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Abstract At present, more and more countries have

entered the parallel stage of fighting the epidemic and

restoring the economy after reaching the inflection

point. Due to economic pressure, the government of

India had to implement a policy of relaxing control

during the rising period of the epidemic. This paper

proposes a compartment model to study the devel-

opment of COVID-19 in India after relaxing control.

The Sigmoid function reflecting the cumulative effect

is used to characterize the model-based diagnosis

rate, cure rate and mortality rate. Considering the

influence of the lockdown on the model parameters,

the data are fitted using the method of least squares

before and after the lockdown. According to numer-

ical simulation and model analysis, the impact of

India’s relaxation of control before and after the

inflection point is studied. Research shows that

adopting a relaxation policy prematurely will have

disastrous consequences. Even if the degree of

relaxation is only 5% before the inflection point, it

will increase the number of deaths by 15.03%. If the

control is relaxed after the inflection point, the higher

degree of relaxation, the more likely a secondary

outbreak will occur, which will extend the duration of

the pandemic, leading to more deaths and put more

pressure on the health care system. It is found that

after the implementation of the relaxation policy,

medical quarantine capability and public cooperation

are two vital indicators. The results show that if the

supply of kits and detection speed can be increased

after the control is relaxed, the secondary outbreak

can be effectively avoided. Meanwhile, the increase

in public cooperation can significantly reduce the

spread of the virus, suppress the second outbreak of

the pandemic and reduce the death toll. It is of

reference significance to the government’s policy

formulation.
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1 Introduction

More than 200 countries and regions worldwide have

been suffering from COVID-19 since the outbreak,

and the confirmed cases are still increasing world-

wide. The international community is working hard

to adopt global cooperation and commitments to

solve this complex problem, so as to better prepare

for the pandemic [1]. As of June 22, 2020, the total
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number of confirmed cases reached 8,860,331 all

over the world, including 465,740 deaths [2].

According to research, the new coronavirus is

highly contagious and has human-to-human charac-

teristics [3]. The infected person will first enter the

incubation period. Patients in the incubation period

will not have any symptoms and are also infectious

[4]. Through clinical trials of inpatients, it was found

that the patients showed symptoms consistent with

viral pneumonia during the onset of COVID-19, the

most common being fever, cough, sore throat and

fatigue [5]. Therefore, early detection of symptomatic

patients for nucleic acid detection and isolation,

contact tracing and large-scale social isolation can

greatly reduce the spread of the virus [6]. In China,

due to timely and strict control measures, the

epidemic has been effectively controlled. Earlier,

Europe once thought it was the main epicenter of the

epidemic. Since various European countries began to

take measures to lockdown cities in March, the

current epidemic has been controlled to some extent.

In May, most European countries have entered the

parallel stage of fighting the epidemic and restoring

the economy, just like Italy, France and Spain. At

present, the numbers of daily diagnosed cases in the

USA and Brazil are still high and have become the

countries with the most severe epidemic.

The first confirmed diagnosis of COVID-19 was in

Kerala, India, on January 30, 2020. As of now (June

22, 2020), the country has reported a total of 440,450

confirmed cases, 248,137 recovery and 14,015 deaths

[7]. To slow down the spread of COVID-19, the

Indian government began to implement a national

lockdown on March 25. The Ministry of the Interior

announced on May 30 that the ongoing national

lockdown measures would continue to be extended

for another month to June 30. Meanwhile, it

announced a reopening timetable indicating that from

June 8, non-strictly controlled areas would allow

religious venues, hotels and restaurants to be opened

on the premise of maintaining social distance [8].

According to the data reported by the WHO daily

report, the Indian COVID-19 epidemic is still on the

rise. Still, due to economic pressure, the government

has to relax some of its control. This paper analyzes

the impact of COVID-19 in India after the relaxation

of control through the established compartmental

model and how to prevent the possible second

outbreak.

Statistical and mathematical models have been

used to study the spread of viruses because of the

dynamic characteristics of accuracy and reliability. In

addition, when modeling methods cannot describe the

actual behavior of the system itself, complexity

science and information systems can greatly help

save lives [9]. Regarding the COVID-19 pandemic,

based on statistical research, Perc et al. [10] proposed

a simple iterative method to predict the number of

COVID-19 cases, which provided a preliminary

reference and guiding principles for preventing the

deterioration of the pandemic.

Many researchers also gave analysis and predic-

tion of the development trend of the pandemic based

on the SEIR (Susceptible, Exposed, Infectious,

Recovered) model and SEIR-like models [11–17].

Fang et al. used the parameterized SEIR model to

simulate the spread dynamics of the COVID-19

outbreak and the impact of different control mea-

sures. The model fitted the data before February 29 in

China, and the trend curve of the effective reproduc-

tive number was drawn [11]. Wu et al. considered the

total traffic flow from Wuhan to major cities in China

and other countries in the SEIR model, estimated the

scale of the epidemic in Wuhan based on the number

of cases exported from Wuhan to cities outside

mainland China, and forecasted the extent of the

domestic and global public health risks of epidemics

[12]. Anastassopoulou et al. [13] used the discrete

SIRD (Susceptible, Infectious, Recovered, Dead)

model to estimate the basic reproduction number

and the model-based fatality and recovery ratio. Zhao

et al. established the SUQC (Susceptible, Un-quar-

antined Infected, Quarantined Infected, Contained

Infected) model to characterize the dynamics of

COVID-19, and used parametric control measures to

illustrate the impact of prevention and control efforts

on the epidemic [14]. Rong et al. [15] developed a

new SEIR-type compartment model to study the

effect of delay in diagnosis on disease transmission.

Mandal et al. developed the SEQIR model in [16],

introduced isolation categories and government inter-

ventions to mitigate disease transmission, and also

formulated an optimal control problem and deter-

mined the optimal control measures. Huang et al. [17]

adopted a comprehensive SEIR model to simulate the

clinical data of COVID-19 in Spain and investigated

the risk of the easing of the control measure.
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In the above literature and recent COVID-19

research, it is noted that most of the parameters in the

mathematical model are constant. The parameters

that characterize the diagnosis rate, cure rate and

mortality rate in the model should change as the

medical level improves and should reflect the cumu-

lative effect for the cumulative variables. Besides,

many studies only use data on confirmed cases and

death cases in parameter fitting, which is incomplete

for the study of pandemic development. Since lots of

countries have adopted blockade measures during the

prevention and control of epidemics, sudden changes

in parameters caused by the blockade of cities should

be considered. How to adjust the parameters corre-

sponding to the sudden change is problematic.

Currently, India is in the growth stage of the

epidemic, and research on the impact of relaxation

of control on the transmission dynamics of COVID-

19 in India is very limited. The fact and the anxiety

for the second outbreak are the research of COVID-

19 has brought great attention. Research on the

effective and scientific prevention and warning of the

second outbreak for all governments is urgent.

In this paper, we propose a compartment model

based on SIHR and introduce first-order differential

equations for cumulatively confirmed cases and death

cases. Being different from previous articles, we use

the Sigmoid function as the parameter expression

reflecting the cumulative effect for the diagnosis rate,

cure rate and mortality rate in the model. At the same

time, we design the parameters in the model as a

piecewise function at the lockdown time. To make

the fitting data more accurate, we select eight sets of

data in India and used the least squares optimizing

method to carry out piecewise fitting, including the

cumulative number of confirmed cases, existing

cases, cured cases and death cases and their respec-

tive daily increase number. Based on the model and

the parameters obtained from the fitting, we study the

trend of the epidemic in India after the relaxation of

control measures before and after the inflection point.

In addition, the effect of medical quarantine capacity

and the degree of cooperation of the people on the

second outbreak of the epidemic are also studied. The

model and research methods we use are not only

applicable to India, but also provide a reference for

other countries.

This paper is mainly composed of five sections. In

Sect. 2, a SIHR-based compartmental model and

fitted the parameters in the model is formulated. The

impact of Indian relaxation of control measures

before and after the inflection point on the future

development trend of COVID-19 is analyzed in

Sect. 3. Section 4 studies the impact of medical

quarantine capacity and public cooperation on the

second peak after relaxing control measures to

prevent a second outbreak. Finally, in Sect. 5, we

summarize the full text.

2 Modeling and fitting

2.1 Mathematical model

In 1927, Scottish epidemiologist Kermack and

McKendrick proposed the famous SIR dynamic

model for studying the epidemic laws of black death

and plague [18]. This model and its improved model

have been widely used in modeling and analysis of

various infectious diseases. According to the trans-

mission characteristics of COVID-19, we attempt to

find a reliable formula to improve a SIHR-based

compartmental model to investigate the possible

consequences after relaxing control measures in

India.

At any time t, the total population N is divided into

five categories: susceptible individuals SðtÞ, infected
individuals IðtÞ who are infectious but not diagnosed

(including infectious persons during incubation

period), hospitalized individuals HðtÞ who have been

diagnosed and completely isolated, namely existing

confirmed cases, recovered individuals RðtÞ and fatal

individuals DðtÞ. So, we have the expression

N ¼ SðtÞ þ IðtÞ þ HðtÞ þ RðtÞ þ DðtÞ. Besides, we

add cumulative confirmed cases CðtÞ expressed by

CðtÞ ¼ HðtÞ þ RðtÞ þ DðtÞ. In our model, we have

the following assumptions: The entire system is a

closed system, regardless of the movement of

personnel; all infected people can only be infected

through human-to-human transmission; the recovered

cases are entirely immune to the SARS-CoV-2, no

longer infected. Based on the above assumptions, we

present a schematic diagram of the model in Fig. 1.

As indicated by the arrow in Fig. 1, some

susceptible population S becomes infectious I by

contacting the infector, in other words, they move to

I, and its probability is mainly determined by the

transmission rate aðtÞ of the virus and the number of
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infectors. This process is reflected in the first sub-

equation of Eq. (1). Similarly, the decrease in

susceptible populations is accompanied by an

increase in the number of infectious individuals,

and the number of infectious I decreases with the

diagnosis rate bðtÞ (inflow H or C). This change is

indicated in the second sub-equation. We assume that

the diagnosed infectious individual will be sent to the

hospital for treatment as soon as the diagnosis is

confirmed, and the hospitalized individuals H will be

isolated in the hospital, so they will not infect the

susceptible. Existing patients in the hospital will be

healed or die at the rate of cðtÞ and dðtÞ decrease, as
shown in the third sub-equation. Meanwhile, the

number of recovered R and fatal individuals D will

increase at the corresponding rate. The cumulative

confirmed cases, i.e., CðtÞ ¼ HðtÞ þ RðtÞ þ DðtÞ, are
expressed in the sixth sub-equation. Therefore, based

on the six-state variables in Fig. 1, we use six first-

order differential equations to build an autonomous

system, which is expressed by Eq. (1).

dS
dt

¼ � aðtÞIS
N ;

dI
dt

¼ aðtÞIS
N � bðtÞI;

dH
dt

¼ bðtÞI � ðcðtÞ þ dðtÞÞH;

dR
dt

¼ cðtÞH;

dD
dt

¼ dðtÞH;

dC
dt

¼ bðtÞI;

8>>>>>>>>>><
>>>>>>>>>>:

ð1Þ

where aðtÞ, bðtÞ, cðtÞ and dðtÞ represent the model-

based transmission rate, diagnosis rate, cure rate and

mortality, respectively.

2.2 Parameter description

Note that the parameters aðtÞ; bðtÞ; cðtÞ and dðtÞ
used in our model are all functions of time. In the

literature, they are fixed. However, in practice, the

state variables in the model are cumulative numbers,

such as susceptible individuals, hospitalized individ-

uals, cured cases and death cases, so their

corresponding parameters should also be functions

reflecting the cumulative effects. Therefore, we

design the diagnosis rate bðtÞ, cure rate cðtÞ and

mortality rate dðtÞ as Sigmoid functions with cumu-

lative effects like a distributive probability function

within ½0; 1�.
Besides, we have also noticed that in the early

stages of the outbreak, lots of countries have adopted

measures such as city lockdown and testing, which

can significantly reduce the spread of the virus and

also help to confirm the diagnosis of infected people.

The effects of the blockaded city on aðtÞ; bðtÞ; cðtÞ
and dðtÞ are relatively significant, so we finally

choose the piecewise function as the parameter in the

model to distinguish stages before lockdown, after

lockdown and relaxing.

The transmission rate aðtÞ directly determines the

probability of infection of susceptible people. We

know that isolation can cut off the spread of the virus

to protect susceptible individuals. Compared with the

mandatory isolation policies issued by governments

such as lockdown, general isolation measures have

little effect on the transmission rate so that the

transmission rate can be estimated as a constant

during a time interval. In addition, the relaxation of

control measures will increase the probability of

person-to-person contact, and the impact on the

transmission rate is also significant. Therefore, aðtÞ
is designed as

aðtÞ ¼
au; 0� t\tlock;
al; tlock � t\trelax;
ar; t� trelax;

8<
: ð2Þ

where tlock and trelax represent the blocking time and

relaxing time, au, al and ar represent the transmission

rate in the periods of unlocking, locking and relaxing.

bðtÞ, cðtÞ and dðtÞ are designed as Sigmoid

cumulative functions before and after the lockdown.

When the relaxation policy is adopted, the diagnosis

ability and the healing ability already have reached a

Fig. 1 Flow diagram of COVID-19 transmission
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certain level. If the degree of relaxation of the

progressive relaxation policy is not high, and it has

little effect on the ability of diagnosis and cure.

Therefore, we believe that adopting a relaxation

policy only has a direct impact on aðtÞ, and has little

impact on bðtÞ, cðtÞ and dðtÞ. We assume that bðtÞ,
cðtÞ and dðtÞ have the same form of function

expression in the lockdown period and after relaxing

control. The diagnosis rate bðtÞ is a cumulative

function with time, so we design bðtÞ as

bðtÞ ¼
1

1þe
�kbuðt�sbuÞ ; 0� t\tlock;
1

1þe
�kblðt�sblÞ ; t� tlock;

(
ð3Þ

where kbu, sbu, kbl and sbl represent the Sigmoid

function parameters of the diagnosis rate before and

after the lockdown, respectively. k represents the

rising slope of the S function and the range is

ð0;þ1Þ; s represents the delay time of the S function

and the range is ð�1;þ1Þ. Now, we choose the

expression of bðtÞ in the continuous-time period to

illustrate the role of the Sigmoid function parameters.

As shown in Fig. 2, when s is a constant value, the

higher the value of k, the more significant the slope

rate, bðtÞ, is around t ¼ s. Therefore, in the diagnosis

rate bðtÞ, we can understand k as a parameter

describing the cumulative diagnosis speed. Figure 2b

shows the effect delay time s in the diagnosis that is

determined by the government’s decision.

cðtÞ represents the cure rate of H to R in the model,

and dðtÞ the mortality rate from H to D. With the

increase in time, cðtÞ increases as cumulative func-

tion. Conversely, dðtÞ decreases. Both are given by

Eqs. (4) and (5).

cðtÞ ¼
1

1þe�kcuðt�scuÞ ; 0� t\tlock;
1

1þe�kclðt�sclÞ ; t� tlock;

(
ð4Þ

dðtÞ ¼
1

1þekduðt�sduÞ ; 0� t\tlock;
1

1þekdlðt�sdlÞ ; t� tlock;

(
ð5Þ

among them, the range of kcu, kcl, kdu and kdl is

ð0;þ1Þ, scu, scl, sdu and sdl is ð�1;þ1Þ. Note that
Eq. (4) is monotonically increasing form, but Eq. (5)

is monotonically decreasing form.

2.3 Data fitting

The web of [7] in this study is the primary, and

detailed data source of COVID-19 for the recovered

cases have not been reported in WHO [2].

Here, we use the least square functions fmincon
and lsqnonlin of MATLAB to fit the parameters of

aðtÞ, bðtÞ, cðtÞ and dðtÞ in the model. Eight sets of

data from March 1 to June 7 in India are selected as

fitting data. The objective function minimized by

least squares is described as

(a) (b)

Fig. 2 Effect of Sigmoid function parameter changes on trends
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f ðk; tÞ¼
Xt

i¼1

ðCðtÞ� ĈðtÞÞþ
Xt

i¼1

ðHðtÞ� ĤðtÞÞ

þ
Xt

i¼1

ðRðtÞ� R̂ðtÞÞþ
Xt

i¼1

ðDðtÞ� D̂ðtÞÞ

þ
Xt

i¼1

ðDCðtÞ�DĈðtÞÞþ
Xt

i¼1

ðDHðtÞ�DĤðtÞÞ

þ
Xt

i¼1

ðDRðtÞ�DR̂ðtÞÞþ
Xt

i¼1

ðDDðtÞ�DD̂ðtÞÞ;

ð6Þ
where k represents the parameter vector to be fitted,

CðtÞ, HðtÞ, RðtÞ and DðtÞ represent the cumulative

confirmed cases, existing cases, cured cases and death

cases calculated by Eq. (1), and ĈðtÞ, ĤðtÞ, R̂ðtÞ and
D̂ðtÞ are the actual reported data. DCðtÞ, DHðtÞ,
DRðtÞ, DDðtÞ, DĈðtÞ, DĤðtÞ, DR̂ðtÞ and DD̂ðtÞ,
respectively, indicate the corresponding newly added

cases or daily cases, which is the difference between

the cumulative number of cases in two consecutive

days.

In data fitting, we need to use the initial value of

each state variable, where Cð0Þ, Hð0Þ, Rð0Þ and Dð0Þ
can be obtained by reporting data. The initial value of

I can be estimated by rHð0Þ, where r ¼ 5:1 is

expressed as the incubation period [19]. So

Sð0Þ ¼ N � Ið0Þ � Cð0Þ, where N is 1.324 billion

was obtained from the UNFPA website [20]. Con-

sidering the impact of the lockdown on aðtÞ, bðtÞ, cðtÞ
and dðtÞ, we divide the data from March 1 to June 7

in India into two parts before and after the blockade

to fit. According to reports, the Indian government

began implementing a nationwide lockdown plan on

March 25 [8]. The coefficients based on the data

fitting are given in Table 1, and the fitting curve and

the data scatter plot are given in Fig. 3.

To evaluate the goodness of the fitting results, we

introduce the coefficient of determination R2, the

closer the value of R2 is to 1, indicating the better the

fit between the fitted value and the observed value;

otherwise, the fitting degree is worse. Generally, the

coefficient of determination R2 can be expressed as

R2 ¼ ESS

TSS
¼ 1� RSS

TSS
;

¼
Pn

i¼1 ðŷi � �yÞ2Pn
i¼1 ðyi � �yÞ2 ¼ 1�

Pn
i¼1 ðyi � ŷiÞ2Pn
i¼1 ðyi � �yÞ2 ;

ð7Þ

among them, TSS is the total sum of squares, ESS the

explained sum of squares, RSS the residual sum of

squares, yi the observed value of real data, �y the

average value of real data observations, ŷi the fitted

value.

To compare with the Sigmoid function used, we

also set aðtÞ, bðtÞ, cðtÞ and dðtÞ as constant param-

eters for fitting. The fitting curve results can also

track the trend of the actual data, but the fitting

degree is not as high as when using the Sigmoid

function. From Table 2, the goodness of fit of the

cumulative and daily confirmed cases between the S

function and the constant parameters before lock-

down is not much different. We believe that India’s

diagnosis rate did not change much before lockdown,

and it was an approximately constant value. The

values R2 of the cured cases and fatal cases before the

blockade are relatively low, because there are few

cured cases and fatal cases in the early stage of the

outbreak, resulting in no apparent trend. After the

lockdown, it can be noticed that the R2 fitted by the

Sigmoid function is generally larger than that

Table 1 Fitting results of coefficients

Coefficient Range Value Source

au (0,1) 0.2909 Fitted

kbu ð0;þ1Þ 0.0011 Fitted

sbu ð�1;þ1Þ 1844.2306 Fitted

kcu ð0;þ1Þ 0.0507 Fitted

scu ð�1;þ1Þ 163.3708 Fitted

kdu ð0;þ1Þ 0.0282 Fitted

sdu ð�1;þ1Þ −246.0921 Fitted

al (0,1) 0.13830 Fitted

kbl ð0;þ1Þ 0.00754 Fitted

sbl ð�1;þ1Þ 338.00666 Fitted

kcl ð0;þ1Þ 0.01330 Fitted

scl ð�1;þ1Þ 286.40878 Fitted

kdl ð0;þ1Þ 0.00590 Fitted

sdl ð�1;þ1Þ −954.98765 Fitted
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obtained by constant parameters. It further illustrates

the superiority of using the Sigmoid function as a

parameter in the model.

3 Impact of relaxing control in India

According to the trend of daily confirmed cases, we

roughly divide the development of the entire epi-

demic into four stages.

Stage I: Initial stage. Initially, fewer cases are

diagnosed, and there is an upward trend.

(a) (b)

(c) (d)

Fig. 3 Model-based fitting curve (solid blue line) and data scatter plot (red circle), where a refers to cumulative confirmed cases,

b daily confirmed cases, c cumulative cured cases and d cumulative fatal cases
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Stage II: Outbreak stage. The virus has accelerated

and spread widely, and the number of confirmed

cases has multiplied.

Stage III: Peak stage. The number of daily

confirmed cases reach a peak, appear inflection

point and show a downward trend.

Stage IV: Rehabilitation stage. The number of

newly confirmed cases has continued to decline,

and the epidemic situation can be controlled

basically.

Figure 4 shows the current stage of some coun-

tries. We can see that China has entered the

rehabilitation stage very early; most European coun-

tries have also entered the rehabilitation stage, and

the economy has begun to recover during the

prevention and control of the epidemic; the current

severe epidemic in the USA is still at the peak stage;

Brazil, which is also relatively serious, is at the

outbreak stage of a rapidly growing case.

It is noted that India is currently still in an

outbreak stage. According to the daily confirmed case

data from [7], it can be seen that the transmission has

not yet reached the inflection point of the pandemic,

and the newly confirmed cases still show a contin-

uous upward trend. However, the Indian government

announced on May 30 that while continuing to extend

the lockdown period, some areas with lighter epi-

demics would plan to reopen religious venues, hotels

and restaurants on June 8. Now we use our model and

fit parameters to estimate the development of the

epidemic after different degrees of relaxation in

India.

3.1 Relaxing control before the inflection point

in India

We assume that the degree of government deregula-

tion is positively correlated with the degree of

increase in the transmission rate in the model; in

other words, if the degree of relaxation implemented

by the government after the lockdown is n% of the

lockdown period, then the transmission rate aðtÞ will

Table 2 Goodness of fit under different types of model parameters

Type of model parameters The value of R2

Before lockdown (March 1 to March 24) After lockdown (March 25 to June 7)

C DC R D C DC R D

Sigmoid function 0.9902 0.8811 0.7841 0.5441 0.9999 0.9851 0.9983 0.9949

Constant parameter 0.9903 0.8809 0.6954 0.4904 0.9987 0.9736 0.9838 0.9855

Fig. 4 Stage of epidemic

situation in some countries

1156 X. Yu et al.

123



increase by ðau � alÞ � n% on the basis of the

lockdown period, so the transmission rate of relax-

ation is ar ¼ al þ ðau � alÞ � n%. According to our

fitting results, India’s newly confirmed case curve on

June 8 has not yet reached the inflection point, and it

is still in Stage II. There are many contagious

infections in the crowd, so we assume that the degree

of relaxation control is set to be lower, 5% and 10%,

respectively.

Figure 5 shows the comparison curves of newly

confirmed cases, cumulative confirmed cases and

cumulative fatal cases with 0%, 5% and 10%

relaxation on June 8, respectively. According to

Fig. 5a, as the degree of relaxation increases, the peak

(a)

(b) (c)

Fig. 5 Impact of India’s first relaxation of controls on June 8, a daily confirmed cases, b cumulative confirmed cases and

c cumulative fatal cases. A slight relaxation of control before the inflection point will cause more serious consequences
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date of the newly confirmed case curve is postponed,

and the date to reach the peak is July 6 (0%), July 14

(5%) and July 21 (10%), respectively. The peak value

also increases with the degree of deregulation, and

the specific peak value can reach 14,595 cases (0%),

18,288 cases (5%) and 25,096 cases (10%). Com-

pared with not adopting a relaxation policy, a 5%

increase in relaxation results in a peak increase of

approximately 25.30%; an increase of 10% on the

basis of the lockdown period results in a peak

increase of approximately 71.95%. At the same time,

Fig. 5b and c also shows the trend of the cumulatively

confirmed cases and cumulative death cases under

different degrees of relaxation. Our model predicts

that without the relaxation policy, the cumulative

number of confirmed cases eventually reaches above

1.196 million cases, and the cumulative number of

deaths reaches above 28,280 cases. If 5% control is

relaxed, these two values increase by 26.00% and

15.03%, respectively; if 10% is relaxed, they increase

by 70.57% and 39.71%. The model also shows that if

according to the current medical level and the

public’s consciousness, India’s COVID-19 will ulti-

mately end in November.

It can be seen that taking a relaxation policy before

the inflection point will lead to many more confirmed

and dead cases even if the relaxation rate is 5%.

However, due to increasing downward pressure on

the economy, India had to implement a progressive

relaxation policy on June 8.

3.2 Relaxing control after the inflection point

in India

According to the data from June 8 to the present

(June 22), we assume that the degree of relaxing

policy adopted for the first time on June 8 is 5%. On

this basis, we analyze the impact of further deblock-

ing on the subsequent development of India’s

COVID-19. According to the curve of 5% relaxation

in Fig. 5, in late August, the epidemic can be

controlled, and the curve of newly diagnosed cases

shows a rapid downward trend.

Now, we assume that the second relaxation policy

is implemented on August 22, setting the relaxation

levels to 30%, 45% and 60% on the basis of the

lockdown period. Figure 6 depicts the comparison

curves of newly confirmed cases, cumulative con-

firmed cases and fatal cases for different degrees of

relaxation (30%, 45% and 60%) after further relax-

ation on August 22. In Fig. 6a, after further relaxing

the control, as the degree of unblocking increases, the

downward trend of the curve of the newly diagnosed

case slows down, and even a secondary peak may

occur, which in turn leads to a secondary outbreak of

the epidemic. If no further relaxation policy is

adopted, the curve of daily diagnosed cases will

show a rapid downward trend after August 22, and

eventually, there will be zero new cases after 89 days.

After the relaxation policy is adopted, this value will

become 111 days and 127 days and 144 days, an

increase in the duration time of 24.72%, 42.70% and

61.80% will be caused, respectively. At the same

time, Fig. 6b and c also shows that as the degree of

further relaxation increases, the final stable value of

the cumulative confirmed cases and fatal cases will

relatively increase, and the detailed data comparison

of Fig. 6 is given by Table 3. (In Fig. 6c, we can see

that the real data after June 17 are slightly higher than

the fitted curve, which is caused by the sudden

increase of more than 2000 new deaths on June 17.

There is a similar situation in the subsequent figures.)

These results show that although the deterioration

of the epidemic caused by the relaxation policy after

the inflection point is not as serious as before the

inflection point, the higher the degree of relaxation,

the more likely a secondary outbreak will occur. This

will not only extend the duration of the epidemic, but

also lead to more confirmed cases and deaths, which

will put more pressure on the health care system.

Now, we choose a further relaxation degree of

60% and set the dates of the second relaxation policy

to August 15, August 22 and August 29 to study the

impact of the relaxation policy on the epidemic at

different time points after the inflection point. It can

be seen from Fig. 7 that although the relaxation of

control at different time points has little effect on the

duration of the epidemic, the more relaxed the control

in advance, the higher peak value of the second peak

of daily confirmed cases, and even more than the

primary peak. At the same time, the cumulative

confirmed cases and cumulative fatal cases will also

increase significantly.

Note that under the same degree of relaxation,

premature measures may lead to a more secondary

severe outbreak. If a further relaxation policy is

adopted shortly after the peak period, there will still

be a large number of infectors who have not been
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identified, resulting in more susceptible people being

infected. Therefore, we suggest that if the economy

tolerance allows, delaying further relaxation after the

inflection point and reducing the degree of relaxation

will make the epidemic more controllable.

4 Prevention of a possible second outbreak

It can be concluded in the previous section that when

the relaxation policy is adopted after the inflection

point, under the relaxation to some extent, it will lead

(a)

(b) (c)

Fig. 6 Impact of India on, a daily confirmed cases, b cumu-

lative confirmed cases and c cumulative fatal cases, after

further relaxation of control on August 22. After the turning

point, as the degree of relaxation increased, a second outbreak

of the epidemic occurred, resulting in more confirmed cases

and deaths
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to a second outbreak of the epidemic. Relaxing

control will inevitably lead to an increase in the

transmission rate aðtÞ of the virus among the

population, which in turn makes susceptible individ-

uals more likely to be infected by the infectious

person, increasing the number of infectious individ-

uals I. To prevent the second outbreak, the

government can improve the medical quarantine

capacity after relaxing control, and then improve

the diagnosis rate bðtÞ, so that more infectors can be

detected and isolated. The degree of cooperation of

the people after the relaxation of control is also

essential for pandemic prevention and control. If the

vast majority of the people can cooperate with the

government’s regulations, maintain a certain social

distance and wear masks, the transmission rate aðtÞ
will also be reduced. This section studies the impact

of medical quarantine capacity and public coopera-

tion on the second outbreak after relaxing control to

provide some preventive measures for the Indian

government after unblocking.

4.1 Effect of medical quarantine ability

on the second outbreak

The medical quarantine capability can be expressed

in the size of the detection range, the speed of the

detection and the sufficiency of nucleic acid detection

kit. When the supply of kits is sufficient, expanding

the detection range and increasing the detection speed

can enable the unidentified infectors in the crowd to

be diagnosed and isolated as soon as possible, thereby

reducing the possibility of susceptible individuals

being infected. In our model, the diagnosis rate is

directly related to the medical quarantine ability. The

higher the medical quarantine ability, the higher the

diagnosis rate. In the previous sections, we intro-

duced the expression form of bðtÞ. Now, we update

bðtÞ to the following form to study the impact of

medical quarantine capacity after further relaxation

of control.

bðtÞ ¼
1

1þe
�kbuðt�sbuÞ ; 0� t\tlock;
1

1þe
�kblðt�sblÞ ; tlock � t\trelax2;
1

1þe
�kbr ðt�sbr Þ ; t� trelax2;

8><
>: ð8Þ

where trelax2 represents the moment of further relax-

ing the control measures after the inflection point.

We chose to take the further relaxation of 60%

control as the benchmark on August 22 to study the

impact of the different diagnosis rates caused by the

medical quarantine capacity on the epidemic after a

further relaxation of control. By changing the com-

bination form of kbr and sbr, the initial value and

rising trend of the diagnosis rate bðtÞ after unsealing
can be changed. Figure 8 shows the diagnosis rate

curves of different combinations of kbr and sbr after
relaxing control. We use the diagnosis rate curve

obtained by kbl and sbl during the blockade period as

the baseline (solid blue line) and increase the

diagnosis rate on this basis to obtain Curves I, II

and III, respectively. In addition, we also reduced the

diagnosis rate by 5.425% on the basis of the baseline

to obtain Curve IV, to observe the impact of the

medical quarantine level after deblocking is lower

than the blockade period. According to Fig. 8, we can

notice that the growing trends of the diagnosis rate

Curves II, III and IV are similar to the growing trend

of the baseline, but the initial value has changed.

Curve I grows faster than other curves and becomes

Table 3 Comparison of data after further relaxing control at different levels on August 22

Degree of further

relaxation (%)

Daily confirmed cases curve Cumulative confirmed

cases curve

Cumulative fatal cases

curve

Second

peak value

Second

peak time

Duration of the outbreak

(increase rate compared to 0%)

Stable value (increase

rate compared to 0%)

Stable value (increase

rate compared to 0%)

0 – – 89 (−) 1,507,406 (−) 32,527 (−)

30 – – 111 (24.72%) 1,622,754 (7.652%) 33,228 (2.155%)

45 9199 15 127 (42.70%) 1,816,494 (20.50%) 34,288 (5.414%)

60 16,007 32 144 (61.80%) 2,318,547 (53.81%) 36,701 (12.83%)
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(a)

(b) (c)

Fig. 7 Impact of the same degree of relaxation (60%) on,

a daily confirmed cases, b cumulative confirmed cases,

c cumulative fatal cases after a further relaxation of control

at different time points. Under the same degree of relaxation

after the inflection point, the earlier the relaxation, the more

likely to have a second outbreak even more than the first

outbreak
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steeper as time goes. This phenomenon can be

understood as Curves II, III and IV adjust the supply

of the detection kit after unsealing, and Curve I is to

accelerate the detection speed when the detection kit

is sufficient.

Figure 9 depicts the impact of different diagnosis

rates bðtÞ on daily confirmed cases, cumulative

confirmed cases and cumulative fatal cases after a

further relaxation of control. The blue dotted line is

the second peak curve after the 60% relaxation policy

is adopted, which is used as the baseline for

comparison. The diagnosis rate parameters of Curves

I, II, III and IV are the parameters given in Fig. 8,

respectively, and the remaining parameters are con-

sistent with the baseline.

In Fig. 9a, after further relaxing the control, with

the improvement of medical quarantine capacity, the

peak time of the second peak of the newly confirmed

case curve and the duration of the epidemic gradually

shorten. Still, the peak of the second outbreak seems

to decrease first and then increase. This phenomenon

is because if the diagnosis rate is increased to a

certain degree after unsealing, a large number of

infectors in the population will be diagnosed and

quarantined in a short time, and newly confirmed

cases indeed rise rapidly in a short time. By

comparing Curve I and Curve II, it is noted that

Curve I can converge to zero significantly faster than

Curve II. This is because the slope of the diagnosis

rate Curve I is larger than that of Curve II over time

[Fig. 8]. Therefore, fast testing speed plays a crucial

role in promoting the elimination of the epidemic.

The comparison between Curve IV and the baseline

shows that if the medical detection ability cannot

keep up with the blockade period after unblocking, it

will take the risk that the second outbreak is even

more severe than the first outbreak. Besides, in

Fig. 9b and c, compared with the baseline, the final

stable values of the cumulative diagnosed cases of

Curves I, II and III were reduced by 29.731%,

26.54% and 19.38%, respectively, and the cumulative

death cases reduced by 9.103%, 8.027% and 5.790%,

respectively. The diagnosis rate of Curve IV is only

an average of 5.425% lower than the baseline, but the

Fig. 8 Diagnosis rate curves under different parameters, for the combination of specific parameters kbr and sbr , seeing Table 4
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final stable values of cumulative confirmed cases and

cumulative fatal cases have increased by 28.64% and

7.357% on the basis of the baseline, which is close to

the percentage reduction of Curve II. It can be seen

that after the relaxation of control, the lack of medical

quarantine capacity will cause more severe

consequences. The specific data comparison is given

in Table 5.

The results indicate that medical quarantine

capacity is an important indicator after the relaxation

of control, and it is also a criterion for evaluating

whether to relax the control measures further. After

(a)

(b) (c)

Fig. 9 Effect of different diagnosed rates on a daily confirmed

cases, b cumulative confirmed cases and c cumulative fatal

cases after a further relaxation of control. The higher the

medical quarantine capability, the more capable of suppressing

second outbreak. However, if the medical quarantine capacity

is lower than the current one after the control is relaxed, it will

cause more serious consequences
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the implementation of the relaxation policy, if the

supply of kits and the detection speed can be

increased, then the second outbreak of epidemic can

be avoided effectively, the duration of the epidemic

can be shortened, and the number of deaths will be

reduced relatively. However, if the medical quaran-

tine capacity after deregulation is insufficient to reach

the current level, it will cause a more serious

secondary peak.

4.2 Effect of public cooperation on the second

outbreak

The degree of public cooperation after deregulation

can be understood as the extent to which the public

complies with the government’s epidemic prevention

and control policies, including the social distance and

mask order required by the government after the

unblocking.

In fact, what is directly related to people’s

cooperation is the transmission rate aðtÞ in our

model. In an ideal situation, if all people can strictly

abide by government policies after loosening control,

it will greatly reduce the spread of the virus. We

assume that in this case, the people’s maximum

cooperation is 100%, and the transmission rate will

drop to the value al as in the lockdown period.

On the contrary, if all the people do not abide by

the regulations after the unblocking, the people’s

minimum cooperation is 0%, and the transmission

rate will increase to the value au before the blockade.
Therefore, after the relaxation of control, the current

degree of people’s cooperation m% is negatively

correlated with the degree of relaxation n%. Specif-

ically, the more the government relaxes, the more the

public will subjectively think that the epidemic is

about to end, and its cooperation will be reduced

accordingly. The public cooperation degree m% and

relaxation degree n% can be expressed by the

following relationship.

m%þ n% ¼ 1 ð9Þ
Therefore, the transmission rate parameter ar after

relaxing the control is also updated, as shown in

Eq. (10).

ar ¼ al þ ðau � alÞ � n% ¼ al � m%þ au � n%

ð10Þ
We selected India to adopt a policy of a further

relaxing 45% of controls on August 22 as a

Table 5 Impact of different diagnosis rates on the epidemic after a further relaxation of control

Curve

number

bðtÞ average increase rate

compared to baseline (%)

Daily confirmed cases curve Cumulative confirmed

cases curve

Cumulative fatal cases

curve

Second

peak

value

Second

peak

time

Second

outbreak

Duration

Stable value (decrease

rate compared to baseline)

Stable value (decrease

rate compared to baseline)

I 28.97 9976 2 95 1,629,180 (29.73%) 33,360 (9.103%)

II 15.04 9649 2 114 1,703,095 (26.54%) 33,755 (8.027%)

III 7.158 9985 17 129 1,869,139 (19.38%) 34,576 (5.790%)

Baseline – 16,007 32 144 2,318,550 (−) 36,701 (−)

IV −5.425 25,733 44 156 2,982,492 (−28.64%) 39,401 (−7.357%)

Table 4 Details of the diagnosis rate curves in Fig. 8

Diagnosis rate curve number kbr sbr Average increase rate

compared to baseline (%)

I 0.00890 276.1 28.97

II 0.00695 319.6 15.04

III 0.00723 329.8 7.158

Baseline 0.00754 338.00666 –

IV 0.00784 343.1 −5.425
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benchmark to study the impact of public cooperation

on the epidemic after relaxing control. Relaxing 45%

control means that the current public cooperation is

55%. Figure 10 shows the impact of different degrees

of public cooperation on the daily confirmed cases,

cumulative confirmed cases and cumulative fatal

cases. After a further relaxing control, as the people’s

cooperation increased from 35% to 75%, the peak

values of the secondary peak of new cases are

gradually decreased, and the peak time gradually

(a)

(b) (c)

Fig. 10 Effect of different degrees of public cooperation on

a daily confirmed cases, b cumulative confirmed cases and

c cumulative fatal cases after a further relaxation of control.

After the relaxation of control, the increase in public

cooperation m% can also suppress the second outbreak of the

pandemic and shorten the duration of the pandemic
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shortened until the secondary peak disappeared. The

number of days with zero new cases and the duration

of the epidemic are also gradually shortened; the final

stable values of cumulative confirmed cases and

cumulative fatal cases are also gradually reduced.

It can be seen that the degree of public cooperation

is also a significant indicator after the relaxation of

control, and its improvement does indeed have an

excellent inhibitory effect on the second outbreak of

the epidemic.

5 Conclusion

More and more countries have entered the rehabil-

itation phase of the COVID-19 pandemic and

gradually implemented a loose control policy.

According to the official daily report data, India is

still in the rising stage and has not yet reached the

inflection point. However, due to economic pressure,

the Indian government had to adopt a relaxation

policy in advance. In this study, we used the SIHR-

based compartment model to study the development

of COVID-19 in India after relaxing control. Sigmoid

function with the cumulative effect was used in the

model to characterize the diagnosis rate, cure rate and

mortality rate. Meanwhile, considering the effect of

lockdown on model parameters, the parameters in the

model were designed as piecewise functions. We

divided the reported data of India into pre-blocking

and post-blocking and used the least squares method

to fit. To compare with the Sigmoid function used, we

also set the parameters as constant values for fitting.

The goodness of fit indicates that the fitting results

obtained using the Sigmoid function are generally

better than those obtained with constant parameters.

The research results show that before the inflection

point, even if the degree of relaxation is small, the

cumulative number of confirmed cases and deaths

will increase significantly. Therefore, it is suggested

that no relaxation should be taken before the inflec-

tion point for any country’s government. After

reaching the inflection point, the degree of relaxation

can be appropriately increased at a small price. But if

the relaxation is too high or too early, there will be a

second peak, which will lead to the second outbreak

of the epidemic. To prevent the possible second

outbreak, the impact of medical quarantine capacity

and public cooperation on the second outbreak after

the relaxation of control was studied, respectively.

Both the medical quarantine capacity and the coop-

eration degree of the people play a vital role after the

unblocking. Their improvements can effectively

suppress the second outbreak and shorten the duration

of the epidemic. Conversely, if the medical quaran-

tine capacity and the degree of public cooperation

after relaxation are lower than the level at the time of

relaxing, it will lead to a more secondary severe

outbreak, resulting in more deaths, putting massive

pressure on the health care systems and economics.

The model and research we have proposed are not

only applicable to India, but also provide a valuable

direction for the formulation of policies in other

countries, and are of constructive significance.
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