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ABSTRACT

This study aims to improve control schemes for COVID-19 by a numerical model with estimation of parameters.
We established a multi-level and multi-objective nonlinear SEIDR model to simulate the virus transmission. The
early spread in Japan was adopted as a case study. The first 96 days since the infection were divided into five
stages with parameters estimated. Then, we analyzed the trend of the parameter value, age structure ratio, and
the defined PCR test index (standardization of the scale of PCR tests). It was discovered that the self-healing rate
and confirmed rate were linear with the age structure ratio and the PCR test index using the stepwise regression
method. The transmission rates were related to the age structure ratio, PCR test index, and isolation efficiency.
Both isolation measures and PCR test medical screening can effectively reduce the number of infected cases based
on the simulation results. However, the strategy of increasing PCR test medical screening would encountered a
bottleneck effect on the virus control when the index reached 0.3. The effectiveness of the policy would decrease
and the basic reproduction number reached the extreme value at 0.6. This study gave a feasible combination for
isolation and PCR test by simulation. The isolation intensity could be adjusted to compensate the insufficiency of
PCR test to control the pandemic.

KEYWORDS
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1 Introduction

Since December 2019, the first COVID-19 infected case was diagnosed, the disease quickly
spread to all Chinese province as well as over 200 countries and regions [1]. There were a large
number of undocumented infected individuals which should facilitate the rapid dissemination of
COVID-19 [2]. In Japan, the first infected case was reported on 15 February. From 15 January to
30 January 2020, the reported cases were the imported from outside of Japan. The first reported
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case in Japan came from Wuhan on 06 January 2020 with the onset of symptoms on 03 January
2020. Later, more infected individuals were imported and the spread the disease without testing
or isolation. The imported cases with their serial number, imported days, the symptom days,
and confirmed days are listed in Table 1 [3]. The exposed individuals, asymptomatic infected
individuals, or individuals with mild symptoms were highly contagious, which leads to the virus
quickly spread in Japan. It was estimated that 86% of all infections were undocumented infections
in the early stage of COVID-19 spread [2]. Thus, non-pharmaceutical control strategies were
adopted to stop the virus transmission such as increasing the isolation intensity.

Table 1: Early imported cases from outside of Japan [3]

No. Imported day Sympt. day Reported day No. Imported day Sympt. day Reported day

1 01/06/2020 01/03/2020 01/15/2020 12 01/22/2020 01/23/2020 01/30/2020
2 01/19/2020 01/14/2020 01/24/2020 13 01/17/2020 01/20/2020 01/31/2020
3 01/18/2020 01/21/2020 01/25/2020 14 01/31/2020 01/31/2020 01/31/2020
4 01/22/2020 01/23/2020 01/26/2020 15 01/31/2020 01/31/2020 01/31/2020
5 01/12/2020 01/22/2020 01/28/2020 17 01/21/2020 01/31/2020 02/04/2020
6 01/20/2020 01/22/2020 01/28/2020 18 01/30/2020 02/01/2020 02/04/2020
7 01/21/2020 01/26/2020 01/28/2020 19 01/22/2020 01/26/2020 02/04/2020
8 01/12/2020 01/20/2020 01/29/2020 20 01/21/2020 01/24/2020 02/05/2020
9 01/29/2020 01/29/2020 01/30/2020 21 01/10/2020 01/24/2020 02/05/2020
10 01/13/2020 01/25/2020 01/30/2020 24 01/30/2020 02/08/2020 02/11/2020
11 01/20/2020 01/24/2020 01/30/2020 25 01/29/2020 02/07/2020 02/11/2020

Many mathematical models were raised to analyze the dynamics of the COVID-19 spread,
effects of control strategies and offered guidance for the policy makers [4,5]. The most common
models are in the original or revised form of susceptible-infected-recovered (SIR) or susceptible-
exposed-infected-recovered (SEIR) models [6–11], which could be used for the prediction of the
development of disease. In addition, some novel fictionalized mathematical models are raised to
analyze the dynamic properties of COVID-19 transmission [12,13], in that introducing fractional
derivative should demonstrate a better efficiency and superiority in the simulation of realistic prob-
lems [14–17]. Nevertheless, many studies analyzed the impact of single factor on the transmission
including distancing measures, the portion of the old population, environmental condition to pro-
pose suggestions to control the epidemic [4,5,10,11,18–20]. Inspired by the previous work focusing
on either isolation or testing strategies, multiple mixed variables are considered in this work to
provide a more comprehensive analysis and offer guidance to cut off the disease transmission.

This study considers the influence of isolation measures, PCR test medical screening, and age
structure on COVID-19. A simple susceptible-exposed-infected-documented-recovered (SEIDR)
model is established. In the SEIDR model, the influence of isolation and PCR test medical screen-
ing will be quantitative description and analyzed. By applying this SEIDR model, a multi-level
and multi-objective nonlinear programming model is constructed to estimate parameter values in
the model. By solving the optimization problem, the first 96 days are divided into multiple stages,
and the parameter values of each stage are obtained. According to the varying parameter values
in different stages and the number of PCR tests, the PCR test scale index is defined. Through
the stepwise regression method, the relationships among the parameters in the epidemic model,
the age structure and PCR test scale index are fitted. By quantifying PCR test medical screening
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and isolation measures, simulations results illustrated that the isolation measures have a more
substantial effect on disease control and prevention than that of PCR test medical screening. The
combination of the two can maximize the effectiveness of the epidemic prevention and control.

The remaining part of this paper is structured as follows. Section 2 is to present the dif-
ferential equations of the epidemic system and the algorithms to determine the parameters. The
simulation results are reported in Section 3. The effects of age structure, PCR test index are
estimated by the model. An explicit contour diagram of expected number of infected cases
using combination of mixed strategies is given. The strategies could be adjusted accordingly.
In Section 4, a summary of this study is given that isolation measures should be emphasized.
The limitation of this work and future work are also discussed. In particular, we will focus on
introducing fractional-order system as our future direction.

2 Methods

2.1 Model
We construct the following SEIDR compartmental model to analyze the development of the

disease transmission by estimating the values of system parameters.
⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Ṡ (t)=−β1S (t)E (t)−β2S (t) I (t)
Ė (t)= β1S (t)E (t)+β2S (t) I (t)−μE (t)
İ (t)=μE (t)− γ I (t)− δI (t)
Ḋ (t)= γ I (t)
Ṙ (t)= δI (t)

, (1)

where S(t), E(t), I(t), D(t) and R(t) denote the proportion of susceptible, exposed (incubation
period), infected, documented and recovered by self-healing individuals in the entire populations
at the time t, respectively. The documented class includes the confirmed cases under quarantine,
cured and dead cases which are assumed to be unable to infect others. Obviously, S(t) + E(t) +
I(t) + D(t) + R(t) = 1. β1 and β2 denote the transmission rate from the exposed and infected
class, respectively. The incubation period is 1/μ. μ = 0.2 based on previous studies [21,22]. A
proportion δ of the infected cases can recover by self-healing and γ is the confirmed rate of the
infected individuals.

The basic reproduction number R0, expected value of secondary cases produced by one
infected individual [23], is described as

R0 = β1

μ
+ β2

γ + δ . (2)

2.2 Assumption of the Imported Individuals
COVID-19 data from the Ministry of Health, Labour et al. [3] are used for the investigation

as a case study. The detailed information from official reports are also collected. January 2020 is
set as time t= 0 when COVID-19 spread in Japan begins. Based on the Table 1, an individual is
assumed as an imported exposed case when the symptomatic day of the individual is later than
the imported day. When the symptomatic day of an individual is earlier than the imported day,
the individual is assumed as an imported infected case. If the interval between the reported day
and imported day is less than one day, the individual is regarded as an imported documented
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case. And the imported exposed case is assumed as the symptomatic day later than the imported
day. Thus, the state of E(t), I(t) and D(t) should be updated by following equations considering
these imported cases:

E (t)=E (t)+Ein (t) , (3)

I (t)= I (t)+ Iin (t) , (4)

and

D (t)=D (t)+Din (t) , (5)

where Ein(t), Iin(t) and Din(t) donate the imported proportion at the time t.

2.3 Estimation of the Parameters β1, β2, γ and δ

Appoint y(t), t= 0, 1,. . ., 96 as the cumulative reported cases of COVID-19 in Japan from 06
January to 10 April 2020. The strategies were adjusted as the development of COVID-19 spread.
To simulate the dynamic state of the disease transmission, the parameters of the model were also
change in this epidemic system. For instance, the suspension of business and school and confirmed
rate increasing should shut down the transmission rates. At the same time, the self-healing rate
should vary with the age structure of the infected cases.

In this work, we employ multi-level and multi-objective programming methods to estimate the
parameters of the system in different stage during the early transmission in Japan. A nonlinear
programming problem is constructed based on the least-squares method as follows:

min
1<β l1,β

l
2,δ

l,γ l<1
Jl =

Ll∑
i=1

[
y

(
tli

)
−D

(
tli

)]2
, (6)

where the superscript l denote the stage, tli is the time, i is the serial number as subscript and Ll
is the largest serial number in stage l. The mean square error (MSE) is a measure that reflects
the degree of difference between the estimated data and the real data. The smaller the value of
MSE, the better the accuracy of the parameters describing in the epidemic model. We establish
the following nonlinear programming model with the mean square error as the objective.

min
tlLl

∈
(
tl0,96

)σ 2
(
tl0, t

l
Ll

)
, subject to Eq. (6), (7)

where σ 2
(
tl0, t

l
Ll

)
is the MSE in Stage l. The duration of each stage is under the following

constraint:

maxLl, subject to Eq. (7). (8)

To avoid the contradiction between (7) and (8) and optimize the fitting with considering the
accumulative error, an admissible upper bound σ l is established for MSE in Stage l. The multi-
objective problem is transformed as the following:

maxLl blue, subject to σ 2
(
tl0, t

l
Ll

)
≤ σ l and (6). (9)
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The traversing method is applied to solve the second level optimization problem and lsqnonlin
function in MATLAB [6] is adopted to solve the first level optimization problem. The algorithm
is designed as follows:

Algorithm:
P1. Solve the optimization problem (6) to obtain the parameters

5 warnings β l1,Ll ,β
l
2,Ll

, δlLl and γ
lLl by Ll varying from tl0 to 96.

P2. Calculate the MSE σ 2
(
tl0, t

l
Ll

)
by applying the parameters obtain in P1 for different Ll.

P3. Given upper bound σ l and obtain the maximum value Ll by (9).
P4. Repeat P1–P3 until tlLl = 96.

A flowchart is also provided to illustrate the calculation process of the algorithm (Fig. 1).

Initialize l = 0 and t0
1 = 1

l = l + 1, tl
0 = tl− 1

L l− 1
, t l

L l
= tl

0

t l
L l

= tl
L l

+ 1

tl
L l

96

Optimize equation (7)

2 < ¯ l

Ll = tl
L l

− tl
0 − 1

Yes

No

Yes

Ll = tl
L l

− tl
0 − 1

End and output

No

� �

�

Figure 1: Flowchart of the proposed algorithm

3 Results

3.1 Stages and Parameters Values
By applying the above algorithm, the early transmission period (96 days) are divided into five

stages. The associated dynamic parameters are determined in each stage as illustrated in Table 2.
The numerical simulated number of cases fits well with the real number of cases in the five stages
(Fig. 2). For the first three stages during which the reported cases are relatively fewer, we set the
upper bound of MSE σ as 50. The upper bound of MSE σ is set to be 100 in the last two stages.
The basic reproduction numbers R0 of the five stages are determined. The change of R0 should
demonstrate the effect of control strategies. In general, when R0 is less than 1, the infectious
disease will be extincted.

As shown in Table 2, R0 = 1.58 (95%CI, 1.4890–1.5967) in the first stage, which represents
the rapid spreading of COVID-19. On 02 March 2020 [24], the Government of Japan announced
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policies of school suspension and financial assistance to parents to control this epidemic. In this
stage, the transmission rates β1 and β2 are reduced to 0.1535 (95%CI, 0.1196–0.1839) and 0.3831
(95%CI, 0.3700–0.4698), respectively. R0 declines to 1.3485 (95%CI, 1.1499–1.4099). During the
period between 16 March and 27 March 2020, R0 rose to 1.8572 (95%CI, 1.6758–1.9735), prob-
ably due to a large number of undocumented imported individuals from the Diamond Princess
Cruise Ship. The undocumented individuals may increase the transmission rates without being
isolated. R0 decreased and the confirmation rate γ increased in Stage 4. More PCR testing were
performed to curb the disease transmission. But R0 rose to 2.0248 (95%CI, 1.6758–1.9735) and
the confirmation rate γ reduced to 0.0327 (95%CI, 0.0212–0.0978) in the last stage. The variation
of R0 and γ are presumed to be related to the PCR testing in the last two stages. The correlation
analysis are investigated in the coming subsections.

Table 2: Parameters values and 95% confidence intervals (CI)

Stage β1, 95%CI β2, 95%CI γ , 95%CI

06 January–04 March 0.1600 (0.1573, 0.1967) 0.4700 (0.4632, 0.4872) 0.1073 (0.0979, 0.1791)
04 March–16 March 0.1535 (0.1196, 0.1839) 0.3831 (0.3700, 0.4698) 0.1110 (0.0970, 0.2150)
16 March–27 March 0.2360 (0.1894, 0.2896) 0.4517 (0.4028, 0.6353) 0.0424 (0.0355, 0.1043)
27 March–05 April 0.2608 (0.1750, 0.2618) 0.3052 (0.2898, 0.6730) 0.0554 (0.0351, 0.1546)
05 April–11 April 0.3016 (0.2018, 0.3593) 0.3739 (0.2949, 0.9019) 0.0327 (0.0212, 0.0978)

Stage δ, 95%CI R0, 95%CI σ

06 January–03 March 0.4954 (0.4841, 0.7275) 1.5800 (1.4890, 1.5967) 50
03 March–16 March 0.5485 (0.4745, 0.7461) 1.3485 (1.1499, 1.4099) 50
16 March–27 March 0.6244 (0.5385, 0.9997) 1.8572 (1.6758, 1.9735) 50
27 March–05 April 0.7443 (0.7067, 0.7500) 1.6859 (1.5619, 1.7983) 100
05 April–11 April 0.6906 (0.6900, 0.7500) 2.0248 (1.5341, 2.3994) 100
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Figure 2: The numerical reported cases D(t) by estimated parameters and real reported cases y(t)
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3.2 Age Structure
It is assumed that self-healing rate is related to the age structure of the individuals (shown in

Fig. 3a). The proportion of infected individuals over 50 years old in each stage are given in the
vector (10), the change of which in different stages correlates with the variation of self-healing
rates as shown in Fig. 3b. By fitting the scatter points (�, δ), the relationship between the two
variables is given by the Eq. (11). The correlation coefficient between the two variables is 98.2%.

ρ = [
0.6552 0.6390 0.4951 0.3870 0.4229

]
(10)

δ = 1.0427− 0.8118ρ (11)

1 2 3 4 5

Stages

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

T
he

 r
at

io
 o

f a
ge

s 
fo

r 
re

po
rt

ed
 c

as
es

0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100

0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
0.45

0.5

0.55

0.6

0.65

0.7

0.75

(a)

(b)

Figure 3: The age structure ratio in the five stages and relationship between � and δ (a) Age
structure ratio in the five stages (b) Scatter and fitting plot for � vs. δ
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3.3 Average PCR Test Index
The number of performed PCR test and infected cases to be confirmed are dependent on the

duration of the stages dynamically divided by the algorithm. To evaluate the effect of the testing
strategies, the intensity of PCR test is standardized for all the stages. We define an average PCR
test index χl in Stage l as follows:

χl =
NPCT
Ll

I
(
tLl

)+ΔR
(
tLl

)+Δy
(
tLl

) × 1
Ll

, (12)

where NPCR
Ll

is the number of PCR test. I(tLl) + 	R(tLl) + 	y(tLl) denotes the number of

infected cases to be confirmed by PCR test in Stage l. By this definition, the average PCR test
index vector χ for the five stages is given by

χ = [
0.1445 0.1720 0.0854 0.0465 0.0712

]T , (13)

where starting time of the first stage is 13 February 2020 based on the first official report with
PCR test information [25,26].

The PCR test index is varying in the five stages. χ is 0.1445 in Stage 1. In the second
stage, the consultation counters were established for PCR tests. More tests were performed as
required. Thus, the PCR test index increased to 0.1720. In Stages 3 and 4, the PCR indexes
decreased considerably due to the rapid spread of COVID-19. The number of infected individuals
to be confirmed increased remarkably while PCR kits were limited. In Stage 5, the testing was
strengthened. The number of PCR tests reached 21,505 between 05 April to 09 April, which
accounted for one-third of all the tests performed in the five stages. Thus, χ increased to 0.0712.
According to the results in vector (13) and Table 2, the confirmation rate γ decreases with the
PCR test index χ except in Stage 4 (χ was 0.0465 and γ increased to 0.0554 (95%CI, 0.0351–
0.1546)). Based on the data in Table 2, the multiple stepwise regression analysis were conducted
for vectors (10) and (13). β1 and β2 are given by the fitting as follows:

β1 = κ
[
0.1590+ 0.1214eφ(χ ,ρ)

]
, (14)

and

β2 = κ
[
0.1704eψ(χ ,ρ)

]
, (15)

where φ(χ , �) = 0.3437 − 703.7146χ3 + 0.2825 �, ψ(χ , �) = 0.2372 − 14.7645χ2 + 1.7771�. κ
denotes the effect of isolation measures. In the last four stages, κ is appointed as a constant 0.8500
corresponding to the government measures on 02 March. Moreover, the relationship between
confirmation rate and PCR test index is fitted as follows:

γ = 0.0048+ 0.6254χ . (16)

Then, the proportion of population over 50 years old ρ is set as 0.4680 in the simulation of
the disease spreading based on the Japan demographics. The trends of transmission parameters β1
(red line), β2 (blue line) and confirmation rate γ (black line) with increasing PCR test index χ are
illustrated in Fig. 4a. The transmission parameter β1 would decrease when increasing χ initially.
However, β1 remains a non-zero constant after χ reaches over 0.2. The testing measures should
not completely disseminate the disease transmission. The variation of the basic reproduction
numbers R0 with κ is shown in Fig. 4b. The three lines in different color represent the different
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intensities of isolation measures. The basic reproduction number R0 would decrease as intensifying
the PCR test measures. However, the effect of enhancing PCR test would gradually weaken. The
basic reproduction number R0 would reach a non-zero constant. After reaching a sufficient high
PCR test index, it is the intensity of isolation measures κ that determines the minimum of R0.
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Figure 4: The trends of β1, β2, γ with different χ and κ (a) The trends of β1, β2 and γ with
different χ for κ = 0.85 (b) The trends of R0 with κ different χ and κ

3.4 Analyze Effect of PCR Test and Isolation Measures
Further, we investigated the combined effect of PCR test and isolation measures in this

subsection. The strategies to increase the isolation intensity is represented by reducing κ value.
The measures to conduct more PCR testing is represented by increasing the PCR test χ . As
shown in Fig. 5, the trends of number of infected cases are simulated under various strategies
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composed of different isolation intensity κ and PCR test index χ . When maintaining the same
isolation measures (κ = 0.68) and increasing the PCR test index from 0.1910 to 0.3005, the final
number of cumulative reported cases decreases by 22,224. The peak time of infection will be 83
days earlier. As for increasing the PCR test index with a stricter isolation intensity (κ = 0.51), the
cumulative reported cases decreases by 9,506 and the peak time will be 112 days earlier. The PCR
test medical screening could inhibit the spread of COVID-19 and shorten the duration to reach
the epidemic peak.
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Figure 5: Simulations results of cumulative reported cases based on different PCR test and
isolation measures

If keeping χ = 0.3005, setting κ to be 0.85, 0.68 and 0.51, the final numbers of cumulative
reported cases are (118,157, 69,672 and 51,036), respectively. Coordinating strategies while main-
taining R0 = 0.8 with different combination of χ and κ (green, red, grey lines), it takes almost the
same time to reach the peak of infection. The final number of cumulative reported cases decrease
sharply as strengthening the isolation measures (reducing κ). Moreover, the combined strategy χ =
0.68 and κ = 0.3005 leads to a lager final number of cumulative reported cases, compared to that
with χ = 0.51 and κ = 0.126, although the basic reproduction number of the latter strategy is
smaller. It is deduced that isolation measures play more significant role in controlling the disease
transmission.

The final number of infected cases should demonstrate the effectiveness of the control
strategies to fight against COVID-19. The contour map of log10 (D(t) +R(t)) corresponding to
combined strategies is shown in Fig. 6. The horizontal axis represents the intensity of isolation.
The vertical axis represents the intensity of PCR testing. The different lines represent the fixed
final number of infections (in logarithm form) corresponding to the variation of isolation and
PCR testing index. For instance, if the final number of infections is expected to be controlled
around 107.2, the combined isolation and PCR test strategies (κ, χ ) should locate on the 7.2
contour line (yellow line). If the final number of infected cases is expected to be less than 105.5,
then (κ, χ ) should local in the upper left area of the 5.5 contour line (violet line).
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4 Discussion and Conclusion

In this study, an SEIDR epidemic model is used to estimate the parameters and assess the
effect of control strategies. Since the dynamic system is very sensitive to the initial values, the
imported cases are considered in solving the problem. To accurately estimate the parameters, a
nonlinear optimization model was established based on multi-level and multi-objective method.
The first 96 days of disease transmission are divided into five stages by the proposed algorithm.
The dynamic parameters are estimated in these stages. The real reported cases fits well with
numerical results.

It is found that the spread of the disease is affected by the age structure of the population by
the data analysis. More attention should be given for the elderly. The transmission rates β1, β2 and
the self-healing rate δ vary with the change of age structure. Also, β1, β2 and the confirmation
rate γ vary as the number of PCR tests changes. The self-healing rate is linearly related to the age
structure ratio and the confirmation rate is linearly related to PCR test index. Moreover, β1 and
β2 are binary functions of age structure ratio and PCR test index as shown in Eqs. (14) and (15).

After determining these parameters, the strategies involving the related parameters are ana-
lyzed under the current age structure ratio. The basic reproduction number R0 reaches the minimal
values after the PCR test index χ larger than 0.5. Simulations illustrate that PCR test medical
screening can mitigate the severity of COVID-19 transmission. But increasing the testing intensity
alone should be insufficient to minimize the final number of infected cases. The bottleneck
outcome in response to the PCR test could be compensated by isolation measures, which is
more effective to control the epidemic. The isolation measures is also emphasized to control the
COVID-19 spread in the study for a specific single strategy [27], compared to our study of mixed
strategies. As concluded by other studies, the government should implement strategies to reduce
contact rates between the individuals [28]. Moreover, the effectiveness of the combined strategies
of isolation and PCR test medical screening are illustrated in the contour graphs, which can
intuitively provide guidance on the policy adjustment.

There are some limitations in this study. Only the period of early spread in Japan is analyzed,
which is relatively easy to estimate the parameters in the stages. In the future investigations,
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fractional systems could be adopted to analyze the COVID-19 spread [29–31] for a longer period
of time. The simulation of the predicted development of COVID-19 is more precise by taking the
fractional operator into account [13,32]. The non-locality of the determined parameters should
be substantially improved. Hence, we will determine the enhancement of parameter accuracy
with a new fractional-order system based on the current work and compare with other similar
mathematical modelling studies [33,34]. Thus, the strategies could be modified to achieve a rapid
control with optimal order of fractional system [35]. In addition, the impact of strategies including
PCR testing and isolation can be further investigated. The control measures could be classified in
detail as isolation, quarantine and hospitalization [36]. Further, stability and sensitivity analysis
of the parameters [12,28,36,37] on the COVID-19 spread will be carried out in our future work.
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