bxdb;
for s=1:1:t0
S(t+s-t0+1)=S (t+s-t0)+dt* (-bet*xS(t+s-t0)*I (t+s-t0));
E(t+s-t0+1)=E (t+s-t0) +dt* (bet*S (t+s-t0) *I (t+s-t0) ...
—eps*E (t+s-t0));
I(t+s-t0+1)=I(t+s-t0)+dt« (eps*E (t+s-t0)-gamxI (t+s-t0));
R(t+s-t0+1)=R(t+s-t0)+dtrgamxI (t+s-t0);
Y (t+s-t0+1)=del*«Nxgam*I (t+s-t0+1);
Z (t+s-t0+1)=(Y (t+s-t0+1) -A(round ((t+s-t0+1)xdt), 1)) "2;
end
L(b)=sum(Z (t-t0+2:1:t+1));
end
[L1 L2]=min(L);
bet=L2+db;

for s=1:1:t0+1
S(t+s-t0+1)=S(t+s—-t0)+dt* (-bet*S(t+s-t0)*I (t+s-t0));
E(t+s-t0+1)=E (t+s-t0) +dt+ (bet*S (t+s-t0) I (t+s-t0) ...
—-eps+*E (t+s-t0));
(t+s-t0+1)=I (t+s-t0) +dt* (eps*E (t+s-t0)—gam*I (t+s-t0));
(t+s-t0+1)=R (t+s-t0) +dt+gam*I (t+s-t0) ;
(t+s-t0+1)=delxN+gamxI (t+s-t0+1);
S1(t+s-t0+1)=0;
El (t+s-t0+1)=0;
I1(t+s-t0+1)=0;
R1 (t+s-t0+1)=0;
for a=l:1:na
S2 (t+s-t0+1, a)
E2 (t+s-t0+1, a)
)
)

I
R
Y

’

=0;
=0;
I2 (t+s-t0+1,a)=0;
R2 (t+s-t0+1,a)=0
end
SS (t+s-t0+1)=sum(S2 (t+s-t0+1,1:1:na)) *xda;

’

’




else

end

for

EE (t+s-t0+1)=sum(E2 (t+s-t0+1,1:1:na)) *da;
ITI(t+s-t0+1)=sum(I2 (t+s-t0+1,1:1:na)) xda;
RR(t+s-t0+1)=sum(R2 (t+s-t0+1,1:1:na)) *da;

b=1:1:nb
bet=bxdb;
for s=1:1:t0

if B(round((t+s-t0)=*dt),2) % 0
v (t+s-t0)=B (round ((t+s-t0)*dt),2)/ ((S(t+s-t0) ...
+E (t+s-t0)+I (t+s-t0)+R(t+s-t0)) *N);
else
v (t+s-t0)=0;
end
if B(round((t+s-t0)*dt),3) # 0
w(t+s-t0)=B (round((t+s-t0)
+E1 (t+s-t0)+I1 (t+s-t0)

xdt),3)/ ((S1(t+s-t0)...
+R1 (t+s-t0)) *N) ;
else
w(t+s-t0)=0;
end
if B(round((t+s-t0)=dt),4) # 0
u(t+s-t0)=B(round ((t+s-t0)*dt),4) /...
((sum(S2 (t+s-t0,nT:1:na))+sum(E2 (t+s-t0,nT:1:na)) ...
+sum(I2 (t+s-t0,nT:1:na)) ...
+sum (R2 (t+s-t0,nT:1:na)) ) *daxN) ;

else

u(t+s-t0)=0;
end
QS=u (t+s-t0) *sum(S2 (t+s-t0,nT:1:na-1)) xda;
QE=u (t+s-t0) *sum(E2 (t+s-t0,nT:1:na-1)) «da;
QI=u(t+s-t0)*sum(I2 (t+s-t0,nT:1:na-1)) xda;
QR=u (t+s-t0) *sum(R2 (t+s-t0,nT:1:na-1)) xda;

lam(t+s-t0)=bet* (I (t+s-t0)+I1 (t+s-t0)...
+sum(I2 (t+s-t0,1:1:na)) *xda);

S(t+s-t0+1)=S(t+s-t0)+dt* (-lam(t+s—-t0) *S(t+s-t0) ...
-v (t+s-t0) *S (t+s-t0));
E(t+s-t0+1)=E(t+s-t0) +dt* (lam(t+s-t0) xS (t+s-t0) ...
—(epst+v (t+s-t0)) *E (t+s-t0));
I(t+s-t0+1)=I(t+s-t0)+dt« (eps*E (t+s-t0) ...
—(gam+v (t+s-t0) ) *I (t+s-t0));
R(t+s-t0+1)=R(t+s-t0) +dt* (gam*I (t+s-t0) ...
-v(t+s-t0) xR (t+s-t0));

S1(t+s-t0+1)=S1(t+s-t0)+dtx (v (t+s-t0)*S(t+s-t0)...
—sigxlam(t+s-t0) *S1 (t+s-t0)-w(t+s-t0) «S1l(t+s-t0));
El (t+s-t0+1)=E1l (t+s-t0)+dt* (v (t+s-t0) *E (t+s-t0) ...
+sigxlam(t+s-t0) xSl (t+s-t0) - (eps+w (t+s-t0)) xE1l (t+s-t0));
I1(t+s-t0+1)=I1(t+s-t0)+dt* (v (t+s-t0)*I (t+s-t0)...
+eps*El (t+s-t0) - (gam+w (t+s-t0) ) *I1 (t+s-t0));
R1 (t+s-t0+1)=R1 (t+s-t0)+dt* (v (t+s-t0) *R(t+s-t0) ...
+gam*I1 (t+s-t0)-w(t+s-t0)*R1 (t+s-t0));

S2 (t+s—-t0+1,1
E2 (t+s-t0+1,1
I2 (t+s-t0+1,1
R2 (t+s-t0+1,1

=w (t+s-t0) *S1 (t+s-t0) +QS;
=w (t+s-t0) *El (t+s-t0) +QE;
=w (t+s-t0)*«I1l (t+s-t0)+QI;
=w (t+s-t0) *R1 (t+s-t0) +QR;
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for a=2:1:nT
S2 (t+s-t0+1,a)=S2 (t+s-t0,a) +dt* (- (S2 (t+s-t0,a) ...
-S2 (t+s-t0,a-1))/da...
-p (pp, (a-1) xda) xlam(t+s-t0) *S2 (t+s-t0,a-1));
E2 (t+s-t0+1,a)=E2 (t+s-t0,a)+dt* (- (E2 (t+s-t0,a) ...
-E2 (t+s-t0,a-1))/da. ..
+p (pp, (a-1) +xda) *lam(t+s-t0) *S2 (t+s-t0,a-1) ...
-eps*E2 (t+s-t0,a-1));
I2 (t+s-t0+1,a)=I2(t+s-t0,a)+dt* (- (I2(t+s-t0,a)...
-I2(t+s-t0,a-1))/da...
+eps*E2 (t+s-t0,a-1) ~gam*I2 (t+s-t0,a-1));
R2 (t+s-t0+1,a)=R2 (t+s-t0,a)+dt* (- (R2 (t+s-t0,a) ...
-R2 (t+s-t0,a-1)) /datgam*I2 (t+s-t0,a-1));
end
for a=nT+l:1:na
S2 (t+s-t0+1,a)=82 (t+s-t0,a)+dt+ (- (S2 (t+s-t0,a) ...
-S2 (t+s-t0,a-1))/da...
-p(pp, (a-1) *da) xlam(t+s-t0) *S2 (t+s-t0,a-1) ...
—u(t+s-t0)*S2 (t+s-t0,a-1));
E2 (t+s-t0+1,a)=E2 (t+s-t0,a)+dtx (- (E2 (t+s-t0,a) ...
-E2 (t+s-t0,a-1)) /da...
+p (pp, (a—1) xda) xlam(t+s-t0) xS2 (t+s-t0,a-1) ...
—eps*E2 (t+s-t0,a-1) -u(t+s-t0)*E2 (t+s-t0,a-1));
I2 (t+s-t0+1,a)=I2(t+s-t0,a)+dt* (- (I2(t+s-t0,a)...
-I2(t+s-t0,a-1))/da...
+eps*E2 (t+s-t0,a-1) ~gam»I2 (t+s-t0,a-1) ...
—u(t+s-t0)*I2 (t+s-t0,a-1));
R2 (t+s-t0+1,a)=R2 (t+s-t0,a)+dt* (- (R2 (t+s-t0,a) ...
-R2 (t+s-t0,a-1))/da. ..
+gamxI2 (t+s-t0,a-1)-u(t+s-t0)*R2 (t+s-t0,a-1));
end

Y (t+s-t0+1)=del*«Nxgam# (I (t+s-t0+1)+I1 (t+s-t0+1) ...
+sum(I2 (t+s-t0+1,1:1:na))da);
Z(t+s-t0+1)=(Y (t+s-t0+1)-A(round ((t+s-t0+1)xdt), 1)) "2;
end
L(b)=sum(Z (t-t0+2:1:t+1));
end
[L1 L2]=min(L);
bet=L2+db;

for s=1:1:t0+1
if B(round((t+s-t0)xdt),2) # 0
v (t+s-t0)=B (round( (t+s—-t0)*dt),2)/ ((S(t+s-t0)+E (t+s-t0) ...
+I(t+s-t0)+R(t+s-t0)) *N);
else
v (t+s-t0)=0;
end
if B(round((t+s-t0)=*dt),3) # O
w(t+s-t0)=B (round ( (t+s-t0)*dt),3)/ ((S1(t+s-t0)+ELl (t+s-t0) ...
+I1(t+s-t0)+R1(t+s-t0))*N);
else
w(t+s-t0)=0;
end
if B(round((t+s-t0)=*dt),4) % 0
u(t+s-t0)=B(round((t+s-t0)*dt),4) /...
((sum(S2 (t+s-t0,nT:1:na))+sum(E2 (t+s-t0,nT:1:na)) ...
+sum(I2 (t+s-t0,nT:1:na))+sum(R2 (t+s-t0,nT:1:na))) *da*N);
else
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u(t+s-t0)=0;

end

QS=u (t+s-t0) *sum (S2 (t+s-t0,nT:1:na-1)) xda;
QE=u (t+s-t0) *sum (E2 (t+s-t0,nT:1:na-1)) *da;
QI=u(t+s-t0)*sum(I2 (t+s-t0,nT:1:na-1)) xda;
QR=u (t+s-t0) *sum (R2 (t+s-t0,nT:1:na-1)) *xda;

lam(t+s-t0)=bet* (I (t+s-t0)+I1 (t+s-t0)+sum(I2(t+s-t0,1:1:na)) *da);

S(t+s-t0+1)=S(t+s-t0)+dt* (-lam(t+s-t0) *S(t+s-t0) ...

-v(t+s-t0) *S(t+s-t0));
E(t+s-t0+1)=E(t+s-t0)+dt* (lam(t+s-t0) *S (t+s-t0) ...

—(eps+v (t+s—t0))*xE(t+s-t0));
I(t+s-t0+1)=I(t+s-t0)+dt« (eps*E (t+s-t0) ...

—(gam+v (t+s-t0) ) xI (t+s-t0));
R(t+s-t0+1)=R(t+s-t0)+dt* (gam*I (t+s-t0)-v (t+s-t0) *R(t+s-t0));

S1(t+s-t0+1)=S1 (t+s-t0)+dt* (v (t+s-t0)+S(t+s-t0) ...
-sigxlam(t+s-t0)*S1(t+s-t0)-w(t+s-t0) *xS1 (t+s-t0));

El (t+s-t0+1)=E1l (t+s-t0)+dt* (v (t+s-t0) *E (t+s-t0) ...
+sigxlam(t+s-t0) xSl (t+s-t0) - (eps+w (t+s-t0)) «ELl (t+s-t0));

I1(t+s-t0+1)=I1(t+s—-t0)+dt* (v (t+s-t0)*I (t+s-t0
+eps*El (t+s-t0) - (gam+w (t+s-t0) ) »I1 (t+s-t0)

R1 (t+s-t0+1)=R1 (t+s-t0)+dt* (v (t+s-t0) *R(t+s-t0
+gam*I1 (t+s-t0)-w(t+s-t0) xRl (t+s-t0));

)
)
) r
)

S2 (t+s-t0+1,1)=w
E2 (t+s-t0+1,1)=w
I2(t+s-t0+1,1)=w
R2 (t+s-t0+1,1)=w
for a=2:1:nT
S2 (t+s-t0+1,a)=S2 (t+s-t0,a)+dt* (- (S2 (t+s-t0,a) ...
-S2 (t+s-t0,a-1))/da...
-p (pp, (a-1)xda) *lam(t+s-t0) *S2 (t+s-t0,a-1));
E2 (t+s-t0+1,a)=E2 (t+s-t0,a)+dtx (- (E2 (t+s-t0,a) ...
-E2 (t+s-t0,a-1)) /da...
+p (pp, (a—1) xda) xlam(t+s-t0) xS2 (t+s-t0,a-1) ...
—eps*E2 (t+s-t0,a-1));
I2(t+s-t0+1,a)=I2(t+s-t0,a)+dt* (- (I2(t+s-t0,a)...
-I2(t+s-t0,a-1))/da...
+eps*E2 (t+s-t0,a-1) —gam*I2 (t+s-t0,a-1));
R2 (t+s-t0+1,a)=R2 (t+s-t0,a)+dtx (- (R2 (t+s-t0,a) ...
-R2 (t+s-t0,a-1)) /datgam*I2 (t+s-t0,a-1));

t+s-t0) xSl
t+s-t0)+E1
t+s-t0)*I1
t+s-t0) *R1

t+s-t0) +QS;
t+s-t0) +QE;
t+s-t0) +QI;
t+s-t0) +QR;

end
for a=nT+1l:1:na
S2 (t+s-t0+1,a)=S2 (t+s-t0,a)+dt* (- (S2 (t+s-t0,a) ...
-S2 (t+s-t0,a-1))/da. ..
-p (pp, (a-1) xda) *lam(t+s-t0) *S2 (t+s-t0,a-1) ...
-u(t+s-t0)*S2 (t+s-t0,a-1));
E2 (t+s-t0+1,a)=E2 (t+s-t0,a)+dt* (- (E2 (t+s-t0,a) ...
-E2 (t+s-t0,a-1))/da...
+p (pp, (a-1) xda) xlam(t+s-t0) *S2 (t+s-t0,a-1) ...
—-eps*E2 (t+s-t0,a-1)-u(t+s-t0)xE2 (t+s-t0,a-1));
I2(t+s-t0+1,a)=I2(t+s-t0,a)+dt* (- (I2(t+s-t0,a)...
-I12 (t+s-t0,a-1))/da+eps*E2 (t+s-t0,a-1) ...
—gam*I2 (t+s-t0,a-1)-u(t+s-t0)*I2 (t+s-t0,a-1));
R2 (t+s-t0+1,a)=R2 (t+s-t0,a)+dt* (- (R2 (t+s-t0,a) ...
-R2 (t+s-t0,a-1))/da...




285 +gam*I2 (t+s-t0,a-1)-u(t+s-t0)«R2 (t+s-t0,a-1));
286 end

287
288 Y (t+s-t0+1)=del*«Nxgam* (I (t+s-t0+1)+I1 (t+s—-tO0+1) ...
289 +sum (I2 (t+s-t0+1,1:1:na))xda);

290 SS (t+s-t0+1)=sum(S2 (t+s-t0+1,1:1:na)) +xda;

291 EE (t+s-t0+1)=sum(E2 (t+s-t0+1,1:1:na)) *da;

292 II(t+s-t0+1)=sum(I2 (t+s-t0+1,1:1:na)) ~da;

293 RR(t+s-t0+1)=sum(R2 (t+s-t0+1,1:1:na)) *da;

294 end

295 end

206 end

297

298 Tl=1:1:nt*dt;

209 T2=1:1:nt-1;

300 plot(T1,A(T1,1),'o',T2xdt,Y(T2),"'~"', 'Markersize',1.5, 'Linewidth',2)
301 newcolors = {'#D95319"', "#0072BD"'};

302 colororder (newcolors)

303 toc




