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Abstract

There have been considerable losses in terms of human and economic resources due to the
current coronavirus pandemic. This work, which contributes to the prevention and control of
COVID-19, proposes a novel modified epidemiological model that predicts the epidemic’s
evolution over time in India. A mathematical model was proposed to analyze the spread of
COVID-19 in India implemented by the government of India during the first and second waves.
What makes this study unique, however, is that it develops a conceptual model with time-
dependent characteristics, which is peculiar to India’s diverse and homogeneous societies. The
results demonstrate that governmental control policies and suitable public perception of risk in
terms of social distancing and public health safety measures are required to control the spread of
COVID-19 in India. The results also show that India’s two strict consecutive successfully helped
delay the spread of the disease, buying time to pump up healthcare capacities and management
skills during the first wave of COVID-19 in India. In addition, the second wave’s severe put a lot
of pressure on the sustainability of many Indian cities. Therefore, the data show that timely
implementation of government control laws combined with a high risk perception among the
Indian population will help to ensure sustainability. The proposed model is an effective strategy
for constructing healthy cities and sustainable societies in India, which will help prevent such a
crisis in the future.
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1. Introduction

Pandemics have plagued humankind for generations. The aftermath of these diseases has a
massive impact on the world economies, and the strengths and morality of heavily impacted
nations are compromised [1]. India’s rate of development of the COVID-19 pandemic was so
rapid that neither the government nor the people had a chance to respond in a sustainable
manner. To combat the impact of the pandemic, the administration has had to implement timely
and soft policies.

Health-related concerns have plagued humanity from its inception. The first known pandemic
was the Black Death, which appeared in the early 1300s [2]. It was one of the worst pandemics
faced by humankind. Older adults and those who have been subjected to psychological stress are
most likely to develop this disease [3,4]. Smallpox, which first arose in the early 1500s, had a
50% death rate [5]. Cholera, one of the world’s worst diseases, was the next pandemic to hit the
world’s population. It killed more than 1.5 million people. Following this, in 1957, the Asian flu
influenza was observed. It killed almost 0.7-1.5 million people [6]. Before that, in 1918,
humankind faced another devastating pandemics: the Spanish flu influenza, in which 20 million
to 110 million deaths were reported [7].

The human immunodeficiency virus infection and the acquired immune deficiency syndrome
(HIV/AIDS), which infected more than 70 million people in 1981, has also been reported [8]. In
2003, the world encountered a new series of severe acute respiratory syndrome (SARS)
pandemics. Thirty-seven nations and four continents were affected [9,10]. In 2009, the world
witnessed a swine flu pandemic, which took 1.56-5.75 hundred thousand lives [11,12]. The
SARS pandemic was followed by the three recent pandemics: the Middle East respiratory
syndrome coronavirus (MERS), Ebola, and Zika pandemics in 2012, 2013, and 2015,
respectively. Two later pandemics took the lives in thousands [13]. Currently, the whole world is
witnessing the SARS-CoV-2 (COVID-19) pandemic. More than 212 countries and territories had
reported a total of 4.18 million confirmed cases of COVID-19 by 11 May 2020 [14]. Such
pandemics have severe, unpredictable, long-lasting, and incalculable effects on many
communities around the world. Consequently, research and contributions to the literature on
these factors are essential to achieving the sustainable development goals. An outbreak of the
novel COVID-19 disease was reported in Wuhan, Hubei province, on 31 December 2019. The
end of February 2020 saw a sudden rise in these instances around the globe. In India, the first
case of COVID-19 was reported towards the end of January 2020. This count has increased with
each passing day. Both the first and the second COVID-19 waves have already resulted in
significant economic and human losses in developing countries such as India. For example,
Delhi, the capital city of India, faced huge losses in tax collection in April compared to the
previous year. The government generated INR three thousand million revenues compared to the
previous year’s INR 35,000 million.
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2. Related Work

To anticipate the spread of disease and the number of people who died during a given pandemic
period, mathematical modeling and stochastic theory have been used in the past. In, the authors
report differences in severity between the first and second waves in Spain.

It has been observed in the literature that mathematical modeling was very efficient in providing
better predictions in the past. The same conventional approaches for predicting the spread rate
and mortality count have been published in several papers about COVID-19.

Sameni has used the classical Susceptible—Infected—Recovered (SIR) model to detect the virus’s
spread. Researchers found that quarantine facilities, which contain infected patients, have a
favorable impact on the death rate and transmission of the disease. Chatterjee et al. developed the
compartmental Susceptible—Exposed-Infected—Recovered (SEIR) model using Monte Carlo
simulation. This study also considers hospitalization, ICU requirements, and deaths modeled on
SimVoi software. The authors suggested that the immediate implementation of complete, social
distancing, and quarantine can help slow down the pandemic’s spread. Dowd et al. have
presented mathematical modeling to predict the death count by considering age and gender as
parameters. It has been seen that primarily older adults are affected. Therefore, the age factor of
a country can play a vital role in this threat. Countries with a significant population of people
aged 65 years or older are at a higher risk. He et al. proposed a mathematical model considering
the impact of the pre-symptomatic transmission on the deathrate. It has been observed that the
transmission rate can be seen even before the first symptoms become physically visible.
Therefore, governments should take appropriate care of pre-symptomatic patients while
enforcing measures to control the spread. Banerjee et al. presented the impact of underlying
conditions such as heart disease and diabetes on the death rate. Vasily Zhang et al. proposed a
segmented Poisson model to analyze the available daily new cases in six Western countries.

Pandey and colleagues used the Susceptible-Exposed-Infected—Recovered (SEIR) and
Regression models to predict the spread for governments and doctors in preparing their plans.
Mohamadou et al. published a reviewed paper covering various papers on mathematical
modeling, artificial intelligence, etc., for predicting and managing COVID-19. The development
of mathematical models and theories to predict the spread of COVID-19 is an essential part of a
sustainable response to the pandemic. It also aids in policy formulation for future COVID-19
waves by analyzing the present responses of developing countries such as India. A deterministic
compartmental model is also considered in this study. These models are aligned with the
mathematical modeling literature. The classic deterministic model available in the literature is
the Susceptible—Infected—Recovered (SIR) model. However, the most frequently employed
deterministic mathematical model for COVID-19 was the Susceptible—Exposed—Infected—
Recovered (SEIR) model. The SEIR model was employed in different ways. Some researchers
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used it in combination with other statistical models. At the same time, some authors modified it
to fit the new COVID-19 rules for infections specific to different geographic conditions and the
related available data available. The popularity of this model may be attributed to its adaptable
nature. It is easy to add more parameters and states to these kinds of models as compared to
statistical and machine-learning-based models. To characterize the multi-dimensional COVID-19
issue more precisely, researchers may prefer compartmental models. An SEIR model was
implemented to investigate the dynamics of the spread and prevention of COVID-19.
Uncertainty in case observation was also considered in this model by overtly modeling a Poisson
observed process of new symptomatic COVID-19 cases. Using Monte Carlo simulation, a
geometric random walk method was employed to model the transmission and simulated the
transmission rate over time. Yang and colleagues incorporated China’s migration population data
and COVID-19 data into the SEIR model to predict that the pandemic peaked in late February
and declined in last April in China. They also employed artificial intelligence techniques used on
2003 SARS statistics to verify their outcomes. A modified SEIR model was proposed by Li et
al.. They considered a six-state mathematical model, namely the Susceptible—Exposed—Infected—
Quarantined—Potential Victims—Recovered (SEIQDR) model. Mathematical modeling has been
used to forecast and make decisions regarding this disease in a number of articles. In a similar
vein, many review papers are noted for providing comprehensive information. Finally, this
comprehensive review of current literature revealed the variety of work that has been
accomplished in forecasting and regulating the spread of the disease.

2.1. Objectives

COVID-19’s mutation and the paucity of immunization may cause the illness to spread rapidly in
underdeveloped countries such as India, resulting in significant economic and human losses.
Therefore, a prediction of the present state of the COVID-19 epidemic spread in India can help
to understand how different situations may affect the potential outcome of the epidemic. The
government can accordingly plan for the mitigation of the spread and implement policies for the
betterment of its citizens and the economy, anticipate hospital needs, and devise testing
strategies. The proposed mathematical model (SEIHRD) and the related analysis presented in
this paper are modified as per a real scenario specific to different states of India, which is
different from the existing models in the literature in multiple ways. It is considered essential to
develop models based on various parameters to analyze the pandemic situation in the world. At
the same time, due to vast geographical and demographical differences, it is essential to carry out
the analysis specific to a region/country.

2.2. Contributions

Using a time-dependent modification of the conventional SEIR model, this study analyzes and
models the dynamics of the unique coronavirus pandemic and accompanying that are specific to
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Indian society. The proposed SEIHRD model consists of six states and determines the effect of
preventive measures through transmission probability and key epidemic parameters, viz., the
latent time, hospitalization rate, time-dependent mortality rate, and time-dependent recovery rate,
in a relatively reliable way for India. Table 1 lists out the different points of the classical SEIR
model and the proposed model.

Unlike the classical Susceptible-Exposed-Infected—Removed (SEIR) model, the proposed
SEIHRD model has six states that differentiate between diagnosed and non-diagnosed
individuals.

In this study, the authors consider two different transmission rates for a susceptible person to be
infected and a susceptible person to become a carrier, respectively. This discrimination is
significant because the diagnosed individual is isolated and less likely to spread the highly
infectious coronavirus disease. In the absence of strong visible symptoms, it becomes difficult to
test an individual for COVID-19 unless that individual has come in contact with a positive
confirmed case.

The mortality rate and recovery rate are taken as time functions as the disease progresses in
India. This choice is data-driven. A change in mortality rate and recovery rate has been observed
since the first case in January 2020.

In addition, a time-dependent transmission rate, which incorporated government control policy
and public perception of risk, has been investigated along with the conceptual model to perform
a sensitivity analysis in Indian context.

The proposed model takes into account six states: Susceptible, Exposed and Undetected, Infected
and Detected, Hospitalized, Recovered, and Dead. The proposed model is different from existing
models for the following reasons: (i) it discriminates between infected individuals who are
diagnosed and those who are not diagnosed; (ii) it employs two different transmission rates for
diagnosed and non-diagnosed individuals; (iii) the proposed model considers the time
dependency of the mortality rate and the recovery rate depending on India’s poor and congested
societies. This study also implements a time-dependent transmission rate to investigate the
impact of governmental control policy action and people’s perception of risk reaction to predict
the course of the evolution of COVID-19 in India.

3. Mathematical Modeling of COVID-19

The use of dynamical equations in mathematical modeling, as opposed to statistical approaches,
can often reveal vital information about epidemic dynamics. When basic epidemiological
parameters are unknown or possibly uncertain, a more systematic approach is required to
describe the Susceptible-Infected—Recovered (SIR) model, a classical compartmental model in
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epidemiology, which represents the spread of an infectious disease through a population, what
fraction of the population may become infected and when. This model was developed in the
twentieth century in 1927 as part of exploration of epidemiology theory.

3.1. Proposed Model: SEIHRD

The Susceptible—Exposed—Infected—Removed (SEIR) model is an extension of the SIR model.
For many infectious diseases such as 2019-nCoV, there is a significant incubation period during
which individuals have been infected but are not yet infectious themselves. During this period,
the individual is in compartment E (for exposed). In this section, a new mathematical model
SEIHRD is proposed, a modified form of the classical SEIR model, to analyze and predict the
evolution of COVID-19’s spread in India. The proposed model SEIHRD consists of six states,
namely:

e The susceptible compartment contains the population that is susceptible to the highly
infectious novel coronavirus.

e The exposed compartment consists of a fraction of susceptible populations comprising
infected and asymptomatic infected individuals (carrier/latent class). They are not yet
detected but are infectious.

e The infected state comprises the fraction of exposed people who are asymptomatic and
symptomatic infected individuals. However, they are detected and infectious.

e The hospitalization compartment consists of a fraction of the infected population that is
hospitalized.

e The recovered state contains the fraction of hospitalized people who have recovered from
the infectious disease.

e The dead state consists of a fraction of hospitalized people who have died from the
infectious disease.

3.1.1. Assumptions

e A number of assumptions have been made based on the availability of data in India and
periodic World Health Organization press releases: the natural death rate and birthrate do
not change the population structure significantly across all compartments, and they are
therefore taken to be constant so that the population size is constant.

e Unlike the usual SEIR model, the Latent population (E) here is asymptomatic but
infectious and undetected or not diagnosed.

e The Infectious population (I) is asymptomatic, as well as infectious and
detected/diagnosed.

e Upon coming into contact with Infected (I) or Latent (E) individuals, Susceptible (S)
individuals become contagious.
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e Only Infectious cases (I) fill up the hospitals and can lead to a higher fatality rate due to
shortage of available care.
e Individuals are immune after recovery (R).

3.1.2. Mathematical Model

The COVID-19 dynamics relevant to the Indian context can be modeled by the following set of
nonlinear ordinary differential equations:

I il
%E:) — vE(t)—41(t),
%_i‘” — SI(t)—r(t) H(t)—A(t) H(t),
RO zHe),
PO _ vy,

The constant Npop=S+E +1+H+ R+ D and represents the total number of populations in a
certain region; it is assumed to be constant.

3.1.3. Dataset Description

Time-series datasets are collected for the real-time prediction of COVID-19 cases for India.
Daily confirmed cases from 30 January through 11 May 2020 are considered for fitting the
model. The model was fitted in a nonlinear approach by calculating the normalized least-squares
error of the model approximations and the active infected reported cases. The fitted parameters
are summarized.
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3.1.4. Time-Dependent Transmission Rate

In the proposed model described by system (1), two transmission rates (§ and 1) are considered.
To incorporate the impact of government policies and public actions to control the highly
infectious 2019-nCoV disease, the following equation for transmission rates can be integrated
with the proposed model, which includes the impact of both governmental control actions and
public perception of risk from the disease.

4. Results

The data for cumulative confirmed cases, cumulative recovered cases, and cumulative deceased
COVID-19 cases of India were categorized into two temporal categories: (a) 30 January 2020 to
24 March 2020 and (b) 25 March to 4 May 2020. The analysis was carried out on these two
categories of data to study the impact in India. Further, a prediction for daily confirmed active
cases after 4 May 2020 is made based on the fact that government control policies and public
health safety measures were in existence, i.e., k =5 and k1 = 15.

The figure also shows the approximate huge number of active cases in the scenario with no
government and no public reactions. The proposed model fit for number of cases before 24
March 2020 can be seen. Before 24 March, when the total number of active cases doubled every
three days, without any control policy measures and slow but existing (as is visible from the
transmission rates f and B1 values) public health perception such as washing hands regularly,
etc.,

5. Discussions

After 24 March, if the country was to have policies of governmental control, including the
shutdown of educational institutes public recreational zones such as gyms, spas, and multiplex
theatres, and public health safety measures such as compulsory wearing of mask and frequent
hand washing then the analysis for such a scenario is carried out by first estimating the value of b
= 0.0543 from the number of active cases till 24 March by fitting the real data to an exponential
curve in MATLAB and then setting k = 5 and k1 = 15 to obtain the transmission rates from an
infected individual to a susceptible individual and from a latent carrier (E) to a susceptible
individual. It may be noted that the reason behind the choice of k1 = 15 is that most of the
residential areas in India are densely populated with 7-15 people living in an average of one
household. The curve of the active number of cases begins flattening in August with far more
active cases, than the healthcare capacity. The result of such an analysis is far from the reality
now. This suggests that the concept of partial control actions from the government among the
public are not at all sufficient to control this pandemic in a densely populated and vastly dynamic
country such as India. Therefore, a long period of strict was essential to keep the highly
infectious disease situation under control.
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As seen from the fitting parameters, the values of recovery rate and the mortality rate (fitted
using Equation (2) are very close to real rates of 27.52% and 1.89%, respectively, from 24 March
until 4 May 2020.

The value of 6 was found to be 0.13, which implies that only 13% of the total infected people
moved from the state I to H. This implies that only 13% of the infected detected people were
taken to the hospital, and rest of them did not require hospitalization, as they were asymptomatic
or had mild symptoms. This is in line with the recent report of the Indian Council of Medical
Research that 85% of all COVID-19 confirmed cases in India were asymptomatic or had mild
symptoms and mostly did not require hospitalization.

Under policy-controlled measures such as public health measures such as social distancing,
frequently washing hands and the use of masks all the time will be beneficial in bending the
curve of cumulative Active cases sooner, under the strict phase from 25 March to 4 May 2020. It
is clearly seen that under strict policy measures as well as from a public health perspective, the
curves of cumulative Active cases intersect the curve of the recovered cases in June and then
start further flattening.

An analysis of the proposed model was carried out under the presence of partial governmental
policy measures and effective public health safety measures such as frequent hand washing, the
use of face masks all the time, and maintaining social distancing among the general public, after
the period of strict. Value of b was obtained and was found to be equal to 0.0645 by fitting with
the active cases data till 11 May and thereafter setting k = 5 and k1 = 15. The result, suggests
that it would take a long time to further bend the curve of Active cases in India by August 2020.
This delay may be a result of a sudden increase in the number of confirmed cases in India
between 5 May and 11 May. This increase may be due to the huge migration of migrant workers
from one city to another, in addition to the easing out in many places across the country. The
increase in the number of daily confirmed cases between 5 May and 11 May 2020 may also be a
result of increased testing of migrant workers. It may be noted that the choice of k1 = 15 in order
to carry out such analysis is due to the fact that most of the residential areas in India are densely
populated, with 7-15 people on average living in one household.

There are a large number of people in the carrier class/latent population (E), which saw a drastic
decline during the strict period from 24 March to 4 May 2020. These individuals are
asymptomatic and infectious but the virus is not yet detected in them. This may be attributed to
the compactness of the domestic settlements in and around the hotspot virus-affected areas of
India. This re-implies that in the absence of a vaccine or an anti-viral drug, both government
policy measures and public health safety perspective (controlled by k and k1) should be in place
to control spread of the highly infectious COVID-19 in a multi-dynamical country such as India.
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The states of Rajasthan and Kerala are already witnessing the downfall of the coronavirus
epidemic. On the other hand, the states of Delhi and Maharashtra will take some time before
their number of recovered cases is greater than their active cases.

Finally, a prediction of the number of COVID-19 cases during the second wave in 2021 is
depicted. The graph shows a peak in the coronavirus cases at the end of April and a decrease in
number of cases in June 2021. This prediction is comparable to the real scenario during the
second wave in India. This prediction is based on the government control measures in place, as
well as the fact that the public safety perspective is higher. However, the number of active cases,
i.e., individuals who require hospitalization, is very high, and the number of deaths is also very
high compared to the first wave, even with various government control policies in place.

The calculation is primarily based on the two different effective contact rates for asymptomatic
and symptomatic individuals. These are proportional to the number of contacts that an individual
has per day depending on government policies such as closure of public places. The other two
parameters are time-dependent mortality and recovery rates, which are data-driven and may
depend on dynamic factors such as geographical location, weather conditions, and settlements
specific to India. The spread can be controlled by controlling the first two parameters by strict
government policy and responsible behavior by the public, which could bring down the first two
parameters significantly. This is evident in the case of both the first and the second waves of
COVID-19.

It may be noted that the parameters of transmission rates and mean time of hospitalization for an
individual, when compared to the first wave of COVID-19 in India, are quite high, which may be
the cause of a huge number of active cases during the second wave in India putting a pressure on
the medical resources of the country even during the second wave of COVID-19 in India.

6. Conclusions

In this study, a new mathematical model, SEIHRD, was proposed to analyze the evolution of
COVID-19’s spread in India. This new model appropriately incorporates the inherent influence
of infectious latent and infected cases on the entire course of action of the novel coronavirus
epidemic, which is difficult for traditional statistical analysis. Based on the public data of
COVID-19 cases in India, key parameters such as the transmission rate, latent time,
hospitalization rate, mortality rate, and recovery rate are more reliable. In addition, a time-
dependent transmission rate was investigated to predict the spread of COVID-19 in India.
Results demonstrate the evolution of COVID-19 during in India during the first and second
waves of COVID-109.

Meanwhile, the government utilized the time to create mass awareness about the preventive
measures amongst the general public and to pump up the vaccination drive. It was also noted that
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a good equilibrium between government control policy and strong public perception of risk is
essential to further control and coexist with the disease. However, results should be interpreted
with care, as projections of the epidemic are highly dependent on the quality of data, producing
significant variations in trends with minor changes in observed values. The proposed models
have certain limitations, such as the lack of granular data on contact tracing in India and the
amount of medical care available, especially during the second wave of COVID-19 in India. The
model does not consider humans’ differential susceptibility and infectivity to COVID-19
infection, nor does it consider spatial heterogeneity. This study can be applied to different
countries using their respective parameters. The authors wish to enhance the conceptualization of
the proposed SEIHRD model in the near future by integrating the factors associated with new
variants of the virus, data on the amount of medical care available, and the effect of vaccination
in several age groups specific to India. Futures studies could investigate the impact of
vaccination on the evolution and spread of the COVID-19 pandemic with respect to India’s
geographical and economical dynamics.
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