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Coronavirus Disease 2019 (COVID19) has been a global public health threat. For countries battling the
coronavirus pandemic, stringent social or physical distancing (referred to as lockdown), contact tracking
in real-time (referred to as trackdown), and/or herd immunity measures have been used to flatten the
COVID-19 epidemic curve. This study aimed to examine the effect of lockdown, trackdown, and herd
immunity on daily COVID19 cases and related deaths using time series data from Jan 22, 2020 to Nov 05,
2020. The Susceptible- Infectious-Recovered (SIR) model was applied to characterize the epidemic
dynamics and to predict possible contagion scenarios of COVID-19. Optimized parameter values were used
to estimate the basic reproductive number (R0) for Sweden, South Korea, Germany, and the United States.
Our results suggested that lockdown and trackdown measures have successfully controlled the outbreak
and transmission of COVID-19, and herd immunity was able to prevent the spread of COVID-19 in Sweden.
However, even if the proportion of immunized individuals in the population as a whole may surpass the
herd immunity threshold, these pockets of susceptible individuals are still at risk for local outbreaks as
immunity is unevenly distributed within a population. This study also found that lockdowns should remain
in place for at least 90 days to prevent the epidemic growth, and both social distancing and public health
measures could potentially remove the need for the lockdowns. The fewer confirmed cases and deaths were
ascertained by trackdowns.

Keywords: COVID-19, SIR modeling, her immunity, trackdown, lockdown
INTRODUCTION

Since the COVID-19 outbreak was first detected in Wuhan, China, it has become a pandemic declared
by World Health Organization (WHO) on March 11, 2020, which spread to over 200 countries (Wu et al.,
2020; Wang et al., 2020; Chan et al., 2020; WHO, 2020). The COVID-19 pandemic has represented many
of the characteristics previously identified in infectious disease ‘nightmare scenarios,” including the ‘silent
man’ phenomenon. Its impact on the global economy is beyond anything experienced in nearly a century.
Many experts warn that the virus will continue to pose a public health threat repeatedly and brace for the
coronavirus’s multiple waves (Barro et al., 2020; WHO, 2020; McKibbin et al., 2020; Hui et al., 2020).

For battling the coronavirus pandemic, governments have implemented a wide range of non-
pharmaceutical interventions (NPIs) to control the spread of COVID-19, reduce the stress on the health
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system, and gain time to develop and produce vaccines under rapidly changing and unpredicted
circumstances (Desvars-Larrive et al. 2020; Anderson et al., 2020; Ugarov 2020; Pan et al., 2020; Rocklov,
2020; Sjodin et al., 2020). Government responses to COVID-19 included the herd-immunity strategy, which
implies doing nothing to minimum interventions relying on voluntary compliance, and more aggressive
approaches such as lockdown and trackdown, sometimes limiting civil rights and liberty.

Government control policies have shown deviations in the timeline of implementation and the
prioritization of NPIs. For example, Sweden’s initial response is the herd-immunity approach, and thus
most businesses stayed open while the world’s biggest economies shut down. However, Sweden has
revealed that despite adopting the herd immunity approach, only 7.3% of the Stockholm populations had
developed the antibodies by late April 2020 (Public Health Agency of Sweden, 2020), which indicates that
Sweden was nowhere near herd immunity. Stringent social and physical distancing, cordon sanitaire, and
quarantine (also referred to as lockdown) and even contact tracking in real-time (also referred to as
trackdown) measures have flattened the COVID-19 epidemic curve in several other Asian countries (Korea,
China, Taiwan, and Singapore) in the early stage of the pandemic. Following the frontier Asian success,
governments worldwide have been forced to pursue aggressive policies to stem the spread of this deadly
disease and bend the death curve (Desvars-Larrive et al., 2020; Cheng, 2020; Hale et al., 2020; Zheng,
2020).

This study was carried out during the crucial development phase of the pandemic (from Jan 22, 2020
to Nov 05, 2020) to assess the effectiveness of lockdown, trackdown, and herd immunity to control daily
COVIDI19 cases and related deaths. Specifically, the COVID-19 trajectories in various countries,
represented by Sweden (herd immunity), USA (lockdown), Germany (lockdown), and South Korea
(trackdown), were explored based on the Susceptible-Infectious-Recovered (SIR) model (Wang et al., 2020;
Wangping et al., 2020; Kucharski et al., 2020; Fanelli et al., 2020).

The SIR model deals with time series of dynamic ordinary differential equations in which the total
population is divided into three components of being susceptible to the disease (Susceptible), actively
infected with the disease (Infectious), and recovered (or dead) and no longer contagious (Recovered).
According to the model, whether or not the number of infected individuals is increasing or decreasing at
any time t depends on the reproductive ratio (RO or R-nought) that signifies the average number of
infectious who pass the virus to others. Consequently, by comparing R0Os from various countries, we have
assessed the effectiveness of government interventions.

Another objective of this study is to help policymakers generate the social and economic scenarios
related to the dynamics of the spread of COVID-19 by obtaining estimates for the number of susceptible,
infectious, and recovered. While the stringent measures based on lockdown and/or trackdown have been
highly successful in controlling catastrophic epidemic escalation, they impose inevitable social and
economic costs on society.

Based on recognizing that no country was yet ‘safe’ from the spread of the outbreak of COVID-19, this
study allows for quantitative statements regarding the timing of often haphazard government interventions
to support smooth market re-functioning.

The paper is organized as follows. In Section 2, we introduce the SIR model in the context of the
ordinary differential equations system, discuss its various aspects, and derive the RO number as the system’s
equilibria. In Section 3, we explain the approaches used to study the data and provide the descriptive
analysis of the data. We present the results of our analysis in Section 4 and discuss the effectiveness of
government interventions implemented in Sweden, USA, Germany, and South Korea. Finally, in Section
5, we conclude our work and discuss the policy implications based on comparisons between government
interventions.

METHODS
Overview of the SIR Model

We employed the SIR model widely used in the analysis of infectious diseases such as Ebola and SARS
(Zhang, 2007; Venkatasen et al., 2020; Rachah and Torres, 2015). The SIR model simulates the trajectories
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of an epidemic phenomenon and provides the prediction of the number of COVID-19 cases. In the classic
form, it models the mutual and dynamic interaction of people between three different conditions:
e Susceptible S(t), which denotes individuals who are susceptible to catching the virus, might
become infectious if exposed.
e Infectious I(t), which denotes infectious individuals who are suffering from the symptoms of
COVID-19 and can spread the virus through contact with the susceptible class of individuals
e Recovered or dead R(t), which denotes individuals who have immunity to the infection and,
consequently, do not affect the transmission dynamics when in contact with other individuals.
This model assumes no new transmissions from animals, no differences in individual immunity, and
natural birth and death. The recovered or dead (R) are generally not re-introduced into the susceptible (S)
category if it is supposed that they became immune to the disease. This aspect is intensely debated, as in
some countries, the second infection of recovered people has been recorded. Despite the strong assumptions
on the SIR model, it is known that this model works appropriately in the analysis of the COVID-19
pandemic.
A characteristic of the model is that the sum of the three categories is equal to the total population (N)
at any time:

N =S(t)+ I(t) + R(t) ()

Hence, the classical SIR model can be described by a series of ordinary differential equations:

2 =-ASO
L2 =BIOSO -vI©® @
E0 =y

It has been observed that in many communities, a spike in the number of infected individuals, I, may
occur, which results in a surge in the susceptible population, S. The evolution of the infected population I
is governed by the second ODE in the system in (2), where £ (> 0) is the transmission rate and y (> 0) is
the removal rate calculated by the inverse of the infectious period.

Analysis of the Equilibria
Let us find the equilibrium points of the system of equations (2) that describes the model. By setting
the right-hand side of (2) to zero, we can get:

ES=1
y

and define the basic (or effective) reproductive rate:

Ry=L
14

It is known that the disease will start to decrease monotonically to zero if R_0 S<1, and if greater than
one, it will increase (Anderson and May; 1982). Thus, the effective reproductive (referred to as R_0) rate
is considered a threshold determining whether an infectious disease will die out quickly or lead to an
epidemic.

The optimization solver minimizes an objective function, which is set to decrease the misfit between
observed data and calculated responses of I and R by varying the parameters. Both § and y are randomly
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initialized at the local minima, and all individuals are considered susceptible. R software (version 3.6.3)
was applied for all the calculations and estimates in the study.

DATA ANALYSIS

COVID-19 Database

The analysis is based on the data collected and made by the Center for Systems Science and Engineering
at John Hopkins University Center (JHU CSSE, resource: https://coronavirus.jhu.edu/map.html). They
represent an official database collected from various official organizations such as the World Health
Organization (WHO), the European Centre for Disease Prevention and Control (ECDC), the USA Centers
for Disease Control and Prevention, and other organizations.

The data for Sweden, the USA, Germany, and South Korea are organized in the form of a time series
where the rows are recorded as in time (from January to November 2020), and the columns include the
daily confirmed cases, deaths, and recovered. Table 1 shows the cumulative confirmed cases, deaths,
population, the proportion of the confirmed population, the proportion of deaths, and GDP per capita of the
four countries.

TABLE 1
CUMULATIVE CONFIRMED CASES (BY NOVEMBER 5TH, 2020)
Country Confirmed | Deaths | Population | Confirmed/ Deaths/ | GDP/capita ($)
Cases Population | Population

Sweden 973,604 14,048 | 10,278,887 9% 0.001% 58,012.96

South Korea 123,728 1,840 | 51,709,098 <1% 0.00% 28,675.03

Germany 3,432,676 83,605 | 83,092,962 4% 0.001% 47,446.73

United 32,421,641 | 577,566 | 328,239,523 10% 0.002% 55,753.14
States

Resource: JHU CSSE; WHO

Considering the vast population gap between the United States and Sweden, the similar confirmed
proportions of the two countries imply that Sweden took the risk of allowing a critical mass of infection to
open most businesses. Even though both South Korea and Germany have a noticeable population difference
from Sweden, they have smaller confirmed proportions. As a result, it is critical to revisit the effectiveness
of the different government interventions in the four countries.

Government Control Strategies Database

Desvars-Larrive et al. (2020) provide the Complexity Science Hun COVID-19 Control Strategies List
(CCCSL) dataset that includes non-pharmaceutical interventions taken by the government for 57 countries.
They partitioned the countries into the eight tiers based on the number of measures implemented at the
different pandemic states by using the K-mean cluster algorithm. Figure 1 shows the eight different tiers of
country clusters based on the control strategy timelines. Specifically, anticipatory measures denote those
implemented before the day when 10 cases were reported; early measures as those implemented between
the day of having 10 cases and the day of having 200 cases; and late measures as those implemented after
the day when 200 cases were reported.
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FIGURE 1
COUNTRY-CLUSTERING BASES ON K-MEAN ALGORITHM
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Country-cluster analysis is based on the number of mandatory government interventions and respective dates of

implementation, as calculated using the epidemic age (t0 = day when 10 cases were reported). Code resource:
http://covid19-interventions.com/CountryClusters.html

In order to clarify the calendar time of the government interventions, we also used the government
measures dataset provided by the Assessment Capacities Project (ACAPS; Resource:
https://www.acaps.org/covid-19-government-measures-dataset). ACAPS, a humanitarian analysis

nonprofit, classified all the non-pharmaceutical measures (NPIs) implemented by governments worldwide
into five categories:

e Public health measures: obligations to wear masks in the public space, hand sanitization

campaigns, etc.

Movement restrictions: international travel restrictions, domestic travel restrictions, curfew,
etc.
Governance and social and economic measures: bans on mass gatherings, bans on sporting and

recreational events, restaurant and bar closures, declarations of states of emergency, public
testing, enhanced surveillance, school closures, etc.

e Lockdowns: domestic lockdowns
e Social distancing
where each category is broken down into several types of measures.

It is worthwhile to note that the tidycovid19 package facilitates the download of the related data from
various sources including the JHU CSSE and ACAPS as:

# R code

download acaps npi_ data

Combining the country-cluster classification and the ACAPS datasets, we specified the four countries
into Tier 2, 5, and 6 and rearranged them into herd immunity (i.e., small interventions), trackdown, and
lockdown (i.e., strong intervention) depending on the intervention types. Table 2 shows that Sweden (Tier
5) sets a seductive example of minimizing the stringent government interventions, whereas the rigorous
social or physical government interventions have been found in Germany (Tier 6) and the United States
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(Tier 2). Compared to the frequencies of government interventions taken by Germany that is in the same
Tier, South Korea took relatively fewer interventions. However, South Korea uniquely implemented
measures to identify cases, track the contacts in real-time that have been obtaining great caution due to its
danger to put personal privacy at risk, and severely isolate suspected cases.

TABLE 2
COUNTRY-CLUSTERING BASED ON THE NUMBER OF NPIs

Intervention | Country
type Cluster Country N(A) N(E) N(L) Total
small Tier 5 Sweden 5 3 13 21
trackdown Tier 6 South Korea 0 9 18 27
strong Tier 6 Germany 6 6 18 30
strong Tier 2 United States 3 7 27 37

Note: Anticipatory measures (A), Early measures (E), and Late measures (L).
RESULTS

Government Interventions (NPIs) Distributions Over Time

Here we present how the government interventions distribute across calendar time. Figure 2 shows that
the government interventions were intensely implemented in the first 200 days (late February thru early
August), right before the pandemic’s first wave peaked. The number of interventions after late August
remained slightly low compared to those in the first 200 days, but an occasionally high intervention was
detected during the holiday season.

FIGURE 2
HISTOGRAM OF NPIs ACROSS CALENDAR TIME (END TIME: NOVEMBER 5th, 2020)
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Code resource: https://github.com/joachim-gassen/tidycovid19

Figure 3 shows that both public health and governance and socio-economic measures were taken earlier
as anticipatory measures (i.e., those implemented before the day when 10 cases were reported), and they
have been used as early (i.e., those implemented the day of having between 10 and 200 cases) and late
measures (i.e., those implemented after the day of having 200 cases). Throughout the observed period,
public health measures have been the most preferred as the governments were inclined to taking less

Journal of Management Policy and Practice Vol. 22(2) 2021 49



intrusive measures. Unlike public health measures, socio-economics measures were carefully used because
these measures can trap countries’ economies in self-imposed malfunction. Social distancing and movement
restrictions measures were implemented as early measurements, but social distancing was taken slightly
later than movement restrictions. Lockdown measures were reluctantly used as late measurements due to
the ravage consequences on the economic factors but could not be a long-term solution. As the pandemic
persisted in the long run, lockdown measures were considered only in South Korea and Germany (Tier 6).

FIGURE 3
THE PERCENTAGE SHARES OF INTERVENTION TYPES
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As shown in Figure 4, Sweden took governance and socio-economic measures as anticipatory measures
and used them as one of the primary government interventions over the observed period. Both public health
measures and social distancing were taken as early measures, and movement restrictions were used as late
measures. The proportion of public health measures was constantly 50% starting from the 50 days after
detecting the 10th cases. The proportion of governance and socio-economic measures decreased as the
pandemic lasted in the long run. Instead, Sweden replaced governance and socio-economic measures with
movement restrictions and social distancing. Interestingly, Sweden did not implement lockdown measures
over the observed period.

South Korea implemented public health (40%), movement restriction (40%), social distancing (15%),
and lockdown (5%) measures as early measures, but lockdown was implemented slightly later than the
other two approaches. Starting from the 100 days when the massive virus test systems, including drive-thru
testing, were initiated, the South Korean government minimized using lockdown measures. Instead, the
country started to implement governance and socio-economic measures. The South Korean strategy can be
simplified as the implementation of repeated cycles of test and contact trace measures. Unlike other
countries, there has also been heavy use of surveillance technology: closed-circuit television (CCTV) and
tracking of bank cards and mobile phone usage, to identify who to test in the first place. Despite the
successful control for the battle against the pandemic, this trackdown approach has been obtaining caution
due to the risk of threatening personal privacy, and so the other three countries did not implement this
approach.

Following the South Korean success, Germany has been forced to pursue various government
interventions to bend the confirmed and death curves. Since the country did not implement trackdown due
to the privacy issue, the proportions of government interventions are more diverse than those in South
Korea. Unlike South Korea in the same tier (Tier 6), Germany implemented governance and socio-
economic measures as primary early measures, starting from the 40 days. Lockdown measures were used
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from the 50 days but were not heavily enforced. As the pandemic persisted in the long run, the proportion
of public health measures increased, whereas social distancing slightly decreased.

From Table 2, we can see that the United States significantly implemented late measures. Considering
the 30 days to be the starting time of late measures, it is shown that the United States have heavily
implemented public health and governance and socio-economic measures as both early and late measures.
As an additional early and late measures, movement restrictions were used over the observed period.
However, there is no evidence the country used lockdown measures that is a total closure of the economy.
Even though social distancing is less than 5% out of the total government interventions, it is constantly
detected as one of the late measures.

FIGURE 4
COMPARISON OF THE BREAK-DOWN OF INTERVENTION TYPES
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SIR Estimation Results
Scenario Studies

From the SIR model in Equation (3), we know that the rate of increase in the number of infections
depends on the reproduction rate (i.e., R0), and especially the virus will die out as long as RO < 1. It implies
that the fewer susceptible people and the more people who are recovered and hence immune, the less our
random interactions result in infections. Figure 5 shows that the ratios of confirmed cases and their
cumulative cases over 16 months under different values of RO (=1.60, 1.88, 2.16, 2.44, 2.72, 3.00).
Considering that the health system can be overwhelmed when the fraction exceeds 1%, it appears to take
about 150-450 days to reach the threshold when RO > 1.6, with 250-450 days to reach the peak points.
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Figure 6-(b) depicts that 60% of the population are exposed to the virus within 450 days under almost all
scenarios considered. Only under that case of RO = 1.6, the virus is managed under control over the 500
days period, and so the government interventions can be effective to save the time that a vaccine becomes
available. It implies that the objective of the government interventions is to maintain RO to be as close as
possible to 1.

FIGURE 5
ESTIMATES OF CONFIRMED CASES AS A FRACTION OF POPULATION (N =1000)
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Regression Results

As shown in Figure 6, the cumulative development of confirmed cases and deaths (in a log scale)
dramatically changed in the first 30-50 days and seemingly reached the saturated points in the 200 days. As
a result, we estimated RO for one month (i.e., RO(30)) the first case was observed, for 200 days (i.e.,
R0(200)) after the day when the first case was observed, and for the entire sample period (i.e., RO(t)),
separately. The estimation was proceeded in the context of minimizing the difference between the observed
and simulated confirmed cases.

FIGURE 6
ESTIMATES OF CONFIRMED CASES AND DEATHS
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Table 3 shows that in the first 30 days, various ranges of R(values (ranged from 1.17 to 1.36) were
detected across the countries where the highest RO was found in South Korea, and the lowest value was
found in Sweden. In the first 200 days, each government actively fought against the virus, and therefore we
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were able to see noticeable improvements in lowering the RO values. Interestingly, in the 200 days, the
lowest RO was found in South Korea, and it implies that movement restrictions and public health measures
implemented in South Korea were very effective between 30 days and 200 days. In the overall period, it
appears that the South Korean government has done a great job in sustaining RO to be close to 1. This result
is also confirmed in Figure 6.

Our results suggested the intense government interventions have successfully controlled the outbreak
and transmission of COVID-19 between the 30 days and the 200 days period. However, the more interesting
findings are observed in Sweden, where the herd immunity approach was implemented. Compared to other
countries that implemented the vigorous interventions such as lockdown and movement restrictions, there
is no evidence that Sweden’s herd immunity approach brought total failure to control the virus. The Swedish
example gives us the idea for small population countries that taking soft government interventions such as
social distancing and public health measures can also effectively reduce the spread of COVID-19.

TABLE 3
R0 COMPARISON OVER THE PERIODS, t =30, 200, AND OVERALL
Country Intervention Population R((30) R((200) R((t) Expected
type Peak

Sweden Herd immunity | 10,278,887 1.17 1.15 1.18 2020-08-26
South Korea Trackdown 51,709,098 1.36 1.10 1.08 2020-09-08
Germany Lockdown 83,092,962 1.28 1.12 1.19 2020-09-20
United States Lockdown 328,239,523 1.25 1.20 1.31 2020-10-05

Figure 7 presents the simulated trajectories of the evolution of COVID-19 under the assumption that
A (=A((200)) is constant across the 500 days. These include estimated cumulative susceptible (S; black),
cumulative confirmed cases (I; red), and removed or recovered cases (R; green) in 500 days periods, along
with the observed cases (blue) in 298 days sample periods. It appears to take about 208-248 days to reach
the peak points. Regardless of the relative RO similarities between the countries, almost one month
difference of the peak dates between Sweden and Germany is expected due to the population size difference.
Due to a large number of populations, the United States is expected to have the stagged peak point within
the first wave of COVID-19. The model predictions for the peak date could be fitted to the observed peaked
data reasonably well for Sweden and the Unites States. But for South Korea and Germany, the actual
number of infections fell more rapidly than the model prediction, which is an indication of the success of
the measures implemented by the governments. It implies that effective pandemic containment is possible,
even in the absence of herd immunity in communities.

FIGURE 7
SIMULATED TRAJECTORIES VS. OBSERVED INCIDENTS OF THE SPREAD OF COVID-19
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CONCLUSION

In this work, we investigated the effectiveness of several government interventions implemented in
Sweden, South Korea, Germany, and the Unites States in the context of SIR model to provide insights into
the spread of COVID-19 in communities. We began by presenting the basic SIR model and its mathematical
analysis. The major problem with all infectious disease models is that the contact pattern in the population
is often unknown, and somewhat difficult to measure ([26] Kramer, A. et al., 2009; [27] Giesecke, 2017).
The SIR model used here is only a simple one and thus, the predictions that come out might not be accurate
enough, something that also depends on the observed data and their trustworthiness. However, as the model
data show, one thing that is certain is that COVID-19 is not going to go way quickly or easily.

It is inevitably true that the SIR model provides the fundamentals of getting a better understanding of
the transmission of COVID-19. Moreover, the current infectious disease models are all extensions of the
SIR model, estimating the parameters in the model is meaningful to obtain the better understanding of the
dynamics of infection spread in a population. Then, we added the optimization procedures to estimate the
parameters of the SIR system of equations and simulated the spread of COVID19 in the first wave (from
January 22nd to November 5th, 2020) period. By comparing not only the different RO values over the period
but also the observed data with predictions, we examined the success of the three government intervention
types: herd immunity, trackdown, and lockdown.

The effectiveness of the three approaches have been mixed. Our results confirmed the adequate
measures have to be implemented to further prevent and control the spread of COVID-19. The South
Korean government took an effective step to act in controlling the spread of the virus between 30 days and
200 days. The noticeable measures used in South Korea are isolation of susceptible individuals to avoid
mixing them with no-symptoms and self-quarantine individuals, repeated cycles of test, and contact trace
measures. It is also shown that the strong lockdown measures should be used within the first 90 days from
the day when the 10th confirmed cases were found. The governance and socio-economic measures can be
vigilant risk measures to harm the economy and so should be carefully implemented. Both social distancing
and public health measures such as hand sanitization and mask mandating were mostly implemented as
early as possible to control the high spread of COVID-19.

The long term ‘exit strategy’ needs to consider and balance not only the health outcomes, but also the
economic consequences of any course of action. Given the caveats about possible variants of COVID-19,
every effort should be made to distribute a safe and effective vaccine in the shortest possible time frame.
Although competition drives invention and efficiency of a vaccine, we are facing a global problem that
excessive rivalry may hamper a coordinated global effort that will provide community protection.
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