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As of the end of October 2020, the cumulative number of confirmed cases of COVID-19 has exceeded 45 million and the
cumulative number of deaths has exceeded 1.1 million all over the world. Faced with the fatal pandemic, countries around the
world have taken various prevention and control measures. One of the important issues in epidemic prevention and control is the
assessment of the prevention and control effectiveness. Changes in the time series of daily new confirmed cases can reflect the
impact of policies in certain regions. In this paper, a smooth transition autoregressive (STAR) model is applied to investigate the
intrinsic changes during the epidemic in certain countries and regions. In order to quantitatively evaluate the influence of the
epidemic control measures, the sequence is fitted to the STARmodel; then, comparisons between the dates of transition points and
those of releasing certain policies are applied. Our model well fits the data. Moreover, the nonlinear smooth function within the
STAR model reveals that the implementation of prevention and control policies is effective in some regions with different speeds.
However, the ineffectiveness is also revealed and the threat of a second wave had already emerged.

1. Introduction

In 2020, the COVID-19 epidemic is changing the way how
people live, work, study, and socialize [1, 2]. In the absence of
effective vaccines, only nonpharmaceutical public health
interventions can be used to break the chain of transmission
of the virus [3, 4]. Huge social and economic cost measures
are conducted, such as the “lockdown” of severe regions, the
establishment of adequate isolation places, the closure of
nonessential public venues, and the closure of schools and
workplaces [5–10].

China has adopted a series of strict control measures,
including the lockdown of Wuhan starting from January 23,
2020, the establishment of Vulcan Mountain Hospital, +or
Mountain Hospital, and mobile cabin hospital, calling for
the public to stay at home, not dining together, not visiting
friends and relatives, working from home for adults,
studying online at home for kids and college students, and

tracing and isolating close contacts. +e virus spread
alarmingly fast in late January in China. Based on the public
reports on the number of confirmed cases, the prevalence of
COVID-19 outside Hubei Province came to a controllable
size in late February [11–14]. +e epidemic has been under
effective control by March 2020. +e Wuhan lockdown
eventually ended on April 8, 76 days since its commence-
ment. Moreover, China has timely contained several scat-
tered confirmed cases in Jilin, Beijing, Xinjiang, Liaoning,
and other places afterwards.

During the pandemic, all countries have implemented
various prevention and control policies. Faced with a novel
coronavirus that is highly contagious without reliable vac-
cine, the effectiveness of policies in different countries and
regions is an important and urgent topic. Gregory et al. [15]
provided evidence that state-wide mandates are effective in
promoting social distancing in America through Google big
data. Saez et al. [16] used a time-series design and a
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generalized linear hybrid model to explain and estimate the
changes in the epidemic curve following quarantine mea-
sures in Spain. Nicholas et al. [17] used a random age
structure propagation model to explore the effects of a range
of interventions in UK and found that all four basic in-
terventions were likely to reduce the basic reproductive
number. It has been shown that in most countries the
number of daily confirmed cases and the number of daily
deaths show signs of decline from 1 to 4weeks after the
highest levels of social distancing measures were enacted and
that the effect of social distancing measures on COVID-19
transmission varies among countries [18].

+e effectiveness of prevention and control measures
will be directly reflected in the trend of the epidemic. In
order to quantitatively identify the inflection points hidden
in the time series of daily new confirmed cases and further
evaluate the effectiveness, a smooth transition autoregressive
(STAR) model is utilized to analyze the epidemic data in
different countries and regions.

Transitions are usually characterized by nonlinear
models [19–21]. +ere are three main types of nonlinear
models: the ARCH model proposed by Engle [22], the
Markov mechanism transition model proposed by Hamilton
with discrete variations of dependent variables determined
by Markov chain [23], and the smooth transition autore-
gressive model proposed by Granger and Terasvirta [24],
namely, the STARmodel, while Tong’s autoregressive model
of the gate can be regarded as a special case of STAR [25].
ARCH model is mainly to describe the volatility of non-
linear. +e Markovian transition model needs much in-
formation to infer the state of the variables, and the result
can only infer the probability of the transformation zone,
without specifically describing the nonlinear form of the
transformation. +e STARmodel can realize the continuous
smooth nonlinear transition and gives the nonlinear form of
the mechanism transformation. Compared with other
models, our method can not only well fit the epidemic curve
but also quantify the inflection point, as well as the speed of
transition, of the epidemic time series without external or
prior information.

Combining with the release time of policies, we can
provide the evaluation of the effectiveness of epidemic
prevention and control measures. In fact, the inflection
points are related to the quantitative parameters reflecting
the switch of expansion and contraction within the se-
quences. It is revealed by the nonlinear function in the STAR
model that the effectiveness of certain policies usually
showed up within 2 weeks to 2 months. Ineffective policies
have little impact on the trend of time series within 2months
or more.

An outline of this paper is as follows. +e data and
methodology are given in Section 2. Results are illustrated in
Section 3. Discussions are given in Section 4.

2. Data and Methodology

+e daily confirmed cases of COVID-19 in different regions,
which are Guangdong Province in China, Brazil, France,
Germany, India, Italy, Mexico, Spain, and the United States

of America, are collected from the World Health Organi-
zation database. Before fitting to ourmodel, the original time
series are smoothed in order to reduce the fluctuation and
keep the trend. In addition, measures and policies to prevent
the transmission of COVID-19 in different regions are
collected from national or regional official websites and news
websites. +e information and time series of daily confirmed
cases are combined together to analyze the relationship
between the social measures and the intrinsic changes of
daily confirmed cases.

+e daily new confirmed COVID-19 sequence data are
modeled by smooth transition autoregressive model
(STAR). +e STAR model is divided into the autoregressive
part and the nonlinear smooth part; the specific form of the
model is as follows:

yt � α0 + α1yt−1 + · · · + αpyt−p

+ β0 + β1yt−1 + · · · + βpyt−p( )G c, c;yt−d( ) + εt,
(1)

where (α0, α1, . . . , αp) and (β0, β1, . . . , βp) are vector pa-
rameters, and yt is the response variable, (yt−1, · · · , yt−p) is
the vector of the explanatory variables.
G(c, c;yt−d) � 1 − exp(−c(yt−d − c)

2), where c> 0 is the
transition speed, and it is the function G(c, c;yt−d) that
causes the nonlinearity of the model. It is continuous with
the observable variable yt−d. As yt−d changes, G(c, c;yt−d)
changes between 0 and 1 smoothly. +e parameter c> 0
determines the speed of the smooth transition. Moreover,
parameter c measures the position where the smooth
transition takes place within the system under consideration,
which can be viewed as the threshold for different growing
patterns. Finally, p is the order of time lag for autore-
gression, and d is the time lag where state variable yt−d is
converted.

In the application of the STAR model, all the parameters
p, d, c, c, αi, and βi, i � 0, 1, . . . , p, should be estimated, in
which the values of p and d should be determined first, and
then the remaining parameters are estimated. In this work,
the time lag parameters are set as p � 7 or p � 8, and d � 4
or d � 5 for most cases due to the weekly stability of the time
series and the statistical feature of incubation period.

+e STAR model gives good fitting of the time series in
consideration, and the associated nonlinear function G tells
the transition within the sequence. When a system is at a
lower level, it is easy to cause an expansion, which makes the
system expand; thus, G(c, c;yt−d) would decrease. On the
other hand, when the system is at a higher level, it tends to
decline; hence, the value of G(c, c;yt−d) would increase
accordingly. +e larger the value of G(c, c;yt−d) was, the
more likely transition of expansion or contraction would
take place. +erefore, the intrinsic change within the se-
quence of the daily confirmed cases can be obtained from the
value of G(c, c;yt−d). +e reference threshold for G is
usually 0.5.

In order to evaluate the effect of the prevention mea-
sures, the comparison between the release time of a policy
and the time that transition takes place in function G can
accomplish our task. When function G goes across the
threshold, intrinsic transition happens, and hence the
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effectiveness of policies is proven as long as the change in G
happens within a certain time span after the release of
policies. Finally, the quantification of the error in our fitting
result is the mean absolute value defined as

MAE �
1

n
∑
n

t�1

yt − ŷt
∣∣∣∣

∣∣∣∣, (2)

where yt, t � 1, . . . , n{ } is the time series of the real data and
ŷt, t � 1, . . . , n{ } is the sequence of the fitted values from our
model.

3. Results

According to the STAR model, the data of daily new cases in
each region are fitted to the model. Moreover, the nonlinear
function is obtained simultaneously to quantify the transition
points within the sequence. +e impact of policies on the
epidemic will be analyzed by combining the transitions in the
time series with the timeline of epidemic prevention policies
released and implemented in different regions. Guangdong
Province in China is analyzed first to show the validation of our
STAR model and the positive impact of epidemic prevention
policies in detail.+en, cases in different countries are analyzed
afterwards. We focused on the effectiveness as well as the
ineffectiveness conducted by typical countries. Moreover, we
take a look at the second wave of COVID-19 in two European
countries with our STAR model, resulting in calling for closer
attention and more effective and stricter prevention policies.

3.1. Effective Policies

3.1.1. Guangdong Province of China. +e Chinese govern-
ment adopted a series of epidemic prevention policies de-
cidedly, which have successfully contained the epidemic and
set a successful experience. We selected the data of daily new
confirmed cases from January 24 to March 2 in Guangdong
Province, China. +e moving average is set as 5 to smooth
the fluctuation. +e lag order for autoregression is set as p �
3 due to the short epidemic period and the lag order for the
nonlinear transition is set as d � 1 due to the fast reaction.
+en, the nonlinear fitting equation can be obtained as
follows:

ŷt � 76.6 − 4.2yt−1 + 7.6yt−2 − 3.8yt−3

+ −76.8 + 5.7yt−1 − 8.0yt−2 + 3.6yt−3( )

· 1 − exp −24.0 yt− 1 − 50.8( )2( )[ ].

(3)

Figure 1 shows the real data after smoothness (blue solid
line) and its fitted values by the STAR model (blue dashed
line).+e right axis shows the value of nonlinear functionsG
changing with time (orange solid line) and the reference line
with threshold 0.5 (orange dashed line). Given by the STAR
model, the transitions within the sequence of daily new cases
are obtained from function G.

To be specific, let us see the fitting results in more detail.
+e transition speed parameter c � 24.0 measures the speed
of the structural transition, which indicates that the epi-
demic situation in Guangdong Province was characterized

by rapid reaction. +e duration of the transition within
function G is 2 weeks, which is the common time length for
quarantine of susceptible people. c � 50.8 indicates that
about 50.8 new cases daily is the switch boundary of ex-
pansion and contraction. In fact, Guangdong had quickly
adopted a series of antiepidemic measures during the period
from January 24 to February 4. +e dates that policies re-
leased are represented in Figure 1 with vertical dashed lines.
According to the STAR model, the changes in G reflect the
intrinsic changes within the time series.

+e control policies are effective by comparing the
changes in G and the implementation of the policies shown
in Figure 1. +e effective policies in Guangdong Province
represent cases in most Chinese provinces, showing that the
epidemic can be quickly contained as long as epidemic
prevention policies are timely and strictly conducted. +e
model fitting error is shown in Figure 2. +e mean absolute
error (MAE) for Guangdong is 2.3, which shows the good
fitting of the STARmodel. In the following, typical countries
with effective containment policies are analyzed.

3.1.2. Italy. +e daily new cases from February 22 to May 30,
2020, were selected for Italy.+emoving average order is set as
7 to smooth weekly fluctuation. +e lag orders for autore-
gression and nonlinear function are set as p � 7 and d � 5,
respectively. +e nonlinear fitting equation is as follows:

ŷt � 92.4 + 1.2yt−1 − 0.1yt−2 − 0.2yt−3

+ 0.4yt−5 − 0.4yt−6 + 0.1yt−7

+ −62.9 − 0.2yt−1 + 0.3yt−2(
+ 0.1yt−4 − 0.1yt−5 + 0.2yt−6 + 0.5yt−7)

· 1 − exp −5.3 yt− 5 − 3261.2( )2( )[ ].

(4)

+e curves for the real data, fitting results, and G
function are shown in Figure 3. +e smooth transition in G
takes place near c � 3261.2, and the speed parameter is
c � 5.3. +e mean absolute error for Italy is 38.7 (Figure 4).

+e impact of policies in Italy is positive. Compared to
the fitting result of Guangdong Province with c � 24.0 and
c � 50.8, the speed for Italy is c � 5.3 and c � 3261.2. Due to
the large amount of daily confirmed cases, the boundary of
transition is around 3261.2. It is difficult to prevent the
pandemic when the scale is large. +erefore, the speed is
slower. Since March 8, Italy has adopted extensive lockdown
measures. Specific measures to restrict contacts were first
implemented in the northern region and then conducted
nationwide on March 10. As illustrated in Figure 3, the
duration between two transitions indicated by function G is
nearly 1month to get the daily new confirmed cases in Italy
changing to shrinking period.

3.1.3. Germany. +e data of daily new confirmed cases
from February 28 to May 30, 2020, were selected for
Germany. +e moving average order is set as 7 to smooth
the weekly periodic fluctuation. +e lag orders for
autoregression and nonlinear transition are set as p � 8
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and d � 4, respectively. +en, we can get the nonlinear
fitting equation as follows:

ŷt � −314.3 + 0.8yt−1 + 0.6yt−2 − 0.5yt−3 + 0.2yt−4 − 0.1yt−5

+ 0.5yt−6 − 0.8yt−7 + 0.3yt−8

+ 358.0 + 0.5yt−1 − 0.9yt−2 + 0.7yt−3(
−0.1yt−4 − 0.3yt−5 − 0.5yt−6 + 0.4yt−7 + 1.7yt−8)

· 1 − exp −2.2 yt− 4 − 2952.8( )2( )[ ].
(5)

+e model fitting results and errors are shown in Fig-
ures 5 and 6. +e location of smooth transition is near
c � 2952.8, and the transition speed parameter is c � 2.2.
+e mean absolute error is 42.

+e transition speed parameter c � 2.2 shows that the
containment in Germany is slow. Moreover, the transition
boundary c � 2952.8 indicates a severe situation. On March

8, 2020, the number of total confirmed cases in Germany
exceeded 1,000. A week later, schools were closed. +e
government raised the risk level to “high.” When the
number of total confirmed cases exceeded 30,000 on March
23, the German government tightened social controls on
activities and gatherings. +e implementation of these
policies made the daily confirmed cases decline and resulted
in changes in G. +e duration between the first and last
transitions in G is nearly 40 days, indicating the effectiveness
of prevention and hard work for Germany to get the pan-
demic under control.

3.1.4. France. +edata of daily new confirmed cases between
February 26 and May 28, 2020, were selected for France, and
the order of moving average is set as 7 to smooth the weekly
periodic fluctuation. +e lag orders for autoregression and
nonlinear transition are set as p � 7 and d � 4, respectively.
+e nonlinear fitting equation is as follows:
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Figure 1: +e fitting result of Guangdong Province, China. +e left axis shows the daily confirmed cases for the real data after smoothness
(blue solid line) and its fitted values by the STARmodel (blue dashed line).+e right axis shows the value of nonlinear functionsG changing
with time (orange solid line) and the reference line with threshold 0.5 (orange dashed line). +e vertical dotted line indicates the sequential
released policies: ① close entertainment and gatherings, ② close other places, ③ isolate confirmed cases, and ④ suspend urban traffic.
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Figure 2: +e fitting error of Guangdong Province, China. +e mean absolute error is 2.3, indicating the goodness of fit.
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ŷt � 6728.3 − 1.7yt−1 − 0.7yt−2 − 0.4yt−3 + 1.0yt−4

+1.4yt−5 + 4.5yt−6 − 3.4yt−7 + −6688.4 + 2.7yt−1 + 0.7yt−2 + 0.5yt−3 − 1.0yt−4 − 1.4yt−5 − 4.6yt−6 + 3.3yt−7( )

· 1 − exp −13.8 yt− 4 − 2890.3( )2( )[ ].
(6)

+e fitting results and errors are shown in Figures 7 and
8. +e location of smooth transition is near c � 2890.3, and
the transition speed parameter is c � 13.8. +e mean ab-
solute error is 96. +e critical value for transition is
c � 2890.3, which is similar to that of Italy and Germany.
+e speed parameter c � 13.8, indicating a fast effectiveness
of a series of policies released by the French government. In
fact, the duration between the first and last transitions ofG is

around 20 days, as shown in Figure 7, showing the fast and
effective prevention measures in France.

3.1.5. Spain. +e data of daily new confirmed cases for Spain
were selected from February 25 toMay 30, 2020.+emoving
average is set as 7 to smooth the weekly fluctuation. +e lag
orders for autoregression and nonlinear transition are set as
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Figure 3: +e fitting result of Italy. +e left axis shows the daily confirmed cases for the real data after smoothness (blue solid line) and its
fitted values by the STARmodel (blue dashed line).+e right axis shows the value of nonlinear functionsG changing with time (orange solid
line) and the reference line with threshold 0.5 (orange dashed line).+e vertical dotted line indicates the sequential released policies:① close
schools across the country and ② nationwide lockdown.
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Figure 4: +e fitting error of Italy with a mean absolute error of 38.7.
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p � 7 and d � 4. +en, the nonlinear fitting equation is as
follows:

ŷt � 526.9 + 0.9yt−1 − 0.5yt−2 + 1.2yt−3 − 0.8yt−4 + 1.6yt−5 − 1.3yt−6 − 0.2yt−7

+ −494.4 + 0.6yt−1 + 0.3yt−2 − 1.4yt−3 + 1.1yt−4 − 2.1yt−5 + 1.5yt−6 + 0.2yt−7( ) 1 − exp −4.9 yt− 4 − 3618.1( )2( )[ ].
(7)

+e model fitting results and errors are shown in Fig-
ures 9 and 10. +e transition speed parameter is c � 4.9,
indicating a slow transition and prevention effect. +e
boundary for smooth transition in Spain is around
c � 3618.1, showing a severe situation to combat the

pandemic. +e mean absolute error is 85, showing a good
fitting result.

Spain imposed a regional lockdown on March 16. Two
weeks later, onMarch 30, Spain imposed a stricter restriction
aiming at reducing mobility and nonessential industrial
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Figure 5: +e fitting result of Germany.+e left axis shows the daily confirmed cases for the real data after smoothness (blue solid line) and
its fitted values by the STAR model (blue dashed line). +e right axis shows the value of nonlinear functions G changing with time (orange
solid line) and the reference line with threshold 0.5 (orange dashed line).+e vertical dotted line indicates the sequential released policies:①
close schools across the country, ② upgrade the risk level of the outbreak to “high,” and ③ tighten controls on social activities and
gatherings.
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Figure 6: +e fitting error of Germany with a mean absolute error of 42.
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activity throughout the country. However, it took nearly two
months for Spain to overcome the first wave of pandemic,
resulting from the duration between the first and the last
transitions ofG. +e transition speeds for Spain and Italy are
4.9 and 5.3, which are similar. However, it took nearly twice
the time period for Spain to get the pandemic under control
as that of Italy. +e essence for the difference lies in the
hesitation towards imposing strict restriction at early stage
of the epidemic.+e epidemic betweenMarch 16 andMarch

30 showed the ineffectiveness of the early control measures.

3.1.6. United States of America. +e data of daily new
confirmed cases for USA were selected fromMarch 6 to May
24, 2020. +e moving average order is set as 7 to smooth the
weekly fluctuation. +e lag orders for autoregression and
nonlinear transition are set as p � 7 and d � 4, respectively.
+e nonlinear fitting equation is as follows:
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Figure 7: +e fitting result of France. +e left axis shows the daily
confirmed cases for the real data after smoothness (blue solid line)
and its fitted values by the STAR model (blue dashed line). +e
right axis shows the value of nonlinear functions G changing with
time (orange solid line) and the reference line with threshold 0.5
(orange dashed line). +e vertical dotted line indicates the se-
quential released policies:① close all nonessential areas,② declare
the highest stage of epidemic prevention and close all nonessential
public places,③ close all schools,④ close borders, and⑤ put field
hospitals into operation.
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Figure 8: +e fitting error of France with a mean absolute error of
96.
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Figure 9: +e fitting result of Spain. +e left axis shows the daily
confirmed cases for the real data after smoothness (blue solid line)
and its fitted values by the STAR model (blue dashed line). +e
right axis shows the value of nonlinear functions G changing with
time (orange solid line) and the reference line with threshold 0.5
(orange dashed line). +e vertical dotted line indicates the se-
quential released policies: ① restrict free traveling for 15 days, ②
isolate residents at home and close nonessential places, ③ trans-
form Madrid’s convention and exhibition center into a “makeshift
hospital,”④ force workers in noncore industries to stay at home,
and ⑤ upgrade epidemic prevention and control measures.
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ŷt � 34733.1 − 1.1yt−1 − 4.8yt−2 + 4.8yt−3 − 3.7yt−4 − 0.2yt−5 − 4.1yt−6 + 4.4yt−7

+ −34058.6 + 2.0yt−1 + 4.8yt−2 − 4.9yt−3 + 4.8yt−4 − 0.3yt−5 − 4.3yt−6 − 4.0yt−7( ) 1 − exp −4.5 yt− 4 − 15942.5( )2( )[ ].
(8)

+e model fitting results and errors are shown in Fig-
ures 11 and 12. +e transition speed parameter is c� 4.8,
indicating a slow transition. +e critical value for transition
is around c � 15942.5, reflecting a severe situation in USA.
+e mean absolute error for the fitting is 431.

+e nonlinear transition function G in Figure 11 showed
only one transition. +e intrinsic contraction had not ar-
rived till May 24, 2020. On April 17, the reopening policies
were released aiming at recovering economy in three stages.
+ere is no significant fluctuation short after the reopen.
+is indicates the possibility of reopening under close
prevention. However, it is still at high risk of further out-
break since the system had not switched to contraction stage.
As we know, after the death of Freud, the trend grew

explosively due to demonstrations and gatherings. Close
contacts made the transmission of coronavirus easy and
resulted in further spread of the pandemic.

3.2. Ineffective Policies

3.2.1. Brazil. +e data of daily new confirmed cases from
March 5 to June 30, 2020, were selected for Brazil. +e
moving average order is set as 7 to smooth the weekly
fluctuation. +e lag orders of autoregression and nonlinear
transition are set as p � 7 and d � 4, respectively. +e
nonlinear fitting equation is as follows:

ŷt � 263.1 + 1.3yt−1 − 0.5yt−2 − 0.1yt−3 + 0.3yt−5 + 0.3yt−6 − 1.3yt−7

+ −265.1 − 22.6yt−1 + 18.8yt−2 + 30.5yt−3 + 12.4yt−4 − 18.8yt−5 − 20.0yt−6 + 43.5yt−7( ) 1 − exp −4.8 yt− 4 − 27722.5( )2( )[ ].
(9)

+e model fitting results and errors are shown in Fig-
ures 13 and 14. +e transition speed parameter is c � 4.8,
indicating a slow transition. Due to the severe pandemic, the
boundary between expansion and contraction is around
c � 27722.5. +e mean absolute error is 272.

In order to prove the effectiveness of certain policies,
there must be changes within a period containing as short
incubation period as possible. Since the common quarantine
time is 14 days, the change should show up within 1 month
or so. However, for the case of Brazil, not only the trend of
the time series but also the G function remained unaffected

for more than 2 months after the release of policies. +e
STAR model shows a good fitting, as well as the ineffec-
tiveness of the prevention measures.

3.2.2. India. +e data of daily new confirmed cases were
selected from March 3 to September 20, 2020, for India. +e
moving average is set as 7 to smooth the weekly periodic
fluctuation. +e lag orders of autoregression and nonlinear
transition are set as p � 7 and d � 4, respectively. +e
nonlinear fitting equation is as follows:

ŷt � −23643.3 + 0.8yt−1 + 0.2yt−2 − 0.4yt−3 − 0.4yt−4 − 0.3yt−5 + 1.8yt−6 − 0.2yt−7

+ 23681.1 + 0.7yt−1 − 0.9yt−2 + 1.0yt−3 − 0.2yt−4 + 0.8yt−5 − 2.4yt−6 + 0.4yt−7( ) 1 − exp −25.8 yt− 4 − 59008.5( )2( )[ ].
(10)

+e model fitting results and errors are shown in Fig-
ures 15 and 16. +e transition speed parameter is c � 25.8,
indicating a quick transition. +e critical value between
expansion and contraction states is c � 59008.5. +e mean
absolute error is 154 for our fitting.

+e situation of India is similar to that of Brazil. However, it
possesses longer time that the sequence trend and the transition
function G remained unaffected, which was more than
3months, refer to Figure 15. +e transition in G indicated the
slowdown of increase trend caused by potential natural growth.
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3.2.3. Mexico. +e data of daily new confirmed cases from
March 21 to July 10, 2020, were selected for Mexico. +e
moving average is set as 7 to smooth the weekly periodic

fluctuation. +e lag orders of autoregression and nonlinear
transition are set as p � 7 and d � 4, respectively. +e
nonlinear fitting equation is as follows:

ŷt � 217.8 − 0.1yt−1 − 0.4yt−2 + 1.1yt−3 − 1.1yt−4 + 1.4yt−5 − 1.0yt−6 + 1.3yt−7

+ −192.8 + 1.6yt−1 + 0.1yt−2 − 1.4yt−3 + 1.5yt−4 − 1.9yt−5 + 1.4yt−6 − 1.5yt−7( ) 1 − exp −32.0 yt− 4 − 3308.5( )2( )[ ].
(11)

+e model fitting results and errors are shown in Fig-
ures 17 and 18. +e transition speed parameter is c � 32.0,

indicating a quick shift in the trend. +e boundary for
transition is c � 3308.5. +e mean absolute error is 22.
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Figure 11:+e fitting result of America.+e left axis shows the daily confirmed cases for the real data after smoothness (blue solid line) and
its fitted values by the STAR model (blue dashed line). +e right axis shows the value of nonlinear functions G changing with time (orange
solid line) and the reference line with threshold 0.5 (orange dashed line).+e vertical dotted line indicates the sequential released policies:①
declare state of emergency and close schools,② impose travel ban to the United Kingdom and Ireland,③ close the border with Canada,④
close the border with Mexico, and ⑤ restart the US economy in three stages.
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Figure 12: +e fitting error of America with a mean absolute error of 431.
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From Figure 17, there is no change for the trend se-
quence or function G after 3months since the release of the
prevention policy, indicating the ineffectiveness of pre-
vention measures in Mexico. +e transition in G in July
indicated the slowdown of increase trend in daily new
confirmed cases caused by potential natural growth.

3.3. Awareness of the Second Wave. +e effective policies in
most countries resulted in the temporary control of the
COVID-19 pandemic and the reopen of economy and social
activities. However, the second wave of the pandemic had

been approaching dramatically. +ere was no awareness,
and it was so fast that no measures had been conducted in
time to contain the crazy growth. +e pandemic had de-
veloped almost naturally without any intervention. In Fig-
ures 19 and 20, Italy and Germany are chosen to give an
illustration of the gravity of the second wave by the STAR
model.

As shown in Figures 19 and 20, the second wave has
become severe since September. +e G function can only
recognize the second wave in Italy due to the steep growth
and large amount of daily new confirmed cases. For Ger-
many, the STAR model shows the transitions in both waves

×104

Brazil

Fitted value

G function

�reshold value = 0.5

①② ③

0

0.5

1

1.5

2

2.5

3

3.5

4

N
ew

 c
as

es
 p

er
 d

ay

0

0.2

0.4

0.6

0.8

1

G
 f

u
n

ct
io

n

03/30 04/19 05/09 05/29 06/1803/10

Date

Figure 13:+e fitting result of Brazil. +e left axis shows the daily confirmed cases for the real data after smoothness (blue solid line) and its
fitted values by the STARmodel (blue dashed line).+e right axis shows the value of nonlinear functionsG changing with time (orange solid
line) and the reference line with threshold 0.5 (orange dashed line).+e vertical dotted line indicates the sequential released policies:① close
borders with Argentina, Bolivia, Colombia, Guyana, French Guiana, Paraguay, Peru, and Suriname within 15 days,② ban foreigners by air
from China, European Union, Iceland, Norway, Switzerland, the United Kingdom, Australia, Japan, Malaysia, and South Korea, and ③
implement the lockdown policy.

0

Error

–2000

–1000

0

1000

2000

3000

4000

E
rr
o
r

03/30 04/19 05/09 05/29 06/1803/10

Date

Figure 14: +e fitting error of Brazil with an average absolute error of 272.
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up to the ending date of our observation, which is October
27. In order to get the second wave under control, stricter
measures and more effective policies are urgently needed.

4. Discussion

4.1.Effect ofPreventionandControlPolicies. We analyzed the
daily new cases in 9 typical regions with the STAR model.
Combining the release time of policies with the time series of
daily new confirmed cases, it can be seen that effective
policies would lead to a decrease in the number of daily

confirmed cases within 2 weeks to 2 months since the release
of certain policies. +e inflection points and transitions
between different stages of the epidemic curves illustrate the
effectiveness of the policy. Meanwhile, in some countries,
our model shows the ineffectiveness.

Policies usually include the restrictions on entry of
travellers from countries with severe epidemic situations, the
closure of national borders, and the suspension of travel.
Moreover, schools and nonessential services are closed, large
gatherings and public events are banned, and people were
asked to stay at home. In the absence of vaccines, these
prevention and control policies aiming at blocking trans-
mission are necessary and effective. However, the
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Figure 15: +e fitting result of India. +e left axis shows the daily
confirmed cases for the real data after smoothness (blue solid line)
and its fitted values by the STAR model (blue dashed line). +e
right axis shows the value of nonlinear functions G changing with
time (orange solid line) and the reference line with threshold 0.5
(orange dashed line). +e vertical dotted line indicates the se-
quential released policies:① ban travellers from Italy, Iran, Korea,
and Japan, ② suspend visas of tourists, and ③ implement a
lockdown policy.
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Figure 16: +e fitting error of India with a mean absolute error of
154.
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Figure 17:+e fitting result of Mexico.+e left axis shows the daily
confirmed cases for the real data after smoothness (blue solid line)
and its fitted values by the STAR model (blue dashed line). +e
right axis shows the value of nonlinear functions G changing with
time (orange solid line) and the reference line with threshold 0.5
(orange dashed line). +e vertical dotted line indicates the se-
quential released policies: ① declare the public health emergency
and suspend nonessential activities until April 30.
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Figure 18:+e fitting error ofMexico with amean absolute error of
22.
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effectiveness depends on the implementation and cooper-
ation of the masses.

4.2. Be Alert to the Second Wave. We can see from the ep-
idemic curve that many countries are suffering from the
second wave of the pandemic, which is more severe than the

first wave. Faced with the social and economic pressure
brought by the prevention of COVID-19, it is difficult to
achieve a middle ground. Germany, France, UK, and Spain
have already upgraded their prevention and containment
measures for the current outbreak.

In short, governments should closely monitor the epi-
demic situation.Moreover, tracing close contacts, large-scale
nucleic acid tests, and quarantining of travellers from re-
gions of high risk are ways for preventing the potential
pandemic in advance.
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Data on daily confirmed COVID-19 cases were collected from
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Figure 20: +e fitting result of Germany containing the second
wave. +e left axis shows the daily confirmed cases for the real data
after smoothness (blue solid line) and its fitted values by the STAR
model (blue dashed line). +e right axis shows the value of non-
linear functions G changing with time (orange solid line) and the
reference line with threshold 0.5 (orange dashed line). +e vertical
dotted line indicates the sequential released policies: ① close
schools across the country,② upgrade the risk level of the outbreak
to “high,” and ③ tighten controls on social activities and
gatherings.
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