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ABSTRACT

We have put an effort to estimate the number of publications related to the modelling aspect of the
corona pandemic through the web search with the corona associated keywords. The survey reveals that
plenty of epidemiological models outcast the simple population dynamics solution. Most of the future
predictions based on these epidemiological models are highly unreliable because of the complexity of
the dynamical equations and the poor knowledge of realistic values of the model parameters. The inci-
dence time series of top ten corona infected countries are erratic and sparse. But in comparison, the inci-
dence and disease fitness relationships are uniform and concave upward in nature. These simple profiles
with the acceleration curves have fundamental implications in understanding the instinctive dynamics of
the corona pandemic. We propose a simple population dynamics solution based on the incidence-fitness
relationship in predicting that a plateau or steady state of SARS-CoV-2 will be reached using the basic
concept of geometry.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The coronavirus pandemic has become an unparalleled one in
modern human history. Its impact has spread far and wide across
the world and through all sections of the society. The severity of
the disease is increasing rapidly; the World Health Organisation
(WHO) is compelled to declare the pandemic of COVID-19 as a
state of global emergency on 11" March 2020. So, the researchers
across the globe are trying to provide their valuable insights to
understand the dynamics of the coronavirus spreading. The math-
ematical modelling is one of the major yardsticks to be used by
several authors [25,30,33,35,40,47,49,52] to portray the current epi-
demic/pandemic situation in several countries. Note that, most of
the research work on this domain is developed based on the epi-
demiological models with various components. But surprisingly,
the population dynamics growth models are substantially ignored,
although it can compete with the existing epidemiological models.
These population dynamics models are relatively simple, easy to
interpret and consist of only a few numbers of parameters. The
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study of Jakhar et al. (2020) [31] points out that the COVID-19
pandemic will be ended on 16t October 2020 in India, but the
number of active cases on that day is 63,371. However, Ranjan
(2020) [56], Tiwari et al. (2020) [70], Nadim and Chattopadhyay
(2020) [45] predict that the corona infection will attain its peak on
22nd_3gth April, 16t April, and in May respectively. But, the peak
of the ongoing pandemic in India is observed on 17t September
2020 with the caseload 97,894. Tiwari et al. (2020) [70] also states
that in India the epidemic cases will reach its equilibrium on May,
2020. Ranjan (2020) [56], Tiwari et al. (2020) [70] use the corona
infection data up to 30t March 2020, but Nadim and Chattopad-
hyay (2020) [45] use the epidemic dataset during the time window
14t March 2020 to 19t April 2020. So, it is worthwhile to mention
that most of these future predictions based on the epidemiological
models are highly unreliable because of the complexity of the dy-
namical equations and the poor knowledge of realistic values of
the model parameters.

We feel that it is necessary to provide a brief overview to the
readers about the epidemiological models, which have been de-
veloped recently for understanding the COVID-19 pandemic out-
break. It would help the audience to comprehend how the epi-
demiological models outcast the simple population dynamics so-
lution. Moreover, this study will be helpful to understand the lim-
itation of the prediction associated with the corona outbreak. Mo-
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Fig. 1. Flow diagram for the mathematical modelling on the coronavirus.

hamadou et al. (2020) [43] has performed a similar kind of sur-
vey and enlisted the all possible mathematical models that have
been used to understand the dynamics of COVID-19. This extensive
review work can be breakdown into three major categories, such
as mathematical modelling, artificial intelligence, and exploratory
data analysis. This review implies that the study of the corona
pandemic based on the population growth models is neglected by
most of the previous authors. In our opinion, the extensive litera-
ture survey on the research work of modelling novel coronavirus
can be broadly classified into four major directions viz. (i) the ef-
fectiveness of the preventive measures, (ii) the estimation of the
basic reproduction number (Ry), (iii) the population dynamics so-
lution based on the growth curve model, (iv) other concepts or
frameworks excluding the epidemiological and population dynam-
ics models (see flowchart 1). We have used the keywords COVID,
coronavirus, and corona in the journals, publishers, and the WHO
search engine. The total numbers of the article published on the
corona outbreak both from the medical and modelling perspective
are extensively large (54,236) as per the WHO database. We have
selected four reputed publishers such as Elsevier, Springer, Nature,
Science for this search. These search engines also provide informa-
tion on a substantial number of publications on the corona out-
break. We have selected twelve top-rated international journals to
contribute substantially to capture the recent crisis of the corona
outbreak. The entire output of this web search is summarized in
Table 1. We provide a column in Table 1 with the estimated per-
centage of the published papers that appeared in the twelve top
journals on epidemiological models for exploring the corona out-
break. The 15t and 2"¢ point of our proposed classification actually
is a part of these various epidemiological studies.

In this context, the reader may have a wrong impression of
the fact that the remaining percentage of papers appeared in the
journals associated with the population dynamics and the growth
curve models, but this is not the fact. Most of these papers have
a background with networking [18,24,74], statistical distributions
[2,5,67,78], and many other mechanistic models. These all domains
of research work will fall into category (iv) of our classification.

We have identified only five articles, which have a direct associa-
tion with the population dynamics and the related growth curve mod-
els [4,23,48,58,72]. This research work can cover the number (iii)
of our classification. The associated mathematical modelling issues
are depicted through a flowchart described in Fig. 1. These findings
strongly suggest that the epidemiological prediction models on the
corona pandemic castaway the simple population dynamics solu-
tion. We are interested to provide a novel solution to understand
the corona pandemic using the concept of population dynamics

Population
Dynamics
[23, 44, 73]

and growth curve models. In this context, we feel that an elab-
orate review of the population dynamics solution on the corona
pandemic is essential. We will discuss this part in the subsequent
section.

Based on the number of cumulative corona infection (up to 14th
September 2020) we consider the top ten countries (Fig. 2) for our
further analysis. The simple graphical representations (Figs. 4a-6a)
suggest that the incidence time series of top ten corona infected
countries are erratic and sparse. But in comparison, the incidence-
fitness relationships are uniform, and it is concave upward in na-
ture (Figs. 4b-6b). By fitness, we mean the relative growth of the
incidence of the corona disease. These simple profiles with the ac-
celeration curves have fundamental implications in understanding
the instinctive-dynamics of the corona pandemic. We will estimate
the incidence-fitness profiles for these countries using the Gom-
pertz and theta-logistic rate equations. We propose a simple pop-
ulation dynamics solution in predicting that a plateau or steady
state of SARS-CoV-2 will be reached using the definition of three
phases (lag, log, and stationary) of estimated growth curves and
the basic concept of geometry. The rest of the manuscript is or-
ganized as follows. The literature review on the proposed clas-
sification and the population dynamics with the growth curve
models towards the COVID-19 pandemic are presented in the
Sections 2 and 3, respectively. Subsequently, we present the ad-
vantages of the relative growth rate (RGR) in the Section 4. The
proposition of the novel methodology is present in the Section 5.
However, the outcomes from the study and the detailed discussion
are well discussed in the Sections 7 and 8, respectively. Finally, we
made a conclusive statement in the Section 9.

2. Existing literature based on the proposed classification

The research in the domain of the first category of our clas-
sification is primarily based on the different prohibitive measures
by several countries to stop the spread of the novel coronavirus
but among those measures, the two most important paradigms are
the self-isolation and the maintenance of the physical distancing.
The incremental effect of these particular preventive steps is dis-
cussed by several researchers [30,50,52], etc. Singh and Adhikari
(2020) [65] perform an explicit analysis on the effect of social dis-
tancing through the incorporation of the social contact structure
by classifying the number of contacts made by a person into at
home, workplace, school, and other contacts, etc. The basic repro-
duction number is thought to be a formidable measure to illus-
trate any epidemic situation. The estimation of the reproduction
number would thus provide an important clue in understanding
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Table 1
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The number of research article published on the coronavirus in some reputed journals of mathematical biology from January to September 2020. The
last column denotes the approximate percentage of epidemiological models published on the novel coronavirus.

Key words Publisher Journals No. of articles Percentage (approx)
- WHO database* - 54,236 -

- Elsevier” - 5099 -

- Nature™ - 67,753 -
COVID/coronavirus Science® 165 -
COVID/coronavirus Elsevier Journal of Theoretical Biology 8 50 %
coronavirus Elsevier Theoretical Population Biology 1 100%
COVID/coronavirus Elsevier Chaos, Solitons and Fractals 260 52 %
COVID/corona Elsevier Applied Mathematics and computation 7 14%
COVID/corona Elsevier Applied Mathematical Modelling 6 50%
COVID/coronavirus Elsevier Mathematical Biosciences 13 77%
COVID/coronavirus Elsevier Journal of Mathematical Analysis and Applications 5 -
COVID/coronavirus Springer Bulletin of Mathematical Biology 7 43%
COVID/coronavirus Springer Journal of Mathematical Biology 1 100%
COVID/coronavirus Plos One - 3303 -
COVID/corona/coronavirus  The Royal Society? - 28 14%

* Source: WHO corona Dashboard.
" Source: Nature index.

* Source: COVID-19 Open access.
¢ Source: Official page of Science
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Fig. 2. The number of cumulative infected cases due to the coronavirus disease in the top ten countries as on 14™ September 2020. The index SA mentioned in figure is

nothing but the abbreviated form of the country name South Africa.

the spreading dynamics of any epidemic disease. So, its significant
impact motivate a group of researchers to estimate the basic re-
production number for those several provinces affected with the
novel coronavirus [39,42,63,77]. The study of Mizumoto and Chow-
ell (2020) [42] point out that the magnitude of the basic reproduc-
tion number is not going to be constant throughout any fixed time
domain. These studies can cover the 2" point of our classification
[42].

Kermack and McKendrick [32] initiated the epidemiological
study through a seminal contribution. The author classified the
population into three groups viz. susceptible, infectious, and re-
covered (removed). The dynamics of these group of the population
is governed through the ordinary differential equation. This mul-
tidimensional model is then popularly known as the SIR model.
Several epidemiological models are derived to study the corona
pandemic. Susceptible-Exposed-Infected-Removed (SEIR), Susceptible-
infected-recovered (SIR), Susceptible-Infectious-Quarantined-Recovered
(SIQR), Susceptible-Exposed-Infectious-Quarantined-Recovered
(SEIQR), Bats-Hosts-Reservoir-People transmission network (BHRP),
Susceptible-Exposed-Symptomatic-Asymptomatic-Recovered-seafood

Market (SEIARW), etc. are quite a few examples of such model
dynamics. The SEIR models are used for the dynamics, predic-
tion, management strategies, effect of temperature, and humidity
levels of the ongoing situation [21,29,51,54,75,76]. Similarly, track
transmission and recovering rates in time, data fitting are well
understood by the SIR structured models [10,17,27,38,66,68]. Both
of the quarantine and management strategies are imposed through
the SIQR models [20]. The prediction and management strategies
have been elicited through the SIQR epidemic structure [71].
The simulation-based study on the transmission of coronavirus
from the bats to humans is also explored through the BHRP like
structures [16]. The age-dependent transmissibility and prediction
are present in the modelling structure of SEIARW [80]. Note that,
the nonconstant nature of the reproduction number of the on-
going pandemic disease depicts the brutal character of the novel
coronavirus towards the human population. Zhao and Chen (2020)
specified that due to the distinct characteristics of the COVID-19
from the other infectious diseases, it is hard to model the ongoing
pandemic scenario through the general epidemiological structures
viz. SIR, SEIR, SIQR, etc. [79]. In this connection, the author pro-



A. Paul, S. Reja, S. Kundu et al.

posed the SUQC structured model to demonstrate the dynamics of
the corona infection.

3. Literature review on the population dynamics and growth
curve models

The application of the population dynamics in predicting the
ongoing pandemic scenario is first observed in the study of Roosa
et al. (2020) [58]. The authors use the logistic growth curve,
Richards law, and the recently developed sub-epidemic model
[19] to forecast the ongoing pandemic situation. The cumulative
number of corona infected cases (from 22" January 2020 to 9th
February 2020) of several provinces from China including Hubei
have used to provide short-term (5, 10, 15 days) forecast from the
base period, 9" February 2020 to onwards. The predicted figures
for the number of cumulative cases on the 24 February 2020
in both Hubei and the other provinces are estimated through the
range 37,415 - 38,028 and 11,588 - 13,499, respectively. The vali-
dation can be done with the observed number of cases (77,266),
which is available in the WHO corona dashboard. The proximity of
the proposed model to the observed cases seems to be extremely
poor. The observed cases are more than double the predicted cases.
In another study, Wang et al. (2020) [72] use the Fbprophet model
in addition to the logistic growth law and applied a machine learn-
ing algorithm for predicting the Epidemic peak point, The fastest
growth point, Turn point of the corona outbreak. They use the data
of the number of cumulative corona infected and the number of
cumulative recovered cases in some selected countries such as
Brazil, Russia, India, Peru, Indonesia, and the whole world as well.
Here, the Epidemic peak point is defined as the time after which
the number of cumulative infections will decrease. Here also, the
prediction method is contemptibly poor, which can be easily veri-
fied through the WHO data.

Fokas et al. (2020) [23] use the Riccati equation for predicting
the stabilizing time of this epidemic based on the data of six coun-
tries viz. Italy, Spain, France, Germany, USA, and Sweden. Note that,
the logistic law with a time-dependent instantaneous growth rate
(henceforth, IGR) leads to the famous Riccati equation. The author
assumes that the basic characteristics of the particular virus and
the cumulative effect of the variety of the different measures are
taken by the given countries for the prevention of the spread of
the viral infection, is time dependent. This justifies the authors’
time-dependent IGR of the Riccati equation. But unfortunately, the
authors are unable to explain the specific mathematical form (ra-
tional and bi-rational) of the time-dependent growth rate of Riccati
equation from the epidemiological perspectives. The authors have
selected these analytical expressions of time-dependent IGR by a
trial and error experiment based on 50 different functional forms
in a completely arbitrary manner. We feel that the way of selec-
tion of IGR is sloppy and lack of justification. Moreover, in the epi-
demiological study, the function should be derived phenomenolog-
ically rather than in a mechanistic way by trial and error method.
The incorporation of the machine learning and associated artificial
neural network and recurrent neural network is a useful exten-
sion of the Riccati equation in predicting the steady state behav-
ior of the corona epidemic. But, this sophisticated model is also
failed to meet the observed time line of the disease steady state
for the considered countries. The data set provided by WHO elic-
its that the epidemic in those countries are yet not reached to its
plateau and all the time series follow an increasing pattern. Aviv
and Aharoni (2020) [4] predict the disease dies out time-line using
the theta-logistic model structure based on the data of four Asian
provinces such as the Chinese Mainland, Iran, the Philippines, and
Chinese Taiwan, respectively. The author’s prediction is also unre-
liable as the previous authors. He did not provide any justification
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for the selection of the theta-logistic equation from a vast family
of growth curve models.

Pelinovsky et al. (2020) [48] consider the growth equation ap-
proach for comprehending the dynamics of the novel coronavirus.
But surprisingly, the authors have selected five countries such as
Austria, Switzerland, Netherlands, Italy, Turkey, and South Korea,
respectively, where the corona infection almost dies out as per
the recent record. The authors frame the entire work into two as-
pects, the deterministic and stochastic. The authors used both the
logistic and the extended logistic growth law in the determinis-
tic study. This extended version is commonly known as the Blum-
berg growth law in the growth curve literature [11]. The profiles
of the absolute growth rate against the size are estimated for all
the five countries based on the underlying models. Here, the selec-
tion of the Blumberg equation is arbitrary and the authors did not
provide any explanation for choosing such a model from a fam-
ily of extended logistic equations. The absolute growth rate is used
to determine the peak point of the disease outbreak and it is es-
timated for all the countries under both the logistic and the ex-
tended logistic setup. Unfortunately, the authors have used a wrong
expression of the maximum absolute growth rate of the logistic law,
which makes the entire study erroneous. The authors did not use
the standard optimization technique such as the least square and
grid-search method in estimating the predicted profiles. By vary-
ing the parameter space with a reasonable interval, the authors
choose the optimum curve, which maximizes the value of R2. Thus,
whether R? can be used as a model selection criterion in this case
- the question persists. This informal estimation procedure does
not possess any statistical property and so the significant tests of
the parameter values are questionable. In the stochastic model, the
Gaussian fit of ryorm is extremely poor and the test of normality is
missing. Moreover, the mean and variance of the Gaussian distribu-
tion are also arbitrary. The good fitting does not necessarily mean
that the underlying model is true for the data. So, it is not worth-
while to validate the model with the observed data sets, recently
available in the WHO dashboard as the model is mathematically
incorrect.

4. Why Population dynamics? - Advantages of the relative
growth rate

Plenty of population growth models are available in ecology by
which one can easily nurture the underlying species dynamics. The
study of Carlson et al. (2018) [13] reveal that nowadays the con-
cept of population dynamics is not just confined in ecology, but it
can be also applied in many other fields. The single species pop-
ulation dynamics problem is generally studied either by size or
RGR modelling [14,28,61]. The study of Sandland and McGilchrist
(1979), White and Brisbin (1980) [60,73], reveal that the errors in
the metric RGR show a lesser amount variation in respect to the
errors present in the absolute growth rate. The authors show that a
complex autocorrelation structure of the error variable is required
for the fitting of the size models. On the contrary, a simple auto-
correlated structure of the error variable is used during the RGR
modelling. The authors [6,7,64,81], etc., discussed the advantage
and the applications of the RGR modelling. Moreover, it is easy
for any experimenter to identify the underlying growth dynamics
through the RGR profile rather than the size time series.

4.1. Size-RGR relationship

Note that, the size-RGR relationship has fundamental impli-
cation in understanding the multiple demographic traits of the
species [64]. So, we can conclude that size and RGR profiles are
analogous with the phenotype and genotype characteristics of the
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study of species genetics respectively. So, using RGR we can ex-
plore the innate property of the species, which is helpful to under-
stand the fundamental mechanism of the species population dy-
namics. This RGR can also be interpreted as species fitness in ecol-
ogy |15]. Here, the change of absolute growth rate to the initial size
is interpreted as a measure of species fitness. The application of
size-RGR relationship has been neglected in the existing literature
of epidemiology. Obviously, in the study of disease epidemiology,
the disease incidence and the disease fitness can be represented
as a proxy of size and RGR respectively. If the disease fitness in-
creases, the disease is more virulent. Naturally, it has an adverse
effect on the susceptible population.

It would be worthwhile to study the relationship between the
disease incidence and its fitness for understanding the inherent
mechanism of the epidemic. The disease status is poorly mani-
fested through the incidence time series (daily number of cases).
The cumulative cases are more misleading as it is smoothing out
the overall trend. Both of these two profiles are failed to capture
the inherent mechanism of the disease status. The incident time
series and the incidence-fitness relationships of the top three in-
fected countries i.e. USA, India, and Brazil are depicted in Figs. 4b-
6b. However, the incidence profile of the rest of the countries
are in the supplementary file. The incidence time series are er-
ratic and sparse, difficult to understand the inherent disease trend.
But, in comparison to all the countries, the incidence-fitness re-
lationships are uniform and it is concave upward (convex) in
nature. These simple profiles have fundamental implications in
understanding the instinctive dynamics of the corona pandemic.
These issues are elaborately discussed in the Section 7.

The study of size-RGR relationship become popular in many
ecological and agricultural studies [9,37,44,61]. In these studies,
the authors used the empirical estimate of RGR, which is given
by w for a time interval (t;,ty) [22]. Here, x(t) is
the size of the population at time point t. Here, the term size is
generic. It can be either abundance or any measured characteris-
tics viz. weight, height, length, volume, biomass, etc. In the present
study, we have represented x(t) as the number of infected cases at
the time point t. If the incidence-RGR relationship is showing a
concave upward trend, it indicates that the underlying model may
be either theta-logistic [57,64] or Gompertz [26]. If this relation-
ship is linear then it suspects a logistic law may be suitable for the
data. We notice that the incidence-RGR relationship for all the top
ten (in terms of a Cumulative number of corona infection) coun-
tries give us a clue that the underlying model of incidence may be
either theta-logistic or Gompertz. We estimate the parameters of
these two growth equations in the subsequent Section 7.

4.2. Relationship of incidence and disease fitness (relative growth
rate)

The pandemic of the corona disease was first reported in
Wuhan, China at the end of 2019. Since then, the severity of the
outbreak follows an increasing pattern worldwide. Fortunately, in
some countries such as New Zealand, Denmark, Vietnam, etc. the
disease is almost eradicated. But, most of the remaining countries
the situation has gradually become worst and serious. The WHO
declare the list of top ten countries, where the severity of the dis-
ease is at extreme based on the cumulative number of corona In-
fection (up to 14t September 2020). We took the data of those
ten countries for our analysis. The countries are USA, India, Brazil,
Russia, Peru, Colombia, Mexico, South Africa, Spain, and Argentina.
In this connection, we will like to highlight that most of the pre-
vious studies in both epidemiological and population dynamics ar-
eas, the selection of countries are arbitrary or rather manipulative.
The authors selected those countries where the proposed models
have proximity with the given data. At the same time, the authors
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neglected the countries where the time series are irregular. For ex-
ample, in a recent study [4], on population dynamics the country
India was neglected although, many epidemiologists declared In-
dia may be an epicentre of this pandemic. Surprisingly, the authors
[36,45,46,55], etc. have selected the countries in a completely arbi-
trary manner.

The incidence profile of the corona infection in the topmost af-
fected countries are not exhibiting a similar trend. For example,
the time series of the United States of America and Peru are bi-
modal, whereas the incidence profiles are showing the exponential
pattern for India and Argentina. The time series profiles of Colom-
bia, South Africa, and Mexico are negatively skewed. The peaked-
ness of Colombia and South Africa are high but it is low in the
case of Mexico. The trend of Russia is uni-modal with high peaked-
ness. The country Brazil has an erratic and sparse growth profile
although, the overall trend is primarily increasing and then de-
creasing. The most surprising thing is that the incidence-RGR pro-
files of all the top ten countries are exhibiting a monotonic decreas-
ing trend (mostly concave upward except one). This phenomenon is
synergistic with the species growth dynamics study in the field
of ecology [8,64]. Sibly et al. (2005) [64] conclude that most of
the size-RGR relationships are concave upwards (convex) in na-
ture for the species of all taxonomic groups except the large mam-
mals although, their time series are displaying an erratic pattern.
Bhowmick and Bhattacharya (2014) [8] depict that although the
size profile of a fish is following an increasing trend, the RGR pro-
file is delineating a bell-shaped structure. This structure suggests
that RGR is relatively strong metric in understanding the inherent
growth mechanism of the population.

4.3. Research question and mathematical challenge

Now, we have two fundamental research questions to be an-
swered. The epidemiologists are interested in predicting the time
that a plateau/steady state of SARS-CoV-2 will be reached, as well
as the number of individual cases to be reported infected at that
time. Here, the plateau is achieved when the RGR or the fitness of
the disease is zero. Theoretically, the theta-logistic model will be
reached at a steady state when the population is at the asymptotic
size. Mathematically this asymptotic size will be attained when the
time is infinite. It may be an interesting mathematical exercise to
deal with an infinite time sequence, but in reality, while playing
with incidence data of disease, it is virtually meaningless. One can-
not wait up to the infinite time for a disease to be stabilized. The
mathematical challenge of the problem will initiate from this issue.
We know that the three broad phases of the population growth
curves are the lag, log, and stationary. Unfortunately, there is no
thumb rule that when the population will initiate its journey for
approaching the steady state. Similarly, can we define with clar-
ity that when the log phase of the population will be terminated?
There may be some time lag between the log phase ending time
(LOET) and the stationary state initiating time (see Table 2). This

Table 2

Abbreviations to be used throughout the manuscript.
Abbreviated form  Implication
RGR Relative Growth Rate
LAET Lag Phase Ending Time Point
LAES Lag Phase Ending Size
SIip Size at Point of inflexion
LOET Log Phase Ending Time Point
LOES Log Phase Ending Size
SSIT Steady State Initiation Time Point
SSIS Steady State Initiation Size
PAR Population-Acceleration Relationship

ADITW Average Daily Incidence of Last Two Weeks
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Fig. 3. Both the figures (a) and (b) denote the theoretical size and acceleration profiles of any standard sigmoidal growth trajectory respectively. The term size denotes the
number of confirmed cases of corona incidence. In both the figures, the points A, B, C indicate the lag phase ending point, point of inflexion, the log phase ending point
respectively. We propose the intersecting point of the vertical (orange) line with the sigmoidal (blue) curve i.e., D as the steady state initiation point of that growth curve.
Moreover, the point I in the acceleration profile indicates the initial infection size. However, it is clearly ensured from the acceleration profile that the growth acceleration is
maximized at the point A, minimized at the point C and vanishes at the point I, B, respectively. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

intermediate phase can be defined as the preparatory mode of the
population from the log to the stationary phase transition. Simi-
larly, there may be an intermediate phase between the lag phase
ending time (LAET) and the Point of inflexion. Let us define, the
size of the population at SSIT as SSIS i.e. steady state initiation size.
We propose a novel methodology to estimate LOET, SSIT, and SSIS
for both the Gompertz and the theta-logistic law. Finally, we have
used these estimates for predicting the time and population size
at a steady state of SARS-CoV-2 infection. The proposed definitions
are also interpreted from the size-acceleration curves. This size-
acceleration profile is helpful to compare the steady state of differ-
ent countries. The concept and definition of the proposed method-
ology are described in the subsequent section.

5. Proposed methodology

We consider two fundamental growth equations, Gompertz and
logistic, for modelling the corona pandemic data of incidence of
top ten countries. The monotonic decreasing concave upward pat-
tern of the size-RGR profile motivates us to select these two mod-
els. We elaborately discussed this issue in the preceding section.
The RGR equation of the theta-logistic growth and the Gompertz
curves are given by

0
1 dx(t) x(t)
o =" 1‘(1() , (5.1)
1 dx(t) K
X0 dt =r log (ﬁ) (5.2)

We assume x(t)(> 0) be the corona incidence at any time point t
for any specific country. The instantaneous incidence rate and the
asymptotic size of the corona incidence are denoted by r and K
respectively. Here, 0 is the density regulation parameter, heavily
dependent on the herd immunity status, personal protection, so-
cial distancing, and Government policy of the country. Now, our
theoretical interest is to predict the time of a plateau of Covid in-
cidence profile for all the top ten countries. More specifically, we
have to estimate the SSITs of all the countries. Note that, this the-
oretical derivation of SSIT involves LOET. LAET’s do not have any
role in deriving the expression of SSIT. For the better understand-
ability of the reader, we would like to provide a clear definition
of LOET and SSIT. Before stating the definition, we need to famil-
iar with the size-acceleration curve as a prerequisite theoretical

knowledge. The population time series and the size-acceleration
curves are demonstrated in Fig. 3.

It is necessary to compare the movement of the population
through a growth trajectory with the motion of a particle in New-
tonian mechanics for a better understanding of the size and size-
acceleration profile. The change of population to time is equiva-
lent to the displacement of a particle with time. Note that, the
absolute growth rate of a population is analogous with the veloc-
ity of a particle moving on a fixed path. The selection of trajec-
tory is determined on the velocity and acceleration terms acting
on the particle. Similarly, in the context of the population dynam-
ics problem, the lengths and positions of the lag, log, and station-
ary phases are dependent on its velocity, and acceleration profile.
By velocity and acceleration profiles, we mean two relationships
viz. population-velocity and population-acceleration respectively.
Essentially, there exist similar relationships viz. displacement-
velocity and displacement-acceleration in mechanics. In the entire
study, we will mostly focus on these relationships from the popu-
lation dynamics viewpoint.

The second population-acceleration relationship (henceforth,
PAR) has immense importance as it explains the internal growth
mechanism of the population, which is manifested as a growth
trait through the population time series. A similar concept is also
introduced by Buchanan and Cygnarowicz (1990) [12] for the time-
acceleration framework. We already mentioned that the size-RGR
relationship has a similar property, which can explain the inher-
ent mechanism of the population and fundamental implications in
determining several demographic traits. By analyzing PAR, we ob-
serve that the acceleration vanishes for three population sizes for
any sigmoidal growth equation. First obviously at the initial popu-
lation size, then at the Point of inflexion, and finally at the steady
state i.e.,, when the population attains plateau. The two most im-
portant points of this acceleration curve are the points where the
acceleration attains its maximum and minimum values (Retarda-
tion is maximum). The population kicks up and enters into the log
phase (see the point A in Fig. 3b) while the acceleration is maxi-
mized. Beyond this point, the acceleration gradually decreases up
to the Point of inflexion (the point B in Fig. 3b). Then immediately,
the population exposed to retardation (negative acceleration) and
it is gradually attained its maximum at the point C ( Fig. 3b). Now
there is a turn to comeback the magnitude of retardation at stage
zero. This is the most essential stage without which, the popula-
tion cannot be reached a steady state. This maximum retardation
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Fig. 4. The number of active corona cases of United States of America is projected in this figure. Here figure (a) denotes the time-series diagram and that of (b) denotes the
RGR of the active corona cases with respect to the number of daily infection. Moreover, in figure (b) the RGR data is fitted against both the theta-logistic and the Gompertz

Model. The fitted diagram is mentioned in the legend of figure (b).
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Fig. 5. The number of active corona cases of India is projected in this figure. Here, figure (a) denotes the time-series diagram and that of (b) denotes the RGR of the active
corona cases with respect to the number of daily infection. Moreover, in figure (b) the RGR data is fitted against both the theta-logistic and the Gompertz Model. The fitted

diagram is mentioned in the legend of figure (b).
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Fig. 6. The number of active corona cases of Brazil is projected in this figure. Here, figure (a) denotes the time-series diagram and that of (b) denotes the RGR of the active
corona cases with respect to the number of daily infection. Moreover, in figure (b) the RGR data is fitted against both the theta-logistic and the Gompertz Model. The fitted

diagram is mentioned in the legend of figure (b).

point can be defined as a precursor of the steady state. This is the
point from which the preparation of reaching a steady state is re-
sumed. The points A, C, D are abbreviated as LAET, LOET, and SSIT
as described earlier.

Definition: A tangent is drawn at the point LOET on any popula-
tion sigmoidal growth curves in such a way that it would certainly
meet at a point with the extended (see the arrow in Fig. 3a) part
of the asymptotic size (carrying capacity). Now, the projection of

that meeting point on the growth curve cuts the time axis at the
steady state initiation time point.

Remark 1: We feel that the point SSIT has massive importance
in the study of epidemiology. Here, we can assume the daily in-
cidence disease as a population. If the daily incidence is attained
SSIS for a fixed value of SSIT then we conclude that the disease
under consideration is already at the preparatory stage of steady
state. The estimated values of SSIT and SSIS are helpful hence to
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determine the Government policy and the management actions for
controlling the disease epidemic.

The theoretical formulation of SSIT is well explained in a
flowchart depicted in the supplementary file. We need to first
derive the theoretical expressions of the acceleration term and
its extremum under theta-logistic and the Gompertz set up as a
first step of the flowchart. We describe these expressions in the
Theorems 5.1, 5.2, 5.3, and 5.4.

Theorem 5.1. The growth acceleration (a(t)) in describ-
ing the theta-logistic growth trait should be maximized
when the number of infected case reaches at x(t)=

K( (0+2)(0+1)—/(0+2)2(0+1)2—4(6+1)(20+1)

1/6
20+ 120+ 1) ) and that of minimized

at x(t) = K((9+z><0+1)+¢(0+2>2(0+1)2 —4(60+1)(26+1)

1/6
P ICES T ) respectively.

Proof. The proof is given in the supplementary file. O

Theorem 5.2. The growth acceleration (a(t)) in describing the
Gompertz law should be maximized when the number of infected

case reaches at x(t) =Ke \ 2 / and that of minimized at x(t) =
3-/5

Ke_( 2 ) respectively.

Proof. The proof is given in the supplementary file. O

Theorem 5.3. The onset of the steady state in the theta lo-
gistic growth trajectory is observed at the time SSIT = LOET+

16
1 @26:06/6122 612 4G D@6 11) /
- 20+D 20+

, where the expression

(9+2)(0+1)+J(0+2)2(0+1)2 —4(0+1)(20+1) 170
2(0+1)(20+1)

(1 (042 O+ D +/(0+2)2(0+1)2—4(0+1) (20+1) )
201D @0+

2(0+1)(20+1) B
(0+2)(O+1) 14/ (0+2)2(0+1)2—4(0+1)(20+1)

()

Proof. The proof is given in the supplementary file. O

of LOET is given by —J- log

Theorem 5.4. The onset of the steady state in the Gompertz growth

3= f

25( )

expression of LOET is given by —1 log(£ )log( Ky (3 ))
2(x0

Proof. The proof is given in the supplementary file. O

law is observed at the time SSIT = LOET + , where the

6. The data

We have selected the top ten countries based on the cumulative
number of corona infections up to 14 September 2020 available
on the WHO dashboard. The data of the same countries are also
available in the R package with library function coronavirus [34].
But the data available in R package is updated up to the time line
June 2020. We verified the correctness of the data available from
these two sources up to the overlapping time period (i.e., from the
onset of the corona pandemic to June 2020) and for the remain-
ing time window (July to September 2020), we use the WHO data
only. We have cleaned the data by standard statistical techniques.
This cleaning is done in such a way so that we can discard a lit-
tle amount of data and avoid over-fitting. Raw data are available in
the format of daily incidence for all the top ten countries. All the
data are scanned and imported in the R environment.
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7. Results

In this section, we will evaluate the estimated values of the
SSIT and SSIS for the top ten countries along with an elabo-
rate discussion of the estimation procedure. We took the help of
Theorems 5.1 to 5.4 for this estimation. We have estimated the
model parameters for (5.1) and (5.2) using the non-linear regres-
sion analysis. For the response variable, we use the empirical es-
timate of RGR for disease fitness [22], which is already discussed
in Section 4.1. The entire statistical analysis has been performed in
the R software [53]. We use the Gauss-Newton type algorithm for
the estimation purpose [62]. The algorithm is implemented in the
routine “nis” in R software. Note that, the non-linear least square
regression procedure is highly sensitive to the initial choice of pa-
rameter values. We consider the magnitudes of the disease fitness
at a very low incidence and the high incidence as the initial guess
of the model parameters r and K respectively. However, the con-
vergence of the least square process on the theta-logistic law is
sometimes uncertain due to the presence of non-linearity in that
model 5.1. One should opt for the grid search process to choose the
initial guess to avoid the divergence of the least square technique.
Several authors used the concept of grid search in their articles for
the estimation purpose [9,59].

Initially, we provide a range of values of the parameter 6 for
each of the ten cases to start the grid search process. The linear re-
gression technique of RGR on x? and x?+! (with no intercept term)
is then performed by considering all of these predefined values.
The linear regression is used through the routine “Im” in R soft-
ware [53]. We consider the best grid estimate of 6 (9) based on
the lower residual sum of squares (RSS). The result of the linear
regression also provides the estimates of the parameters r and K.
Bhowmick et al. (2015) [9] mentioned that the grid estimates may
sometimes produce bias and may not be consistent with the cor-
responding growth equations. To get the more precise estimates of
r we perform the bootstrap linear regression method of RGR on
x7(t) and x?*+1(t), where the parameter 6 is substituted by that
grid estimate 6. The process is replicated for 10000 times to find
the distribution of the parameter r. We treat the mean of that dis-
tribution as the final estimate of the corresponding model param-
eter r (7). The generated T has now plugged in the theta-logistic
model (5.1) to find the consistent estimate of the two other model
parameters K and 6 respectively. It is needless to say that we use
the grid estimates of 6 and the estimated values of K in the above
linear regression as the initial guess in the non-linear regression
technique. Due to the reduction of the number of parameters and
the choosing of the proper initial guesses, the convergence of the
nls process has become certain and we get K and 6 respectively.

We perform the model selection based on the Akaike Informa-
tion Criterion (AIC) [1]. The lower value of AIC is used to select
a better model. The estimated model parameters for all the ten
mentioned countries along with the AIC values are listed in the
corresponding tables. Tables are presented in the supplementary
file. A summarised version of table is available in the subsequent
Section 8. We use these estimated values of the model parame-
ters for our further analysis. We plug the estimated values of the
model parameters in the expression of LOET and SSIT as avail-
able in the Theorems 5.1 to 5.4. We also enumerate the SSIS for
all countries based on the SSIT estimates. These estimates are de-
picted in Table 3.

8. Discussion

The effect of the novel coronavirus on the human population
is creating a scary situation day by day. Throughout the globe,
the infection number is increasing by leaps and bounds. Scien-
tists are exploring many avenues in predicting the time and size
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Table 3
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The calendar date and the attainment time with size of the steady state initiation of the confirmed COVID cases for the top ten countries.
The predicted calendar time are based on the data up to 14™ September 2020. Note that, the column Average daily incidence and Total
population size represent the last two weeks average number of incidence due to the corona pandemic and the demographic population
size of the corresponding countries respectively.

SL. No.  Country SSIT SSIS Date Average daily incidence (two weeks)  Total population Size
1 USA 63.21 days 3336349  16/11/2020  37226.47 + 2015.92 331,420,450
2 India 38.35 days 87632.63  22/10/2020  86912.93 + 2237.52 1,382,900,689
3 Brazil 63.89 days 29359.28  16/11/2020  32286.8 + 3851.59 212,883,816
4 Russia 47.2 days 6555.37 31/10/2020  5493.73 + 380.65 145,948,080
5 Peru 37.86 days 4224.99 21/10/2020  6012.26 + 399.64 33,069,039

6 Colombia 120.56 days  6681.67 12/01/2021  7760.33 + 250.98 50,998,462

7 Mexico 89.75 days 3689.18 12/12/2020  5111.26 + 255.90 129,221,511

8 South Africa  84.01 days 5908.4 07/12/2020  1816.13 + 128.18 59,467,369

9 Spain 187.84 days  32506.3 20/03/2021 12018.13 + 1622.13 46,758,719
10 Argentina 89.33 days 5888.302  25/12/2020  10297.27 + 444.88 45,284,429

of the steady state population of daily incidence for the disease
SARS-CoV-2 will be reached for different countries. For this pur-
pose, we propose the two concepts viz. SSIT and SSIS, which we
already discussed in the previous section. Actually, as per this con-
cept, SSIS can be interpreted as a corridor for reaching the steady
state of a disease. In other words, the preparatory stage for reach-
ing the steady state is going to initiate if a country will attain its
SSIS value. The magnitude of SSIT and SSIS will depend mostly on
the population-acceleration relationship (PAR) of the disease in-
cidence for all the countries, which we will discuss in the sub-
sequent paragraph of this section. Before this, we feel that it is
important to discuss the relative performance of the disease sta-
tus based on the SSIT and SSIS values of different countries. For
this purpose, we introduce an additional column in Table 3 along
with the SSIT and SSIS, where the average daily incidence (with
standard error) of the last two weeks (henceforth, ADITW) is rep-
resented for all the countries. The ADITW and SSIS are more or
less compatible with the top seven countries. The top five coun-
tries will be entered into the steady state or in other words, the
corona status of these countries will be loitering around its steady
state corridor within October (or next two months). The standard
error and the daily incidence are not significantly high for most
of the countries. Brazil and Spain have relatively high standard er-
ror in comparison with their ADITW values. As per our prediction,
the chance of steady state initiation is not before the end of De-
cember 2020 or January 2021 for the countries Colombia, Mex-
ico, South Africa, Spain, Argentina. Note that, the ADITW values for
South Africa and Spain are far away from the predicted SSIS values.
These imply that there is a chance of increasing the expected daily
incidence for the two countries South Africa and Spain, within the
upcoming four months period from the calendar date 14" Septem-
ber 2020. The performance of our prediction model is not satis-
factory for the country Argentina. We observe that in the case of
Argentina, the fitness of the disease COVID-19 is exhibiting either
low or high values for the low incidence - this is no doubt an un-
realistic phenomenon from the concept of epidemiology. The data
impurities may be the prime factor for this anomaly.

Remark 2: In this connection, it is worth sharing an important
statement with our readers about the prediction models and its
illustration with the real data in the existing pieces of literature. In
most of the recent studies, the authors have selectively chosen the
data of different countries for the illustration so that they can ef-
ficiently show their model performance very easily [36,45,55]. We
believe this is a sort of manipulation for showing the proximity of
the data to the proposed model. We have not chosen the data arbi-
trarily. We have selected the top ten countries based on the sever-
ity of the cumulative incidence data. We deliberately not discarded
the prediction procedure for the country Argentina even the model
performance is poor and not satisfactory.

Table 4

Estimated model parameters for the daily incidence data sets of the
corona disease in the top ten countries. The detail analysis of the model
parameters for each of the countries is presented in the supplementary

file.

SI. No.  Country T K 0

1 United States of America  1.53 37237.27  0.05
2 India 0.167 97668.91 0.14
3 Brazil 0.19 31333.1 1.34
4 Russia 0.54 7247.7 0.22
5 Peru 0.54 4638.7 0.37
6 Colombia 0.15 7297.45 0.5

7 Mexico 514 4130.32 0.001
8 South Africa 55.4 6614.88 0.001
9 Spain 25.7 36393.1 0.001
10 Argentina 52.1 6592.4 0.001

8.1. Comparison of SSIS values of top three countries

If we compare the SSIS values with the steady state estimate
available in Table 4, we observe that both are compatible and real-
istic. We need to take the help of PAR analysis for identifying the
inherent cause with varying SSIT and SSIS values. For this analy-
sis, we choose the top three countries having maximum cumula-
tive incidence cases. We have already mentioned that these three
countries have similarities in connection with the current status
of the corona pandemic. The ADITW values are pretty close with
the predicted SSIS values from the model. From the velocity pop-
ulation profile, we observe that the size at the point of inflexion
(henceforth, SPI) for India is high in comparing two other coun-
tries USA and Brazil. The SPI is almost the same for USA and Brazil
(p —value > 0.05). The variance of the expression SPI are ob-
tained by the univariate delta method. The detailed testing pro-
cedure is present in the supplementary file.

The general structure (Fig. 3b) of PAR has been reflected in the
output of the incidence-acceleration profile (Fig. 8b) of these three
countries. Note that, there is a significant variation among the ac-
celeration trajectories. The incidence values for which the accelera-
tion will attain the peak, the retardation will be maximized or ac-
celeration will be returned to zero are the three yardsticks for ex-
plaining the internal mechanism of the corona epidemics. The rate
and magnitude of the acceleration of corona incidence will depend
on the Government policy and social awareness (i.e., social distanc-
ing, masking, sanitization), immunity states of population, and vir-
ulence of the viral strain. For this reason, the rate of change in
accelerations and its peak values are higher for Brazil and USA in
comparison with India. Existing studies reveal that the immunity
status of the Indian populations is comparatively better in com-
parison with the other two countries. Similarly, the virulence of
the viral strain is also weak in the case of India. It is worth men-
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Table 5
The estimated magnitudes of LAES, SPI, LOES, and SSIS for the countries
USA, India, and Brazil, respectively.

Sl. No.  Country  LAES SPI LOES SSIS

1 USA 3020.728 14034.34  25716.05  33363.49
2 India 9330.494  38308.32  68763.72  87967.67
3 Brazil 7761.194  16613.81 25367.02  29359.28

tioning that community transmission has not yet been initiated in
India according to WHO. They claimed that a cluster of cases has
observed in the Republic of India (WHO corona dashboard). We
believe, this should be the reason, why the incidence-acceleration
profile of India is exhibiting a slow rate of the upward and down-
ward movement. WHO also mentioned that community transmis-
sions were detected in the two countries USA and Brazil, be-
fore a reasonable number of period, and this leads the incidence-
acceleration profile for Brazil to show up a sharp rate of increase
with a high peak value. A moderate peak value is identified in
the acceleration profile of the USA, but the rate of acceleration
is pretty high. For the USA, the peak of acceleration is observed
for the lowest incidence value of 3020.73. So, the corona outbreak
kicks up, and a sharp log phase initiates (LAES) when the country
is exposed only to the low number of corona incidence (Fig. 8b).
The incidence at that Point of inflexion (SIP) is 14034.34. This LAES
and SIP values are respectively 7761.194 and 16613.81 for Brazil,
which is slightly higher than the USA. These estimates are 9330.49
and 38308.32 for India. Both are pretty high in comparison with
the other two countries. So, the corona caseload for India pro-
vides a jerk at a reasonably high incidence value, and the log phase
starts. The acceleration of the incidence will be zero at SPI, and the
retardation initiates for India. The retardation will be maximized,
with a slow rate and the log phase ends with the incidence value
of 68763.72. Moreover, the preparation of steady state starts with
an incidence value of 87967.67 (SSIS) at SSIT. Note that, the pop-
ulation in India is the largest among the top three countries. This
large population may be one of the reasons that for India the in-
fection has spread out in pockets and clusters. Moreover, the rela-
tively stronger immunity of the people and the weak virulence of
the disease lead to a low peak of the acceleration curve. So, in a
nutshell, the outbreak of the corona disease status for India will
be a plateau with very high daily incidence cases but with a low
spreading rate (Table 5).

8.2. Analysis of lockdown and unlock phases of India

The first case of the corona was identified in India on 315 Jan-
uary 2020. The caseload was restricted on an average of ten daily
incidences up to the end of the March 2020. But at the end of
March 2020, there was a substantial spike in daily incidence cases,
and the India corona status suddenly became severe. As prepara-
tion for lockdown, the Government of India announced a “JANTA
CURFEW” for intimating the general people of India on corona
severity and need to break the chain of the high rate of infec-
tion on 22" March 2020 (News on “JANTA CURFEW”). Then im-
mediately, the first complete lockdown schedule (25% March-14th
April 2020) has been announced. Based on the severity and the
aggressive nature of the disease the Government of India extended
the first lockdown in additional three phases. There were several
attempts by the Indian Government to unlock the lockdown sta-
tus in three phases viz. Unlock 1.0, Unlock 2.0, and Unlock 3.0 up
to the calendar time 14 September 2020. The timelines for four
lockdowns and three Unlock phases are enlisted in Table 6. There
was an expectation from the Government of India that the exten-
sion of lockdown in four uninterrupted phases should have a di-
rect impact on the variation of steady state attainment time. This
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implies the estimated values of the proposed SSIT measure should
be changed dynamically with the lockdown phases. We have esti-
mated the SSITs at the end of all the four phases of lockdowns and
three additional unlock phases. We should expect that the lock-
downs can break up the chain of the severity of the incidence,
and as a result, the SSIT values may be decreased at the end of all
lockdowns. But surprisingly, we notice that the percentage increase
(120%) in the magnitude of SSIT is maximized when the population
is moved from the end of the second to the third lockdown. This
significant increase may be due to introducing the special trains
for shifting the migrant workers from one state to another with-
out proper planning. The percentage of increment is pretty low
(24.22%) in between the third and fourth phase lockdown. The per-
centage is decreased when the migratory workers are settled down
in their home town and the Government takes immediate precau-
tion for maintaining the social distance and other personal protec-
tion measures. The evaluated percentage increase in the SSIT value
at the end of the second phase of lockdown is 63.05%. This per-
centage increase is more or less equal (69.91%) between the fourth
lockdown and Unlock 1.0. This increased percentage in comparison
with the third and fourth phase lockdown is may be due to the
Government announcement on relaxing the social activities of the
general people. Surprisingly, when the population completed the
Unlock 3.0 phase from Unlock 2.0, the SSIT value was decreased
which means the Unlock 3.0 phase does not have any significant
impact on changing the SSIT values on completion of the Unlock
2.0 phase. This is no doubt a strong indication that India is going
to attain a steady state shortly. In a nutshell, we can conclude that
the proposed SSIT measure can capture the overall corona status
of the country in a very clear and comprehensive way.

8.3. Possibility of eradication: a clue from the model

In epidemiology, elimination of a disease from a specific area
(zero cases) is termed as 'eradication’; while pocketed and some-
times unstable elimination of the disease is called as 'under con-
trol’ [3]. Proper eradication of COVID-19 is only possible through
successful vaccinations to the entire human population. Several
countries all over the world are trying to discover vaccine to get rid
of the SARS-CoV-2 infections (coronavirus vaccine development)
Among such endeavors, Oxford University with the collaboration of
the AstraZeneca, UK, and Gamaleya Scientific Research Institute of
Epidemiology and Microbiology, Moscow, Russia (Russia news) are
running forward this race. The clinical trials of vaccine discovery
by both the organizations are in between the human trial phases
Il and IV. Though, no such full proved vaccine is yet developed
for the coronavirus, so we can not say surely whether the eradica-
tion of this disease will be possible or not. But we can hope that
in the long run, this disease also can be controlled or eradicated
like the previously mentioned global epidemic/pandemic diseases,
if successful vaccines are discovered [41].

In the present study, the disease elimination process starts
when the hypothetical time series of incidence will attain its
asymptotic size. We can think of the generation process of this hy-
pothetical elimination/eradication trajectory in a very simple way.
For this, we have to assume the SSIS estimate as the initial value
of the eradication process. Note that, the incidence value will be
reached at zero if the disease will attain its eradication state. Dis-
ease control may be an alternative of eradication, if we allow a
relaxation in terms of minimum population size. In the case of
disease control, we can assume a minimum population size (not
zero) so that the theoretical existence of the theta-logistic model
is preserved. This minimum population size is the estimate of the
carrying capacity of the eradication curve. It is worthwhile to men-
tion that the incidence and eradication profiles should be gener-
ated from the same underlying model. Apart from the initial and
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Table 6
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The dynamical change of the steady state reaching time due to different phases of lockdown in India as on 25% March 2020.
The fourth column SSIT indicates the steady state initiation time point. The dates of the lockdown/Unlock phase are declared by
the Government of India. The last column denotes the change in the percentage of SSITs between the consecutive lockdown and

Unlock phases in India.

Sl No.  Lockdown [ Unlock  Duration of Lockdown [ Unlock Phase  SSIT Date Percentage Increase
1 First Lockdown 25/03/2020 - 14/04/2020 21.33 days 15/04/2020 -
2 Second Lockdown 15/04/2020 - 03/05/2020 34.78 days 28/04/2020  63.05
3 Third Lockdown 04/05/2020 - 17/05/2020 76.58 days 09/06/2020  120.18
4 Fourth Lockdown 18/05/2020 - 31/05/2020 95.13 days 28/06/2020  24.22
5 Unlock 1.0 01/06/2020 - 30/06/2020 161.64 days  02/09/2020  69.91
6 Unlock 2.0 01/07/2020 - 31/07/2020 246.88 days  26/11/2020  52.73
7 Unlock 3.0 01/08/2020 - 31/08/2020 233.3 days 13/11/2020 -5.5
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Fig. 7. Bar diagram of the estimated model parameters involved in the theta-logistic model 5.1 according to the ascending order.

the asymptotic size, we need an estimate of the intrinsic growth
rate for the generation of the eradication curve. This intrinsic rate
of the eradication process should be the convolution of the three
processes viz. (i) the rate of the production of the vaccine; (ii)
the implementation time of the vaccine, and (iii) the rate of im-
munity gain on the application of the vaccine. To describe all of
these three above mentioned points, we have to go through a
rigorous literature review on the global epidemiology and recent
news releases by the different national or international officials.
We have to establish a relationship among these three criteria by
searching step-by-step information from the news updates, liter-
ature, and previously occurred epidemic/pandemic diseases case
study reports like Tebbens et al. (2010) [69], did for his work. The
present study is mainly focused on predicting the time of getting
‘under control stable status’ with a specific number of active cases
of COVID-19 for the Indian population, only by using the world epi-
demic/pandemic, eradicated/non-eradicated diseases, and the vac-
cination data. Henceforth, we can define it as the eradication rate.

The prediction procedures start with the determination of the
probable minimum population size of COVID-19 infections in India

1

in the long run. A case study on polio epidemics shows that the
number of the world annual paralytic polio cases reduced to 43 in
2016 from the incidences of 450,000 in 1981. As of 2019, it is al-
most eradicated from different parts of the world, but only in three
countries: (Afghanistan, Nigeria, and Pakistan) wild poliovirus is
still endemic (Global news on the eradication of disease). Another
case study on the Murine Typhus disease in the United States in-
forms that the lowest number of total annual reported cases was
47 at the time of local elimination of the disease [3]. The author
mentioned that the case number may vary from one study to an-
other. He took the number 50 as the lowest Murine Typhus in-
fected person for further analysis. In the spirit of these explanation,
we assume that the probable minimum number of annual COVID
infection in the long run to be 50.

The next approach is to determine the rate of vaccine
production for India. The Serum Institute of India, Bharat
Biotech and many others are working on the COVID-19 vac-
cines in India (Report on vaccine production in India). News
release of the Serum Institute of India claims on 28th May
2020 that 1 billion doses of vaccines could be supplied
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Fig. 8. Figure (a), (b) describe the estimated absolute growth velocity (AGR) and the estimated growth acceleration profiles, concerning the number of corona infected cases

in the top three affected countries respectively.
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Fig. 9. The curves represent the hypothetical predicted time series of the disease incidence profile for India. The solid (blue) line is due to the increment in the disease
incidence with the rate r = 0.167. The magnitudes of the others parameters to be used for the (solid blue coloured) profile K = 97668.91, 6 = 0.14. The dashed lines are
the hypothetical disease eradication profile. We consider r = 0.019, 0.004, 0.002 for the blue, green, red dashed line respectively. We choose the theta-logistic growth law
as the underlying model for both the incidence and the eradication profile. In case of the eradication profile, we use K = 50 and xo = 97668.91, 6 = 0.14, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

for Indian within the next 1.5-2 years by the organization
(Serum Institute initial report on vaccine production). Therefore,
a total of 1.5 years from the calculated month of achieving the
steady-state (October 2020) is to be taken as the probable time
of vaccine development in India.

After having an idea about the probable time of vaccine pro-
duction, the next step is to predict the implementation time of the
vaccine on the entire nation. Literature studies and news releases
by the WHO narrate that in case of the smallpox, it took at least
10 years and half a billion vaccine doses in eradicating the disease
globally (smallpox eradication). Using the above mentioned review
on the global scenario and the proposed number (1 billion doses)
of vaccine production by the Serum Institute of India, we are able
to calculate the proposed time of vaccine implementation on total
Indian population.

Even if, the rate of immunity gain for the Indian population
is also calculated with the help of the percentage decrements of
previous smallpox incidence in India from January 1974 to May
1974. The rate of immunity gain can be described as the change in

12

annual active cases from massive numbers to sudden decrements
after applying the vaccine. The case study shows that a total of
187967 people were infected among 68.88 Cr. in 1974. A sudden
fall (1436) in the infection was observed in 1975. Moreover, in 1976
the number of active cases further reduced to zero (0) [41]. The ap-
plication of the vaccine is the obvious reason for such reduction in
the active cases (WHO report).

Finally, we have evaluated the hypothetical incidence and erad-
ication profile for India which are depicted in Fig. 9. Here, we use
the estimated value of the parameter of the RGR curve for finding
the initial value and asymptotic size of both incidence and eradi-
cation profile. The parameters of the hypothetical curves are men-
tioned in the caption of Fig. 9. The disease eradication rate (r) is
estimated as the product of three terms as mentioned earlier. The
magnitudes of those three components are 0.00018, 27.8, 3.934 re-
spectively. So by the multiplication of these three values, we get
the estimate of r to be 0.019. Thus, the time required to attain the
minimum incidence value 50 is approximately 6 years from the
calendar date 22/10/2020 which, is no doubt a matter of serious
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concern. If we hypothetically assume a pair of eradication rate with
80 % and 90 % lower magnitude, the decreasing disease curves are
depicted with red dotted lines. In such cases, the disease can be
controlled approximately after 4 and 7 years respectively. We be-
lieve that this information is important and can be used as a clue
for understanding the eradication process from the management
perspectives.

8.4. r-strategy and its significance in epidemiology

The bar diagram based on the instantaneous incidence rate (r)
of ten countries is exhibited in Fig. 7a. Similar bar diagrams are
depicted in Fig. 7b and Fig. 7c for the parameters # and K, re-
spectively. Here, r is the most important parameter signifies the
instantaneous spreading status of the disease of the specific coun-
try. We can classify the ten countries based on this high, moder-
ate, and low disease spreading rate. Note that, countries like Mex-
ico, Spain, South Africa, Argentina posses a very high instanta-
neous incidence rate. These rates are comparatively low for nations
like India, Brazil, Colombia, Russia, America, and Peru. A moderate
spreading rate is observed for the countries Russia, America, Peru.
Judging the overall profile we conclude that, the estimated values
of 6 are less than 1 for all the countries except Brazil (Figs. 4b-
6b). In ecology, the population, which follows the density regu-
lated theta-logistic model with 8 < 1 is commonly known as r-
strategy species. These species can produce many offspring and live
in an unstable environment. This concept is synergistic with the
epidemiological problem where the disease fitness is initially high
with an elevated spreading rate. So, if we assume disease incidence
as a population, the SARS-CoV-2 may infect more and more peo-
ple initially, so that the disease fitness should be increased. The
spreading is unpredictable in some sense too as the different coun-
tries are associated with the versatile mode of management ac-
tions for controlling the disease.

9. Conclusion

The relationship between the corona incidence and its fitness
has fundamental implications for the understanding of the corona
spreading status of the top ten infected countries. There are signif-
icant variations on the corona incidence profiles of the top ten ex-
posed countries. Surprisingly, the incidence-fitness relationship is
exhibiting almost a similar trend. This trend is well approximated
through the relative growth rate equation of the density regulated
theta-logistic model with a concave upward trend. We use a hy-
pothetical time series generated from the estimated RGR profile of
the corona incidence and the concept of geometry to predict the
population size (SSIS) that a plateau or the steady state of COVID-
19 will be attained. Our proposed estimate of the time (SSIT), at
which SSIS will be reached, helps in estimating the overall profile
of the corona status of different countries. Finally, the SSIT value
will be useful for taking management decisions and Government
policies immediately when a steady state of corona incidence will
attain. Moreover, the incremental or detrimental effect of the lock-
downs and Unlock phases can also be estimated with the proposed
tool of the SSIT and SSIS.
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