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1  | INTRODUC TION

Coronaviruses, though uncommon, are serious pathogens respon-
sible for infections that cause flu-like symptoms in infected indi-
viduals. These symptoms sometimes resemble the cold and cough 
symptoms caused by the rhinovirus. Recently, the family has added 
its seventh-generation coronavirus – severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) (Chengxin, Zheng, Huang, Bell, & 

Zhang, 2020). The virus shares 79% identity to severe acute respira-
tory syndrome (SARS) and 50% identity to Middle East respiratory 
syndrome (MERS) epidemic outbreaks in 2003 and 2012 (Salute, 
2020).

SARS-CoV-2 that causes coronavirus disease 2019 (COVID-19) 
mutated to transmit from animal to human. This virus is believed 
to have transferred to humans through bats from a meat market in 
Wuhan, China (Rajendran et al., 2020; Shereen, Khan, Kazmi, Bashir, 
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& Siddique, 2020). In March 2020, the WHO declared COVID-19 
a pandemic; a pandemic being described as an infection that has 
spread across countries and international borders rather than within 
a local region or neighbouring countries.

The SARS-CoV-2 is a deadly coronavirus that is transmitted 
readily between humans and has already infected more than 
530,000 people all over the world in 198 countries as on March 26, 
2020 which led to global shutdowns (WHO, 2020a,2020b,2020c). 
The fatality rate has varied among countries and age groups. Until 
June 2020, the fatality rate averaged 5.5% with Italy recording 
the highest with 14.49%. The fatality rates of the USA, Germany, 
and India were 5.56%, 4.72%, and 2.86%, respectively, until June 
2020 (Our World in Data, 2020). Of the total deaths, less than 5% 
belonged to the age group of less than 45 years thereby indicating 
that the younger population is much more resilient to the COVID-
19 (Worldmeters, 2020). While these fatality rates are signifi-
cantly less than those of MERS (34.4%) and SARS (9.5%) (Petrosillo, 
Viceconte, Ergonul, Ippolito, & Petersen, 2020), COVID-19 has 
severe transmissivity because of the possibility of asymptomatic 
people being carriers and spreaders of the virus (Daw, Medicine, & 
Disease, 2020). The reproduction number R0 for SARS-CoV-2 has 
been found to be between 2.06 and 2.52 (Sheng, Diao, Yu, Pei, & 
Chen, 2020). A value of R0 greater than 1 indicates that the disease 
can invade the human population, and the higher the value, the 
easier is its spread.

SARS-CoV-2 is the largest single-stranded RNA virus known to 
humankind; while other viruses have a single protein spike for at-
tachment to the human cell, this coronavirus family has 10 to 12 
spike proteins, which makes it easier for the virus to attach itself to 
the angiotensin-converting enzyme 2 protein in humans (Paraskevis, 
Kostaki, Magiorkinis, Panayiotakopoulos, & Sourvinos, 2020). The 
virus follows an unusual double-step replication mechanism, which 
leads to high rates of proliferation (Luan, Lu, Jin, & Zhang, 2020). The 
incubation period is typically 2 to 14 days, and the infected person 
often does not have serious symptoms, but rather common symp-
toms associated with flu and pneumonia (Rodeny, 2020). General 
symptoms of pneumonia include fever, cough, chest pain, short-
ness of pain, fatigue, headache, myalgia, and arthralgia (Sattar SBA, 
2020). In addition to symptoms of pneumonia, COVID-19-infected 
individuals may experience a loss of taste or smell, nausea, conges-
tion, and diarrhoea (CDC, 2020).

There are a few drugs that are being recommended and used 
to manage the symptoms of COVID-19, but there have, as yet, 
been no vaccines that are proven to be effective against the coro-
navirus family, including COVID-19 (Gautret et al., 2020; Sexton 
et al., 2016). In the absence of vaccines, it is imperative to check 
transmission of the virus by alternative ways (Dey, Rahman, Siddiqi, 
& Howlader, 2020). Policy changes in pandemic and epidemic sit-
uations involve social distancing, lockdowns, travel restrictions, 
awareness campaigns, etc. It has been speculated in past research 
that environmental conditions of countries like temperature and 
humidity also sometimes play a significant role in controlling pan-
demics (Lin et al., 2020).

Quantitative COVID-19 impact analyses are scarce in literature, 
given the recency of the pandemic, and more studies in this area 
are necessary, given the seriousness of the infection. Epidemics 
are assumed to have an exponential growth at an early stage, 
and the number of infections reduces over time due to interven-
tions like lockdowns, travel restrictions, awareness programs, etc. 
Mathematical modelling studies using exponential growth analysis 
coupled with machine learning could provide a better prediction 
model for COVID-19 transmission (Keeling & Danon, 2009; Siettos 
& Russo, 2013; Victor, 2020). Such models must incorporate the var-
ious precautionary measures taken during the viral outbreak.

The objective of this research is to develop a mathematical 
model using exponential growth analysis coupled with machine 
learning to predict worldwide early signs of containment of COVID-
19. The models have been developed based on data collected from 
42 countries. The objectives of this work are twofold. First, it seeks 
to identify countries that were successful in early containment of 
SARS-CoV-2. Second, the research aims at building supervised ma-
chine learning models with high accuracies for predicting signs of 
early containment with infrastructure availability, environmental 
factors, infection severity factors, and government policies of coun-
tries as independent variables (Table 1). In the process of modelling, 
the significance of the above variables in containing the infection 
at early stages is also studied. This report also includes a discus-
sion on other activities undertaken by the governments of various 
nations to flatten the infection curves and their corresponding 
effectiveness.

2  | THEORY

COVID-19 is believed to have originated in an animal meat market 
in Wuhan, China, and it is thought to have been transmitted from 
bats (Shereen et al., 2020). Within few months, the virus has rapidly 
spread across the world through transmissions of fluids and aero-
sol particles between humans. Initially, all diagnosed cases outside 
China had a travel history to the Wuhan market. Soon, community 
transfer caused exponential increases in infections in countries like 
Italy, USA, UK, Korea, Japan, etc. The ability of SARS-COV-2 to 
double replicate with the spike protein has posed significant chal-
lenges to the development of vaccines (Shereen et al., 2020). While 
hydroxychloroquine and azithromycin have been recommended 
by some researchers to treat COVID-19-infected people, there 
have not been many clinical trials to validate the claim (Gautret 
et al., 2020). Thus, until a scientifically validated cure or vaccine is 
developed, countries have to rely on preventive measures to con-
tain the spread. This, in turn, depends on epidemiological studies 
that can predict spreading patterns so that policymakers can take 
appropriate protective measures. Several viruses including SARS 
have been reported to be vulnerable to hot temperatures, which 
results in differences in spreading patterns across geographic loca-
tions (Zhang et al., 2020). However, such geographic variations have 
not yet been analysed for COVID-19. Other factors like government 
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policies and interventions, infrastructure availability, and the sever-
ity of the infection itself can affect the ability of a country to con-
tain epidemics and pandemics. This research seeks to explore all 
the above factors.

2.1 | Factors affecting early containment of the 
COVID-19 pandemic

2.1.1 | Environment

Climatic conditions such as temperature and humidity play an im-
portant role in both airborne and aerosol virus transmissions. The 
30-year human relationship with the influenza virus has proven 
that the mortality rate is directly related to temperature and hu-
midity (Lowen & Steel, 2014). Hence, in order to minimize trans-
mission of diseases, isolation wards in hospitals generally tend to 
have optimized pressure, temperature, and humidity (WHO, 2014). 
Research on the virus on the Diamond Princess cruise ship off the 
coast of Japan showed that a 1°C rise in temperature and a 1% in-
crease in pressure could reduce the reproduction number R0 down 
by 0.0224–0.0383. It must be mentioned that the generalizability 
of the study is questionable because the ship was a contained en-
vironment and the results may not apply to the real world (Sheng 
et al., 2020). Certain studies in China and Indonesia have inves-
tigated the relationship between temperature and the spread of 
infection and resultant deaths and have reported a low to medium 
level of correlation (Yueling Ma et al., 2020; Tosepu et al., 2020). 
Relative humidity was found to have low to no correlation with 
infection spread or deaths. Global warming has also been a rea-
son for recent temperature increases, and certain studies indicate 
that this can reduce flu-based viral infections (Actuaries, 2010; 
Dincer, Midilli, Hepbasli, & Karakoc, 2010; National Research 
Council, 2001). However, these statements need to be further 
validated.

While the spread of the virus may be affected by climatic con-
ditions, once the virus enters the human body, it is independent of 
the outside environment. However, since the virus lives outside the 
human body for a period of at least 12 hr under normal conditions 
(Richard, 2020), it is necessary to study the effects of the environ-
ment on the spreading patterns itself.

2.1.2 | Policies and interventions

Social distancing
Social distancing, although a new terminology for the twenty-first 
century, is not a new approach to epidemic control. It was used by 
the UK in 1918 to control the influenza virus outbreak that caused 
about 100 million deaths. Social distancing involves the avoidance 
of mass gatherings and distancing of at least 6 feet between peo-
ple. Such measures are combined with enhanced personal hygiene 
through regular hand washing and wearing protective masks for Va
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flu-like outbreaks (Leung, Ball, Sirl, & Britton, 2018; Yu, Lin, Chiu, 
& He, 2017). This is done primarily because flu-causing viruses 
are spread through aerosols generated from saliva and nasal fluid, 
which can be transmitted across distances as much as 3 feet. The 
average lifetime of SARS-CoV-2 in the outer environment is be-
lieved to be about 12 hr, which increases transmissivity because 
aerosols from infected people can settle on doorknobs, lifts, etc. 
in places such as means of transport, hotels, and malls and stay 
active for a long time, thus increasing the window of transmission. 
Direct physical contact, such as handshaking, is also an avenue of 
transmission of the virus.

The reduction of social contact has been proven to significantly 
reduce flu-like diseases (Maharaj & Kleczkowski, 2012). The closure 
of schools and malls flattened the spread curve during the influenza 
pandemic in 2009 (MOH, 2014; Rashid et al., n.d.). Thus, govern-
ments worldwide have stressed on social distancing and quarantin-
ing measures for at least 14 days – the typical incubation period of 
SARS-CoV-2 – to contain its spread (Prem et al., 2020).

Lockdowns
Lockdown is a preventive strategy taken by local, central, or 
global administrations during the spread of epidemic or pan-
demic diseases and involves stopping transportation between cit-
ies, provinces, or countries. The world has so far seen four major 
pandemics, viz. the plague in the fourteenth century, influenza 
in 1918, SARS in 2009, and the current COVID-19 in 2019 as re-
ported by the WHO (East et al., 2020; Pi, 2020; Porta, 2008). In 
all these cases, lockdowns were implemented by various countries 
to control the outbreaks. China announced a lockdown as early 
as January 2020 to flatten the curve of the COVID-19 infections 
over time. In March, most countries around the globe announced 
lockdowns of local transport, offices, industries, and city and na-
tional borders to contain the virus (Callaway, Cyranoski, Mallapaty, 
Stoye, & Tollefson, 2020). Although quarantine centres for the in-
fected are available in hospitals, large-scale infections necessitate 
self-quarantines and lockdown measures in addition to the hospi-
tal-based quarantines (Wuhan, 2020).

2.1.3 | Healthcare infrastructure

During epidemic and pandemic viral outbreaks, the availabil-
ity of and access to healthcare infrastructure such as hospitals, 
beds, healthcare workers, clinical equipment, first aid kits, ven-
tilators, and protective equipment are vital to pandemic manage-
ment (Bambas & Drayton, 2000; Persoff, Ornoff, & Little, 2018). 
During the massive influenza outbreak of 1918, even developed 
countries had inadequate healthcare infrastructure, which further 
expanded the outbreak (Miller, Randolph, & Patterson, 2008). The 
Ebola outbreak in West Africa became uncontrollable due to lack 
of infrastructure facilities (Paweska et al., 2017). After the out-
break, the WHO in South Africa had asked the hospitals to re-
port their available facilities to plan for future infections optimally 

(Murrin, 2018). Innovative measures have been recommended, to 
create necessary healthcare infrastructure during pandemic and 
epidemic situations by converting schools, colleges, theatres, and 
stadiums into hospitals and quarantine centres (Nuzzo et al., 2019; 
Wimberly, 2018). Healthcare workers supported by NGOs, youth, 
and volunteers also play a significant role in containing outbreaks 
(Itzwerth, 2013). Hence, studying healthcare infrastructure avail-
ability across countries can predict COVID-19 containment at an 
early stage.

2.2 | Predictive modelling

Predictive modelling using machine learning and growth models 
can provide actionable insights for policy makers and governments 
to contain epidemic and pandemic infections (Thompson, Brooks-
pollock, & Thompson, 2019). During the onset of an epidemic, it is 
crucial to use exponential growth models to understand the infec-
tion rates, and with proper policy implementation and behavioural 
changes among the susceptible groups of the population, the slope 
reduces and the curve flattens over time (Keeling & Danon, 2009). 
For other outbreaks like smallpox, Ebola, SARS, and influenza, 
various studies have used mathematical and statistical modelling 
to understand the growth of infections (Dietz, 2002; Kerkhove & 
Ferguson, 2020; Nishiura, 2011). In fact, the Centres for Disease 
Control and Prevention published an exclusive book with estab-
lished procedures for analysing disease outbreaks, stressing on the 
importance of such modelling studies (Dicker, 2006). In outbreaks, 
epidemiologists generally use the exponential growth model at the 
onset of an outbreak and proceed with prediction and classification 
techniques like regression, decision trees, neural networks and deep 
learning, etc. to forecast outbreaks (Sameni, 2020; Victor, 2020).

There are few studies on modelling and predicting containment 
of COVID-19 so far (Lin et al., 2020; Prem et al., 2020). The research 
work reported in this paper sought to integrate crucial variables 
concerning infrastructure, environment, policies, and severity of 
the disease to predict initial signs of containment. The study used a 
machine learning and exponential growth model. The variables used 
as part of the predictive mode were: doctors per 1,000 population, 
beds per 1,000 population, average temperature, average humidity, 
days since official lockdown, percentage of lockdown days, total 
cases per million population, deaths per million population, days 
since the first contact, and percentage of serious cases of infection.

3  | DATA COLLEC TION, ANALYSIS ,  and 
RESULTS

3.1 | Data collection

Data associated with the variables were collected from different of-
ficial sources for a total of 42 countries with respect to COVID-19 in-
fections as on March 26, 2020. This accounts for 448,989 COVID-19 
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cases representing 84.78% of the total infections worldwide. The 
daily number of infections, recovery, and deaths were collected from 
the WHO website. The data for infrastructure-centred variables like 
the number of hospitals and the number of doctors were taken from 
the World Bank website (World Bank, 2020). Environment-based 
variables like average temperature and humidity since the onset 
of COVID-19 were taken from the Weather Underground website 
(Weather Underground, 2020). Day-wise COVID-19 case distribu-
tions extracted from the WHO were used to identify countries that 
showed signs of containment of the virus based on a novel expo-
nential growth modelling approach. Raw data from the sources were 
also consolidated, and the variables physicians per thousand indi-
viduals, hospitals per thousand individuals, percentage of lockdown 
days since the first contact, cases per million population, deaths per 
million population, days since the first case, serious cases per thou-
sand infections, average temperature since the first infection, and 
average humidity since the first infection were calculated to train 
the machine learning models.

3.2 | Analysis plan

Most epidemic and pandemic diseases grow exponentially in the 
initial stages of the outbreak in a country (Ma, 2020). A popular 
modelling technique that demonstrates this is the susceptible-in-
fectious-recovered (SIR) model (Kermack & McKendrick, 1927). If S 
denotes the fraction of susceptible individuals to a pandemic, I indi-
cates the fraction of infectious people, R is the fraction of recovered 
patients, β indicates the transmission rate per infectious individual, 
and the recovery rate is denoted by γ, the infectious period is expo-
nentially distributed with a mean of 1/γ as shown below:

Linearizing this about the disease-free equilibrium, we get the 
following.

Hence from the above expression, if 𝛽−𝛾 >0, then the infection 
function I(t) grows exponentially about the disease-free equilibrium 
point. In addition to this, at the onset of the infection, S≈1, and hence 
the incidence rate C=�SI also grows exponentially. Hence, model-
ling the initial stages on a pandemic like COVID-19 is both relevant 
and crucial in understanding the growth of the infection. Although 
sub-exponential and polynomial modelling have worked in cases of 
outbreaks like Ebola, HIV, and foot and mouth diseases (Chowell, 

Viboud, Simonsen, & Moghadas, 2016), they generally work well 
with proceeding generations too. For pandemics like COVID-19, the 
exponential growth model is relevant, and the use of least squares at 
the initial stages can afford precise insights.

The exponential growth model bears the expression y (t)=ae��, 
where “a” is a function of the initial cases reported and “b” depends 
on the rate at which the infection spreads. This model is extremely 
sensitive to the initial few periods, and analysis of the last few data 
points concerning the model itself can assist in understanding if the 
interventions and policy implementations by the government of a 
country have been effective in terms of containing the infection. 
Other factors like infrastructure, availability of doctors, and tem-
perature and humidity of the country during the spread can also 
significantly affect the growth rates of the infection. However, the 
reason for using the exponential growth model for this research is 
to understand if the actual infections in a country are lower than the 
predicted infections for the past few days and to classify countries 
accordingly, thereby forming base data to design a classifier with 
this as the dependent variable. The past seven time periods were 
considered for comparison with the predicted values of the corre-
sponding model for a particular country. If these actual data points 
of a particular country were significantly lower than the predicted 
values with the exponential growth model, it indicated the initial 
signs of containment owing to several factors like policies, infra-
structures, behavioural changes, actions, etc.

This sign of containment was then used as a dependent variable 
for machine learning models like logistic regression, support vector ma-
chines, decision trees, and random forest algorithms. The independent 
variables for the study included physicians per thousand individuals, 
hospitals per thousand individuals, percentage of lockdown days since 
the first contact, cases per million population, deaths per million popu-
lation, days since the first case, serious cases per thousand infections, 
average temperature since the first infection, and average humidity 
since the first infection. A combination of infrastructure, infection, pol-
icies, and environmental-related variables was used to train the model. 
A comparative analysis of the accuracy and error metrics in terms of 
predicting the country's ability to contain the infection for the corre-
sponding algorithms are reported. Python was used to perform all the 
analysis and learning model developments for this research. Figure 1 
shows the analysis plan to achieve the objectives of the research.

3.3 | Exponential growth model

The exponential growth model assumes that the onset of any out-
break follows an exponential distribution. However, due to govern-
ment interventions, medical innovations, behavioural changes, etc., 
at a later stage, the growth curve flattens and the rate of infections 
gradually reduces (Kermack et al., 1927). To identify such signs, we 
looked at the infections in the last seven-day period, and the de-
viation of the data points from the modelled exponential curve was 
captured using the mean absolute percentage error metric. Based on 
the errors and the direction in which the actual data points were to 

��

��
= −�SI

��

��
= �SI−�I

��

��
= �I

��

��
≈ (�−�) I
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the modelled growth curve, the countries were classified according 
to whether they showed initial signs of containment or not.

3.4 | Machine learning models

In line with the objectives of the study, classifiers were built based 
on a set of independent variables to predict if a country that has 
COVID-19 infections showed early signs of infection containment 
as a reflection of policy implementations and behaviour changes. 
Logistic regression was used to understand the list of independent 
variables significantly affecting the infection containment and their 
corresponding importance in the model. Then, to predict signs of 
early containment, machine learning algorithms like logistic regres-
sion, decision trees, and random forest and support vector machines 
were used and their corresponding accuracies were compared. For 
all models, fivefold cross-validation was done to address overfitting.

3.4.1 | Logistic regression

Logistic regression by le Cessie and van Houwelingen (1992) is a 
generalized linear model (GLM) and is one of the most widely used 
classifiers. According to Kondofersky & Theis (2018), when there 
is binary response, as in this research, by using logistic regres-
sion one typically aims at estimating the conditional probability 
P (Y=1|X=x)=E[Y|X=x], where X=

(
X1,X2. . . ,Xp

)
. As with simple lin-

ear regression, bearing equation y=�x+c, estimating the dependent 
variable y directly, the logistic regression estimates p(y=1) using the 
following equation:

As with multiple linear regression, logistic regression can also 
handle multiple independent variables, and its probability estimate 
can be represented as follows:

The conditional probability P (Y=1|X=x) can be calculated using 
the odds ratio p∕ (1−p). The significance of the beta coefficient val-
ues 

(
�1, �2, �3,…, �n

)
 in the above equation can be tested to see if 

their corresponding independent variables 
(
x1, x2, x3,…, xn

)
 are in-

fluencers of the dependent variable. A Wald test is generally con-
ducted to evaluate the statistical significance of the coefficients in 
the model. Since logistic regression falls under the category of GLM, 
the significance of each independent variable in predicting the out-
come of the dependent variable, signs of early containment, can be 
studied.

3.4.2 | Decision tree

A decision tree is a decision support model that illustrates the 
consequences, chances, and event outcomes of certain decisions. 
Decision trees are used as a predictive model to make statistical 
conclusions about an item's target value, based on observations. 
In this tree structure, leaves represent class labels and branches 
represent conjunctions of features that lead to those class labels. 
There are both classification trees where the response variable 
takes on a set of categorical values and regression trees where 
the response variable takes on a set of continuous values. The col-
lective name for such trees is classification and regression trees 
(CART), first introduced and developed by Breiman, Friedman, 
Olshen, & Stone (1984). Decision trees use two metrics, namely 

p=
1

1+e−(�x+c)

p=
1

1+e−(�1x1+�2x2+�3x3……+�nxn+c)

F I G U R E  1   Analysis plan [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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entropy and information gain, to arrive at the final tree. Entropy is 
the measure of the total amount of uncertainty in the data set and 
is given as follows:

where

S is the data set for which entropy is to be calculated,
C the set of classes in the data set S, and
p(c) the ratio of the number of elements in class c to the number 
of elements in set S.
When the entropy value is equal to 0, the data set S is perfectly 

classified. The information gain metric is defined as the measure of 
the difference in the entropy from before to after the data set S is 
split based on an attribute A and is given as follows:

where

H(S) is the entropy of the data set S,
T the subsets created by splitting the data set S by attribute A so 
that S=

⋃
t∈Tt,

p(t) the ratio of the number of elements in class t to the number 
of elements in set S, and
H(t) the entropy of set t.
Once the information gain and entropy are calculated, decision 

trees follow a series of steps as follows to arrive at the final tree:

Step 1: Compute entropy for the data set.
Step 2: For every feature in the data set, compute the following:
(i) Calculate the entropy for all the categorical values.
(ii) Find the average information entropy for current attributes.
(iii) Calculate the gain for current attributes.
Step 3: Select the attribute with the highest gain.
Step 4: Repeat from step 1 till the desired tree is achieved.

3.4.3 | Random forest

Introduced by Breiman (2001), random forest is a statistical super-
vised machine learning technique that we used for both regression 
and classification. This is an ensemble learning technique that uses 
an averaged combination of many decision trees for the final predic-
tion. The technique of averaging a statistical machine learning model 
is called bagging, and it improves stability and avoids overfitting 
(Hastie, Tibshirani, & Friedman, 2009). Normally, decision trees are 
not competitive to the best-supervised learning approaches in terms 
of prediction accuracy since they tend to have high variance and low 
bias. This is because building two different decision trees can yield 
two different trees. Bagging is therefore well suited for decision 
trees since it reduces the variance. The idea behind random forests 

is to draw bootstrap samples from the training data set and then 
build several different decision trees on the different training sam-
ples. This method is called random forest because it chooses ran-
dom input variables before every split when building each tree. By 
doing this, each tree would have reduced covariance, which, in turn, 
would lower the overall variance even further (Hastie et al., 2009). 
The random forest algorithm has two stages – random forest crea-
tion followed by random forest prediction. The steps involved in the 
stages are as follows:

Stage I: random forest creation

Step 1: Randomly select “k” features from the total “m” features 
available in the data set where k << m.
Step 2: Using the best split point, calculate the node “d” among 
the selected “k” features.
Step 3: Split the node into daughter nodes using the best split.
Step 4: Repeat steps 1 to 3 until “l” node is reached.
Step 5: Repeat steps 1 to 4 for “n” number of times to create a 
forest of “n” number of trees.
Stage II: random forest prediction

Step 1: Using the features and applying the rules of randomly 
selected decision trees, predict the outcome and store it as a 
predicted target.
Step 2: Calculate the votes for each predicted target.
Step 3: The highest voted predicted target will be the prediction 
of the random forest algorithm.

3.4.4 | Support vector machine

The objective of the support vector machine (SVM) is to find a line 
that best separates the data into multiple groups. This is achieved 
by an optimization process supported by the data in the training set. 
These instances are called support vectors, and they play a crucial 
role in the classification process (Flake & Lawrence, 2002). Finally, 
few data sets can be separated with just a straight line. Sometimes 
a line with curves or even polygonal regions must be marked. This is 
achieved with the SVM by projecting the data into a higher-dimen-
sional space to draw the lines and make predictions. SVMs calculate 
a maximum margin around the boundary that ultimately results in a 
homogenous partition. The ultimate goal is to establish a margin as 
wide as possible. In order to do so, a Lagrange multiplier has to be 
constructed as follows and maximized:

where

w is a vector of arbitrary length with a constraint of being per-
pendicular to the median of the margin, and
x is the sample feature data.

H (S) = cC∈
∑

−p (c) log2p (c) ,

IG (A, S) = H (S)− tT∈
∑

p (t)H (t) ,

L =
1

2
.
w2

||w||
−

n∑

i

[
yi

(
���→
w .

���→
xi+1

)
−1

]
,
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Not in all cases are the data linearly separable, and hence a trans-
formation onto a new space is necessary. For this purpose, a vari-
ety of kernel functions is used. A sample linear kernel function is as 
follows:

3.5 | Results

3.5.1 | Exponential growth model

Table 2 shows the results of exponential growth models for dif-
ferent countries and whether the countries showed a sign of con-
tainment or not based on the results. Figures 2 and 3 show the 
infections for the countries and the infections predicted by the 
corresponding exponential growth model. Brazil, Canada, Ecuador, 
France, Germany, India, Italy, Luxembourg, Malaysia, Pakistan, 
Panama, Philippines, Romania, South Africa, Spain, the UK, Turkey, 
and the USA did not show any signs of early containment as the 
infections in the last seven-day periods exceeded or followed the 
exponential growth model. The countries that showed initial signs 
of containment were Austria, Chile, China, Czechia, Denmark, 
Greece, Iceland, Indonesia, Iran, Ireland, Israel, Japan, Netherlands, 
Norway, Peru, Poland, Portugal, Qatar, Republic of Korea, Saudi 
Arabia, Singapore, Slovenia, Switzerland, and Thailand.

3.5.2 | Logistic regression

Table 3 shows the results for logistic regression with early con-
tainment as the dependent variable. Of all the independent vari-
ables, the availability of beds in hospitals and the percentage of 
lockdown days significantly and positively affected the signs of 
early containment. Other variables did not significantly influence 
the dependent variables. The model had an accuracy of 78.57% in 
the classification. The true positive and false negative rates were 
found to be 78.6% and 21.6%, respectively. Precision and recall 
values were 0.788 and 0.786. The F1 score and receiver operating 
characteristic (ROC) values were found to be 0.786 and 0.755, 
respectively.

3.5.3 | Decision tree

A J48 decision tree was constructed for predicting early infection 
containment with the independent variables listed in Figure 1. The 
batch size was set to 10, and the confidence factor was selected as 
0.25. The minimum number of objects on the tree was set to 2. The 
accuracy of the tree was found to be 80.95%. The variables in the 
decision tree were percentage of lockdown days, days since official 
lockdown, and death rate per million population. The decision tree 
is shown in Figure 4. The true positive and false negative rates were 
found to be 81% and 25.4%, respectively. Precision and recall values 
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were 0.857 and 0.81. The F1 score and ROC values were found to be 
0.796 and 0.852, respectively.

3.5.4 | Random forest

A random forest ensemble algorithm was created with 100 com-
bined trees. The batch size was selected as 10, and the depth of the 
trees was set to unlimited. Other metrics for the random forest al-
gorithm are given in Table 4. This model reported a high accuracy 
figure of 92.9% in correctly classifying countries that showed signs 
of early containment. The true positive and false negative rates were 
found to be 92.9% and 8.1%, respectively. Precision and recall values 
were 0.929 and 0.929. The F1 score and ROC values were found to 
be 0.928 and 0.993, respectively.

3.5.5 | Support vector machine

In order to make predictions for signs of early containment, an SVM 
was modelled for 500 epochs and a learning rate of 0.01. The hinge 
loss function with stochastic gradient descent was used to model the 
loss, and batch size was set to 10. The epsilon threshold was set to 
0.001, and the regularization constant was set to 10–4. The resultant 

model produced an accuracy of 76.19% in classifying the dependent 
variable. The true positive and false negative rates were found to 
be 76.2% and 26.2%, respectively. Precision and recall values were 
0.761 and 0.762. The F1 score and ROC values were found to be 0.76 
and 0.75, respectively.

On fivefold cross-validation with the data for all the algorithms 
and models, it can be inferred that the random forest design pro-
duces the minimum error and maximum accuracy as reported in 
Table 4. It outshines all the other machine learning algorithms con-
structed in the study. The J48 decision tree, logistic regression, and 
SVM produce almost similar levels of accuracy in predicting the signs 
of containment of COVID-19.

4  | DISCUSSION

This research is one of the first of its kind to integrate exponential 
growth modelling with machine learning techniques for predicting 
the spread of COVID-19. The research presents machine learning 
models based on variables such as infrastructure, environment, poli-
cies, and the infection itself to predict early signs of containment in 
a country. For the purpose, disease data from 42 leading countries 
in COVID-19 infections were taken, and exponential growth model-
ling was used to see if the countries showed signs of containment. 

F I G U R E  2   Countries showing initial level of containment of COVID-19 [Colour figure can be viewed at wileyonlinelibrary.com]
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Then, with the signs of the early containment of the infection as a 
dependent variable, supervised machine learning predictive models 
including logistic regression, decision tree, random forest, and sup-
port vector machine were developed. This research can directly be 

of use to countries and policymakers to understand if their proposed 
interventions are effective in containing infections even during 
early stages. Table 5 shows the steps taken by countries to contain 
COVID-19 infections.

This research identifies countries that have been successful or 
have shown signs of containing COVID-19 since infection using the 
exponential growth modelling in stage I of the research. Various 
studies have used statistical models like exponential growth, decay 
and exponential adjustments, computational modelling, and stochas-
tic simulations to model the reproductive number of the COVID-19 
infections ( Dhungana, 2020; Liu, Gayle, Wilder-Smith, & Rocklöv, 
2020; Wu, Leung, & Leung, 2020). However, the estimations have 
varied from 1.50 to 6.47 for the same data set. Hence, at the onset of 
a pandemic, it is challenging to accurately calculate the reproduction 
number. The only possible conclusion that we can derive at this point 
from the exponential growth model or any statistical model is an un-
derstanding of whether a country shows signs of early containment or 
not. This research classified the 42 countries considered for the study 
according to their signs of early containment.

Logistic regression results prove the need for infrastructure and 
the percentage of lockdown days as significant factors to contain 
infections. This research also proves that environmental factors like 
temperature and humidity do not significantly affect spreading pat-
terns or contain COVID-19 infections in the early stages. The results 

F I G U R E  3   Countries not showing initial level of containment of coronavirus disease 2019 (COVID-19) [Colour figure can be viewed at 
wileyonlinelibrary.com]

TA B L E  3   Logistic regression results

Independent variable
Regression 
coefficient Wald

Doctors per 1,000 population 0.215 0.209

Beds per 1,000 population 0.241** 2.773

Average temperature 0.052 0.766

Average humidity −0.004 0.040

Days since official lockdown −0.098 0.757

Percentage of lockdown days 9.998*** 3.410

Total cases per million population 0.000 0.025

Deaths per million population −0.026 0.799

Days since first contact 0.001 0.001

Percentage of serious cases of 
infected

−1.151 0.005

Note: Accuracy – 78.6%. Dependent variable – early containment.
*p < .05. 
**p < .01. 
***p < .001. 
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come in line with studies conducted in China and Indonesia that 
have reported low to no correlation of temperature and humidity to 
the infection growths and deaths (Yueling Ma et al., 2020; Tosepu 
et al., 2020). However, the long-term effect of environmental fac-
tors on the infection rates may prove to be significant. Decision tree 
analysis also shows that early signs of containment are possible if the 
number of lockdown days is at least 33.7% of the days since the first 
contact till the containment of the infection. If that is not the case, 
countries show recovery signs if the lockdown is at least 10 days or 
more. For countries with a lockdown period less than 10 days, the 
variable depicting the number of deaths per million population plays 
a significant role in containing the infection. This variable is indirectly 
related to the healthcare infrastructure of countries like beds, phy-
sician, ventilators, intensive care units, etc. Hence, in any pandemic 
situation, governments must be proactive and frame policies even at 
the onset, thereby reducing the risk of spread, which would ultimately 
lead to early containment. This also emphasizes on the need for resil-
ient healthcare infrastructure to contain infections at an early stage. 
The machine learning models random forest and support vector ma-
chines were able to classify the countries with respect to their signs 
of early containment with an accuracy of 92.9 and 76.2 percentages, 
respectively, proving random forest to be the best machine learning 
algorithm for the problem studied. Although this research applies data 
from only 42 countries, the proposed models with their correspond-
ing hyperparameters can be extended to predict early containment 
for the other countries as well. Similarly, although these models were 
built only for the COVID-19 pandemic, they can serve as a base for 

other future pandemics that have similar characteristics and repro-
duction numbers thereby giving governments the necessary informa-
tion to take timely actions to protect both people and the economy.

While almost all countries practised lockdowns to contain the 
virus, certain countries have also taken some unique additional mea-
sures to contain the infection. China is one of the very first coun-
tries in the world to contain and control COVID-19. China used policy 
changes in terms of lockdowns, travel restrictions, infrastructure 
development, and machine learning to properly predict and flatten 
the infection curve during its first wave. Studying the transmission 
dynamics of SARS-CoV-2 in different settings and continually mea-
suring the ongoing progress and impact lead to containment (WHO, 
2020b). Austria enforced strict rules such as social distancing, clo-
sure of schools and colleges, and the closing of entertainment and 
grouping places, and this has led to initial signs of containment. The 
country passed a special act called COVID-19 Act which has proven 
to be effective to contain the infection (Library of Congress, 2020). 
The number of hospital beds per 1,000 population in Austria was also 
high, which facilitated early recovery. Chile has implemented sani-
tary barriers and intense screening mechanisms to track and quaran-
tine the infected (US Embassy, 2020). In addition to tough quarantine 
measures, Denmark closed down schools and also announced a 
lockdown in March. Employers were also instructed not to cut the 
salaries of the employees in quarantine, thereby encouraging social 
distancing and hence containing the infection (Carstensen, 2020a). 
Japan, South Korea, and Singapore did not announce any lock-
downs. South Korea used processes that led to early detection of the 

F I G U R E  4   Decision tree for infection 
containment

TA B L E  4   Accuracy metrics for machine learning models

True positive rate False positive rate Precision Recall F measure ROC Accuracy

Logistic regression 0.786 0.216 0.788 0.786 0.786 0.775 0.786

Decision tree 0.81 0.254 0.857 0.81 0.796 0.852 0.810

Random forest 0.929 0.081 0.929 0.929 0.928 0.993 0.929

Support vector machine 0.762 0.262 0.761 0.762 0.76 0.75 0.762

Abbreviation: ROC, receiver operating characteristic.
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TA B L E  5   Actions and policies of governments to contain COVID-19

Country Other actions taken by the government

Austria Tightened rules to contain spread of coronavirus, people were quarantined, and a fine of up to 30,000 Euros was levied for 
violating the rules (Gesley, 2020)

Brazil Employees at the airport were asked to wear a mask. Borders were closed for flights from affected countries (CDCP, 2020)

Canada All travellers were forced to self-isolate for 14 days upon entry to control the outbreak (GC, 2020)

Chile Screening at the airport was enhanced, and people with symptoms were isolated (U.S Embassy in Chile, 2020)

China Transmission dynamics of SARS-CoV-2 in different settings was analysed, and eventually the country went for a lockdown to 
control the exponential outbreak (WHO, 2020c)

Czechia Instructions were provided by Medicaid Service in all hospitals to protect kids, adults, and aged people from infection (Grafton, 
2020)

Denmark Testing and quarantining at an early stage itself (Carstensen, 2020b)

Ecuador Maximized control by implementing innovative licensing strategies on products to fight COVID-19 (Silverman, 2020)

France Closed down borders and special employment forces were used to contain infections. Necessary precautions were taken for the 
localities as well (Barbière, 2020)

Germany Employed a rigorous door-to-door testing procedure. The infected and suspected people were quarantined with special care 
leaving the mobility undisturbed (Sepkowitz, 2020)

Greece Greece tightened measures, all new arrivals to be quarantined (Euractiv, 2020)

Iceland Infected persons were immediately transferred to a special infection control section and were quarantined from their relatives 
and general public (Kyzer, 2020)

India Tracked travellers from affected countries and quarantined them including family members in their own home (Diwanji, 2020)

Indonesia Made public calls for people to self-isolate if they have symptoms (Nyoman Sutarsa, 2020)

Iran Followed strict social distancing and lockdown (Duddu, 2020)

Ireland Invested in massive testing facilities. Treated all patients equally irrespective of their income strata. All hospitals operated on a 
not-for-profit basis (BBC, 2020

Israel Used technology to track the movement of infected individuals with their mobiles and quarantined the people who came in 
contact with the individual (Lomas, 2020)

Italy Though Italy closed borders during the onset, lack of proper testing facilities caused a massive outbreak. This was followed by a 
strict lockdown (Gary, 2020)

Japan Managed the outbreak with rules and excellent medical infrastructure (Japan, 2020)

Luxembourg Quarantined people over 60 years to reduce casualties (Piscitelli, 2020)

Malaysia Banned entry of people from infected countries followed by additional screening measures at the airport. Promoted personal 
hygiene eventually followed by a lockdown (Garda World, 2020a)

Netherlands Travellers returning from affected countries were advised to visit doctors and medical facilities if symptoms were felt. Post 
outbreak, the country went under lockdown (Garda World, 2020b)

Norway Travel bans and closure of schools, public services like gyms, malls, theatres, etc. (Norway Panorama, 2020)

Pakistan Formed a team to monitor the situation and take necessary actions on a daily basis (Pakistan, 2020)

Portugal Employed strict lockdown (Oliveira, 2020)

Qatar Proper tracking and strict screening and testing of travellers (Master of Public Health, 2020)

Republic of 
Korea

Proactively built a centralized testing and quarantine facility before an outbreak in the country. China's reports triggered this 
action (Beaubien, 2020)

Romania Lockdown and border closing (Gherasim, 2020)

Singapore With previous experience from SARS pandemic, the country had a proper infrastructure facility with negative pressure room for 
pandemic control. Testing was done rigorously, and the infected were not let back into society. Migrants from other countries 
were not allowed to work until the pandemic was controlled (Fisher, 2020b)

Slovenia Used innovative ways to spread COVID-19 control messages before going into lockdown (Slovenija, 2020)

South Africa Immediately restricted entry and exit to affected countries. Declared as a national disaster and went into lockdown to prevent a 
major outbreak (Fihlani, 2020)

Spain Local movement controlled by social distancing. Travel to an affected country completely banned. Enhanced medical attention at 
arrival to control the spread (Kate Mayberry, 2020)

(Continues)
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COVID-19 and quarantining the infected, thus stopping spread. They 
also predicted the movement of viruses, and tactical interventions 
were taken to minimize spread (NPR, 2020). Singapore had a ready 
infrastructure with isolation wards in place during the SARS outbreak 
and was readily equipped, which led to early containment of COVID-
19. Strong community engagement messages and communications 
from the government also led to better pandemic management in 
Singapore (Fisher, 2020a). Most other countries that showed early 
signs of recovery rigorously followed lockdowns, social distancing, 
travel restrictions, and testing to contain infections. Another reason 
for countries like Japan, Korea, and Austria to contain the infection 
was the availability of strong healthcare infrastructures in these 
countries to address the infections. The various actions taken by the 
government to control the transmission of COVID-19 are shown in 
Table 5.

Countries like Italy, Brazil, India, Malaysia, Pakistan, UK, etc. 
do not have the necessary healthcare infrastructure to support 
mass admission of COVID-19 patients and hence need to rely on 
intense lockdowns to contain the infections. The increase in the 
number of COVID-19 cases in the USA and the inability to con-
tain it is also due to the late lockdown decision of the government 
post outbreak. The percentage of lockdown days since the first 
infection continues to be too low for these countries to be on a re-
covery path against the infection. With time, there is a high proba-
bility that the infection will be contained. However, in the long run, 
these countries must invest in improving healthcare facilities to 
reduce causalities during pandemics. Countries must be prepared 
for epidemics and pandemics, and proactive policies and infra-
structure as in the case of Singapore can save more lives than re-
active measures. It is evident that COVID-19, unlike SARS, will not 
be controlled by environmental factors, and any future outbreaks 
will still rely on healthcare infrastructures, timely lockdowns, and 
social distancing for containment.
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