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Spatio-Temporal influence of Non-Pharmaceutical
interventions policies on pandemic dynamics and the
economy: the case of COVID-19

Teddy Lazebnika, Labib Shamib and Svetlana Bunimovich-Mendrazitskya

aDepartment of Mathematics, Ariel University, Ariel, Israel; bDepartment of Economics, Western
Galilee College, Acre, Israel

ABSTRACT
We have developed an extended mathematical graph-based spa-
tial-temporal SIR model, allowing a multidimensional analysis of
the impact of non-pharmaceutical interventions on the pandemic
spread, while assessing the economic losses caused by it. By
incorporating into the model dynamics that are a consequence of
the interrelationship between the pandemic and the economic
crisis, such as job separation not as a result of workers’ morbidity,
analysis were enriched. Controlling the spread of the pandemic
and preventing outbreaks have been investigated using two NPIs:
the duration of working and school days and lockdown to varying
degrees among the adult and children populations. Based on the
proposed model and data from the Israeli economy, allowing 7.5
working hours alongside 4.5 school hours would maximise output
and prevent an outbreak, while minimising the death toll (0.48%
of the population). Alternatively, an 89% lockdown among chil-
dren and a 63% lockdown among adults will minimise the death
toll (0.21%) while maximising output and preventing outbreaks.
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1. Introduction

The COVID-19 outbreak has caused massive unrest around the world, with signifi-
cant human and economic costs. The uncertainty surrounding the outbreak dynamics
and its economic effects, in the short and long term, has exposed the government
institutions’ unpreparedness for integrated epidemiological-economic crises (Bruinen
de Bruin et al., 2020; Pratiwi & Salamah, 2020), and the lack of understanding regard-
ing the unique dynamics between the spread of the disease and the economic loss
resulting from measures taken to curb it.

Indeed, mathematical models have long been generating quantitative information
in epidemiology, providing useful guidelines for outbreak management and policy
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development (Kermack & McKendrick, 1927; Miller, 2017; Sahneh and Scoglio,
2011). However, epidemic-mathematical models typically did not consider the eco-
nomic impact of the pandemic (Wang, 2020), even in some COVID-19 related stud-
ies (Allam et al., 2020; Di Domenico et al., 2020; Ivorra et al., 2020; Nesteruk, 2020;
Nishiura et al., 2020; Tuite et al., 2020; Wu et al., 2020; Yang et al., 2020; Zhao et al.,
2020). Similarly, from the economic point of view, not all economic-focused COVID-
19 models include detailed epidemiological dynamics in them (del Rio-Chanona
et al., 2020; Fornaro & Wolf, 2020).

However, in the face of the rapid spread of COVID-19, many researchers have
strived to assess the optimal degree of non-pharmaceutical intervention (NPI) poli-
cies, such as lockdown, to keep infection rates low while maximising overall eco-
nomic performance. This has stimulated a rapidly growing body of literature on the
economics of the pandemic, integrating basic epidemiological models with dynamic
optimisation tools from economics (Bethune & Korinek, 2020; Dasaratha, 2020;
Pindyck, 2020). In line with this recent trend, several scholars have extended the clas-
sic Susceptible-Infected-Recovered (SIR) model, which is presented as a system of
ordinary differential equations (ODE), to study the interaction between economic
decisions and the pandemic dynamics of the COVID-19 outbreak (Acemoglu et al.,
2020; Alfaro et al., 2020; Argente et al., 2020; Bethune & Korinek, 2020; Bodenstein
et al., 2020; Dasaratha, 2020; Fern�andez-Villaverde & Jones, 2020; Krueger et al.,
2020; Pindyck, 2020; Quaas, 2020).

Indeed, economists are pushing the study of these compartmental models in a
multitude of dimensions, improving our understanding of the economic transmission
mechanism through which health shocks affect the economy. Acemoglu et al. (2020)
characterise the optimal lockdown policy for a planner whose aim is to control the
number of fatalities while minimising the output loss during the lockdown. Bethune
and Korinek (2020) quantify the infection externalities associated with COVID-19
using an individualised, decentralised and social planners’ approach. Bodenstein et al.
(2020) combine a standard SIR model, containing two groups of a heterogeneous
population, with a multi-sector dynamic general equilibrium model. In their model,
the economic transmission mechanism through which the outbreak affects the econ-
omy is the change in labour supply, since infected individuals can not participate in
the workforce. Similarly, Krueger et al. (2020) present heterogeneity across sectors by
introducing a multi-sector economy, however, the authors focus on the demand side
of the economic activity. Dasaratha (2020) and Quaas (2020) provide some theoretical
propositions on behavioural responses to various changes in policies or regarding
infection levels.

Moreover, Glover et al. (2020) studied optimal mitigation policies in an extended
SIR-based model that considers the age distribution of the population. The authors
explore infection and economic dynamics in a model featuring heterogeneous risks
and incorporate sectoral differences (namely, between the essential and luxury indus-
tries) and redistribution between different groups, emphasizing the need to consider a
multi-sector economy to analyze the economic impact of the pandemic. Although the
authors consider optimal policy, this policy is chosen from a parametric family and
focuses on the contrast between this mitigation policy and those preferred by the
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young and the elderly. In addition, the authors do not address spatial dynamics and
how these dynamics change the infection rates over time, nor the fact that progres-
sion of individuals through a sequence of possible health states may end with some
of them lose their jobs due to the crisis.

Eichenbaum et al. (2020a) integrate the standard SIR model with a macroeconomic
general equilibrium model of consumption, savings, and labour supply. In their SIR-
Macro model, the authors consider a real one-sector dynamic model analysis and
study the effect of the pandemic considering optimal rational responses by identical
agents, while measuring the influence of quarantine policies on output and mortality.
Moreover, the authors consider optimal Pigouvian taxation policy to internalise the
externalities and find that increasing consumption taxes during the contagion phase
of a pandemic reduces infections.

Berger et al. (2020) outline a Susceptible-Exposed-Infectious-Recovered (SEIR)
model to account for the incomplete information caused by unidentified infected-
asymptomatic cases. The authors find that quarantining this segment of the popula-
tion (a targeted quarantine policy) will reduce the negative impact of the pandemic
on the economy, as compared with the standard uniform quarantine policy. Similarly,
Eichenbaum et al. (2020b) conclude that ‘smart containment’ policies, which are a
combination of testing and quarantining of infected individuals, would dramatically
reduce the economic costs of the epidemic.

Toda (2020) evaluated the potential economic impact of COVID-19 using a styl-
ised production-based asset pricing model with Cobb-Douglas production technology.
According to the study, in the absence of mitigation measures the virus may infect
around 30 percent of the population at the peak of the pandemic. However, if the
government introduces mitigation measures once the number of cases reaches 6.3%
of the population (the optimal mitigation policy), the peak infection rate reduces
to 6.2%.

Overall, one can identify three meaningful extensions of the classic SIR model, to
better represent the spread dynamics and its effect on the economy. First, Zhao et al.
(2020) added a dead state to the model to investigate the mortality rate following dif-
ferent intervention policies. In our study, we adopt this extension for similar reasons.
Second, Cai et al. (2020); She et al. (2020); Dong et al. (2020) and Voinsky et al.
(2020) account for the social and epidemiological differences between different age-
groups (such as children and adults). In our model, we divide the population into
adults and children, as the former group may contribute to the economic activity
(working adults) while the latter does not (in addition to the social and epidemio-
logical differences between these two groups). Third, Viguerie et al. (2021) show that
the places where individuals spend their time during the day affect the pandemic
dynamics by changing the rate of infection among the population. Therefore, we take
into consideration the spatial property of the pandemic using a graph-based spa-
tial model.

Surely, adopting the classic SIR model by economists has led to new perspectives
and novel insights. However, like any model, it is not without shortcomings. These
limitations include, among other things, ignoring the role of children in the dynamics
of the spread of the disease, and their impact on their parents’ labour supply; the
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increase in job separation as a result of the financial crisis caused by the outbreak,
and not just as of sickness; and finally, all studies lack a computational platform for
use by non-technical individuals, such as policymakers. These are common and ser-
ious limitations of the currently available models, and solving them is important for
managing crises such as the COVID-19 outbreak.

The current study addresses the above limitations and attempts to provide them
with appropriate solutions. We build, and then quantitatively implement, an
Economic Mathematical model (EM). To account for the role of the children in the
dynamics of the outbreak and their impact on the adult labour supply, the EM model
consists of: a) a two age-class (children and adults) Susceptible-Infectious-Recovered-
Death (SIRD) model with the division to working and non-working adults (tempor-
ary sub-model); b) three location graph-based spatial model with a linear production
technology (spatial sub-model)1 In this way, it is possible to manage the crisis by pre-
venting an outbreak (R0 � 1), while maintaining as normal a lifestyle as possible.

Essential workers shortage may be a primary challenge to implementing surge cap-
acity plans during an epidemic (Hick et al., 2020). Essential staff may be furloughed
due to exposures to infected individuals or illness. Indeed, COVID-19 has sickened
many essential workers, with a growing number of health care workers who are
infected or quarantined after exposure to the virus. However, workers in non-essen-
tial professions may find themselves unemployed in emergencies, especially when a
general curfew and restrictions on movement are imposed on the public, a situation
that could lead to huge economic losses and even recession. Thus, while only non-
infected agents can supply labour, the employment status of each adult is also affected
by the epidemic spread through the economy, whereas the job separation rate is posi-
tively affected by it.

Figure 1 illustrates the gap between the classic unemployment rate and the broad
unemployment rate in the State of Israel during the spread of COVID-19. The broad
unemployment rate includes, in addition to Unemployed individuals, temporarily
absent from work for reasons related to Coronavirus, not participating in the labour
force who stopped working due to dismissal from March 2020 and not participating
in the labour force who stopped working due to other reasons or not worked in the
past, interest to work now and did not looking for job during last month due to
Coronavirus pandemic.

In the short term, our model can be used to design an optimal course of action to
deal with an outbreak (specifically, COVID-19), while maintaining a low level of
infection and vigorous economic activity. In the long term, the theoretical platform
we plan to provide will be able to guide the decision-making process in the event of
a pandemic crisis, while providing a forecast for the results of the selected course
of action.

This paper is organised as follows: First, we discuss the impact of COVID-19 on
the economic and financial systems, then we introduce our economic mathematical
EM model based on two sub-models: (a) temporary sub-model based on the SIRD
model with dual age-structured and division of the adult’s age class into working and
non-working; (b) spatial sub-model based on a three location graph-based model.
Next, we calculate the model’s parameters based on the Israeli historical data. We
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then present an analysis of the consumers dynamics given a government which redis-
tributes income. Subsequently, we analyze two NPI policies including optimal lock-
down and optimal work-school duration from both economic and epidemiological
perspectives. Finally, we discuss the main epidemiological-economic results arising
from the model and conclude briefly.

2. The impact of COVID-19 on economic and financial systems

The rapid spread of COVID-19 has shaken the global economic systems and financial
markets, causing the greatest collapse in global economic activity since the collapse of
the South Sea Bubble in 1720 (McKibbin & Vines, 2020). The economic meltdown
caused by the pandemic is still being evaluated and clearly, it is not a mere health
issue. McKibbin and Vines (2020) argue that in order to allow many of the emerg-
ing market economies to undertake the kind of massive fiscal response that
advanced countries have been able to carry out, there is a need for international
cooperation which involves large sums of money – a total of $2 trillion. Following
such a huge worldwide impact, the economic effects of the pandemic have been
explored across commodities, stock markets, the banking sector, and even
cryptocurrencies.

Salisu et al. (2020) show evidence of a positive relationship between commodity
price returns and the global fear index, confirming that commodity returns increase
as COVID-19 related fear rises. Thus, given the negative association between the glo-
bal fear index and the stock market, the commodity market offers better safe-haven
properties than the latter. Yarovaya et al. (2020) analysed the risk-adjusted perform-
ance of Islamic and conventional equity funds during the COVID-19 pandemic and

Figure 1. Unemployment rate and the broad rate of unemployment, as a percentage out of the
labour force, during the COVID-19 pandemic in Israel. Source: Central Bureau of Statistics, Israel.
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showed that Islamic equity funds are more resilient to COVID-19 shock, confirming
their safe haven properties. However, unlike commodities and Islamic equity funds,
Conlon and McGee (2020) show that Bitcoin does not act as a safe haven during the
COVID-19 bear market, thus casting doubt on the ability of Bitcoin to provide shel-
ter from turbulence in traditional markets. Moreover, Yarovaya et al. (2021) analyze
herding in cryptocurrency markets during the COVID-19 pandemic. Referring to the
COVID-19 as a” black swan” event, the authors suggest that COVID-19 does not
amplify herding in cryptocurrency markets.

Yarovaya et al. (2021) analyze the impact of investment in human capital on the
coping mechanism of a sample of EU mutual funds and their resilience to the
COVID-19 crisis. The authors found that during the COVID-19 outbreak, the equity
funds that were ranked higher in human capital efficiency (HCE) outperformed their
counterparts. The same conclusion was reached by Mirza et al. (2020). Moreover, as
the contagion peaked, Yarovaya et al. (2021) found that the funds with higher HCE
continued to demonstrate resilience with significant positive risk-adjusted returns.

Rizvi et al. (2020) and Mirza et al. (2020) documented the investment styles and
volatility timing of funds managers during the pandemic. Rizvi et al. (2020) evaluated
the impact of COVID-19 on selected categories of actively managed mutual funds in
the European Union and conducted a style analysis to understand the investment
behavior of fund managers. The authors observed that fund managers have been
drifting from high-risk options to low-risk in terms of size and investment strategy,
with a clear switch in investments towards non-cyclical sectors. Moreover, the authors
found that there has been a transition of investment from countries with higher
infections to those with a relatively lower number of cases. Mirza et al. (2020)
assessed the price reaction, performance and volatility timing of European investment
funds during the outbreak of COVID-19. The study found that while the majority of
investment funds exhibit stressed performance, social entrepreneurship funds bear
flexibility.

Mirza et al. (2020) investigated the impact of COVID-19 on corporate solvency by
introducing a multiple stress scenarios on the non-financial listed firms in the EU
member states. The authors reported a progressive increase in the probability of
default, an increase of debt payback, and declining coverages. Their results indicate
that the solvency profile of all firms deteriorates, which could lead to a decline in
loan quality and increase in the credit risk for banks and credit institutions (Yarovaya
et al., 2020). Moreover, using a sample of 5342 listed non-financial firms across 10
EU member states, Rizvi et al. (2020) investigated to what extent the COVID-19 may
deteriorate the value of non-financial firms. Their findings show a significant loss in
valuations across all sectors due to a possible decline in sales and increase in cost of
equity. In the extreme cases, average firms in some sectors may lose up to 60% of
their intrinsic value in one year.

3. The model

The model considers a constant population with a fixed number of individuals, N.
For simplicity, and given the short time horizon of interest, we abstract from

1838 T. LAZEBNIK ET AL.



population growth. Each individual belongs to one of the four groups: susceptible (S),
infected (I), recovered (R), and dead (D) such that N ¼ Sþ I þ Rþ D: Individuals in
the first group have no immunity and are susceptible to infection. When an individ-
ual in the susceptible group (S) is exposed to the pathogen, the individual is trans-
ferred to the infected group (I). The individual stays in this group on average c days,
after which the individual is transferred to the recovered group (R) or to the dead
group (D). Therefore, some portion of infected individuals remain seriously ill or die
while others recover. The recovered are again healthy, no longer contagious, and
immune from future infection.

We divide the population into two classes based on their age: children and adults,
because these groups experience the disease in varying degrees of severity and have
different infection rates (Cai et al., 2020; Dong et al., 2020; Voinsky et al., 2020). In
addition, adults and children are present in various discrete locations throughout
many hours of the day, which affects the spread dynamics.

Individuals below age A are associated with the” children” age-class, while individuals in
the complementary group are associated with the” adult” age-class. Since it takes A years
from birth to move from a child to an adult age group, the conversion rate is set as a :¼
1=A: We neglected the transformation of children into adults during the infection period
Ic, as on average children recover within two days (Dong et al., 2020), which resulted in a
small percentage of children becoming adults, on average, during this period.

Furthermore, we divided the adult groups (Sa, Ia,Ra,Da) based on their employment
status into two groups: working (Swa , I

w
a ,R

w
a ) and non-working (Sna , I

n
a ,R

n
a ,Da) individuals,

because these groups differently influence the economic performance. Working adults
contribute to the economy by producing some average output e per working individual
in some time frame; while non-working adults do not. Thus, the importance of includ-
ing the division of the adult group to working and non-working is twofold. First, non-
working individuals have different spatial dynamics than working adults, as they do not
go to work and by not doing so, influence the infection rate, and thus affect economic
outcomes. Second, the transformation between the two classes (working and non-work-
ing adults) as a result of the crisis has a direct influence on the output.

Thus, the importance of including the group of children in the model is also two-
fold. First, in a state of keeping schools open during a pandemic, children who
become infected on the school grounds may infect their parents (workers), and thus
affect economic outcomes. Second, if it is decided on school closures as a means of
restraining the spread of the virus, the parents (workers) will have to stay at home,
which carries a heavy economic cost for both – households and the state.

The computational flow of an individual in the population as performed by the
EM model for any algorithmic step (fASig5i¼1) and the interactions between the tem-
porary sub model and spatial sub model are shown in Figure 2.

3.1. Economic two-age structured SIRD model definition

By expanding the designation to two age-classes and two employment-classes, we let
Sc, Ic,Rc,Dc, Swa , I

w
a ,R

w
a , S

n
a , I

n
a ,R

n
a , and Da represent susceptible, infected, recovered, and

death groups for children and adults (working and non-working), respectively such that
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Nc ¼ Sc þ Ic þ Rc þ Dc,
Na ¼ Swa þ Iwa þ Rw

a þ Sna þ Ina þ Rn
a þ Da,

and N ¼ Nc þ Na:

We mark the basic reproduction number of working individuals as Rw
0 ðtÞ for a

given time t.

Rw
0 ðtÞ :¼

Iwa ðtÞ�Iwa ðt�1Þ
Rw
a ðtÞ � Rw

a ðt � 1Þ ,

where Rw
0 ðtÞ defined to be Iwa ðtÞ�Iwa ðt�1Þ if Rw

a ðtÞ ¼ Rw
a ðt�1Þ: In addition, for the

case where 0<Rw
0 ðtÞ<1, the simulator will calculated Rw

0 ðtÞ as �1=Rw
0 ðtÞ:

The full description of the temporal sub-model is provided in Eqs. (S1-S13), in the
Supplementary Materials of the paper. A schematic view of the transition between
disease stages and employment status, divided by age-class, is presented in Figure 3.

The model’s parameters highly differ between countries and time (WHO, 2020). In order
to investigate the influence of different NPI policies on the current Israeli situation, we calcu-
lated the model’s parameters to best fit the current published data available on Israel.

We obtained the number of Israeli daily new cases and daily new dead count
between August 15 and September 15 from WHO (2020). In addition, we took the

Figure 2. The computational flow of an individual in the population for any algorithmic step (ASi)
and the interactions between the temporary and spatial sub-models. AS1 the locations of the indi-
vidual are updated according to its state and time of the day. AS2 if the individual is susceptible,
which then becomes infected according to its location and the locations and state of the other
individuals in the population. AS3 according to the infection rate in the population an adult individ-
ual can lose or find a job. AS4 if the infected individual, according to the period, passes from being
infected to becoming either recovered (R) or dead (D). AS5 updates the time of the day. The order
of fASig5i¼1 is immaterial to simulation and can be replaced in any other order. A detailed descrip-
tion of the model is presented in Sections 2.1, 2.2, and the Supplementary Materials of the paper.
Source: Authors generated.

1840 T. LAZEBNIK ET AL.

https://doi.org/10.1080/1331677X.2021.1925573
https://doi.org/10.1080/1331677X.2021.1925573


adult’s unemployment rate from the Israeli central bureau of statistics (CBS 2020a)
between August 1 and September 30. According to WHO (2020), on August 15 there
were 90, 232 infected individuals in Israel. Given that the average recovery duration
for children is two days and for adults is 14 days (see Table 1) and that children com-
prise 28% of the population (CBS 2017), we calculated that there were approximately
18, 899 infected adults and 868 infected children. We assumed that the number of
recovered individuals is heterogeneous in the population, and that only adults have
died as result of the pandemic up to this point. Eq (1) shows the initial conditions
for August 15 (t0), in Israel. In addition, we assume that up to this point, the infec-
tion rate between working and non-working adults is the same as of August 15.
From the Israeli central bureau of statistics (CBS 2020a), as of the end of August, the
number of individuals aged 15 and over in the labour force was 4,126,300, with
94.6% of them employed and the remainder unemployed. Of those employed, 5.4%
were absent from work for reasons related to the corona crisis (such as job closure or
downsizing) (CBS 2020b). Therefore, the chance of an employed person losing his
job as a result of the crisis is 4.7% (in total, at August 2020). The chance that a child
who has become an adult, and is interested in working, will find a job is 94.6%.

Figure 3. Schematic view of the transition between disease stages, divided by age-class and
employment status.
Source: Authors generated.
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Scðt0Þ ¼ 2219418, Icðt0Þ ¼ 868,Rcðt0Þ ¼ 19714,Dcðt0Þ ¼ 0,
Swa ðt0Þ ¼ 4463653, Iwa ðt0Þ ¼ 14836,Rw

a ðt0Þ ¼ 42544,
Swa ðt0Þ ¼ 1222529, Iwa ðt0Þ ¼ 4063,Rw

a ðt0Þ ¼ 11652,Daðt0Þ ¼ 723:
(1)

We define the parameter space P as follows:

P :¼ fqa, qc,wc,wa, b
ww
aa , b

nw
aa , b

wn
aa , b

nn
aabcc, b

w
ac, b

n
ac, b

w
ca, b

n
cag: (2)

In addition, we define a metric (d) between two epidemic dynamics based on the
SIRD model as follows:

dðs1, s2Þ2 :¼ R
tf
t¼t0ðs1 IcðtÞ½ � þ s1 Iwa ðtÞ

� �þ s1 Ina ðtÞ
� �þ s1 DaðtÞ½ �

�s2 IcðtÞ½ ��s2 Iwa ðtÞ
� ��s2 Ina ðtÞ

� ��s2 DaðtÞ½ �Þ2, (3)

Table 1. Model’s parameters’ description, values, and sources.
Parameter Definition Symbol Value Source

Children COVID-19 threshold age [hour] A 113880 (13 years) Dong et al. (2020)
Children to adult conversion rate [hour�1] a :¼ 1

A 8:78 � 10�6 Dong et al. (2020)
The chance that a child (15 years old) who has become an

adult, and is interested in working, finds a job
x 9:46 � 10�1 CBS (2020b)

The average monthly output of a working individual, eight
hours working day, five days a week [dollar/month]

e 1857 BOI (2020)

The cost of keeping children at home due to NPI policy for a
month, relative to eight hours schooling day, five days a
week [dollar/month]

Cc 211 BOI,(2020)

The rate of working adults losing their jobs for reasons related
to the corona crisis [hour]

m 5:95 � 10�5 CBS (2020b)

The average rate of transmission of an infected child to a
recovered [hour�1]

cc 2:08 � 10�2 Dong et al. (2020)

The average rate of transmission of an infected adult to a
recovered [hour�1]

ca 2:97 � 10�3 Voinsky et al. (2020)

The rate a susceptible child becomes infected due to direct
contact with an infected adult [hour�1]

bwca 2:89 � 10�4 Estimated

The rate a susceptible working adult becomes infected due to
direct contact with an infected child [hour�1]

bwac 1:78 � 10�4 Estimated

The rate a susceptible child becomes infected due to direct
contact with an infected non-working adult [hour�1]

bnca 2:07 � 10�4 Estimated

The rate a susceptible non-working adult becomes infected due
to direct contact with an infected child [hour�1]

bnac 1:17 � 10�3 Estimated

The rate a susceptible child becomes infected due to direct
contact with an infected child [hour�1]

bcc 8:16 � 10�4 Estimated

The rate a susceptible working adult becomes infected due to
direct contact with an infected working adult [hour�1]

bwwaa 4:16 � 10�4 Estimated

The rate a susceptible non-working adult becomes infected due
to direct contact with an infected non-working adult [hour�1]

bnnaa 3:01 � 10�3 Estimated

The rate a susceptible working adult becomes infected due to
direct contact with an infected non-working adult [hour�1]

bwnaa 2:97 � 10�3 Estimated

The rate a susceptible non-working adult becomes infected due
to direct contact with an infected working adult [hour�1]

bnwaa 2:21 � 10�4 Estimated

The probability of an infected adult recovering from the disease qa 9:86 � 10�1 Estimated
The probability of an infected child recovering from the disease qc 1 � 100 Estimated
The probability of an infected adult not recovering from

the disease
wa 1:33 � 10�2 Estimated

The probability of an infected child not recovering from the disease wc 0 � 100 Estimated
Hours of the day that children are at home [hour] tc [0-19] Estimated
Hours of the day that working adults are at home [hour] ta [0-15] Estimated

Source: Dong et al. (2020), CBS (2020b), BOI (2020), Voinsky et al. (2020).
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where ½t0, tf � is the segment in time where the comparison between the two dynamics
takes place. Metric d is used as the loss function of the following model fit-
ting process.

Given the initial conditions Eq. (1), the parameter space Eq. (2), and the historical
data from (CBS, 2020a; WHO, 2020), we used the gradient descent method with the
loss function d to obtain the best representing values for the model’s parameters
(Haskell, 1944). The initial condition was taken from the sources presented in
Table 1 and the remaining values obtained by the Monte-Carlo method, which
sampled 1000 random parameter values (marked by X), and used the one that fulfils
minxdðxÞ (Liu et al., 2000). The results of this process are the parameter values shown
in Table 1, with” computed” as the source. In addition, Figure 4 shows the value of
the loss function (d) over computation iteration.

3.2. Spatial model

The spatial sub-model is a graph-based model. The population N from the temporal
dynamics is allocated in some distribution to the nodes of an undirected, connected
graph. Specifically, we used a three-node graph where each node represents a differ-
ent location (home, work, school).

In addition, by dividing the time passed from the beginning of the temporal model
T into a 24 hours cycle, the model defines an hour-level discrete step in time. Each
hour, the population on the graph is moving to one of the neighbour nodes of the
node they are currently located at or stay in the same node, according to the follow-
ing rules:

Figure 4. Loss function of the EM model () between the historical data and the model predictions
over training steps.
Source: Authors generated.
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1. If T mod24 ¼ tdc , all of the children sub-population that is located at the home
node moves to the school node.

2. If T mod24 ¼ tda , all of the adult sub-population that is located at the home
node moves to the work node.

3. If , all of the adult sub-population that is located at the work node and all of the
children sub-population that is located at the school node move to the home node.

We assume the transition from home to either work or school and back is immedi-
ate and that everybody is following the same clock. Otherwise, the distribution of the
population on the graph stays the same. Between each population movement on the
graph, the temporal sub-model is performed simultaneously on all the graph’s nodes.
Figure 5 shows the spatial model schema presenting the population distribution and
locations at some point in time. Each simulation step simulates for one hour.

3.3. Preferences and the government

Each adult derives his or her lifetime utility from the discounted flow of private con-
sumption:

Figure 5. The panel of the spatial model. From top to bottom: the time from the beginning of the
simulation. Distribution of the population to susceptible, infected, recovered, and dead groups. The
distribution of the population to susceptible, infected, recovered, and dead groups with separation
to children and adults and their current location (home, work, school). The R0 at a certain time
and the average R0 from the beginning of the simulation.
Source: Authors generated.
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Viðci1, . . . , ciTÞ ¼
XT
t¼1

uiðcitÞ
ð1þ qÞðt�1Þ : (4)

Here q 2 ð0, 1Þ is a discount factor, cit is the adult’s consumption in period t 2 T
and uið�Þ is a concave, continuous, non-decreasing utility function such that

uið0Þ ¼ 0, lim
x!1

dui

dx
ðxÞ ¼ 0, and lim

x!0

dui

dx
ðxÞ ¼ 1:

We introduce to the EM model a government that is responsible for two choices:
mitigation strategies and redistribution of income from workers to individuals who
do not or cannot work because of shutdowns or illness. Thus, for each t 2 T the
period-by-period budget constraint faced by a working adult, w, is given by:

cwt ¼ ð1�sÞxlwt : (5)

Here, s is the income tax rate imposed by the government, x ¼ e is the marginal
product of labour, and lxt is working unit of time. The tax revenue is defined by:

Bt ¼ RSwaþRw
a
xlwt :

Therefore, the period-by-period budget constraint faced by a non-working adult, n,
is given by:

cnt ¼ bt :¼ Bt

SnaðtÞ þ Rn
aðtÞ

: (6)

We assume that the government does not consume and the consumption of the
children is embedded (equally) into the consumption of their parents.

3.4. Non-Pharmaceutical intervention policies definition

The proposed EM model provides an in-silico environment allowing investigation of
multiple non-pharmaceutical intervention (NPI) policies to reduce infection in the
population, while reducing economic loss as well. From the epidemiological point of
view, an NPI policy is more efficient in comparison to another NPI policy if, during
the time the policy takes place, the average R0 is smaller. From the economic point of
view, an NPI policy is more efficient in comparison to another NPI policy if during
the time the policy takes place, the output is higher.

Furthermore, the balance between the damage an NPI policy has on the economy
and its epidemiological efficiency, plays a critical role for policy makers. Therefore,
given a policy (p) with the parameter space (A) and the weight of reducing the
damage to the economy we comparing to the weight of reducing the infection rate
wir such that we þ wir ¼ 1; the optimal policy between two dates t0 and tf is defined
by Eq. (7):
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poptimal :¼ min
a2A

ð
ðtf
t¼t0

weLðtÞ þ wirR0ðtÞÞdt, (7)

Here LðtÞ :¼ E�ðtÞ�EðtÞ such that E�ðtÞ is the output where 8t : R0ðtÞ ¼ 0:
We will examine two policies, the influence of the duration of the work/school day

and lockdown in homes with partial to full separation between individuals. In order to
study the influence of the duration of the work/school day, the parameters tc and ta are
changed between ½0, 24�: The lockdown in homes influences both tc and ta for part (or
all) of the population by setting them to 24. In addition, as a result of the separation
between individuals, the parameters bxyij such that i, j 2 ½a, c� and x, y 2 ½w, n� are multi-
plied by the related complementary lockdown percentage of the population.

4. Simulation

We solve the system numerically using a stochastic computer simulation. Each simu-
lation is repeated 10 times and the results presented are the mean values.

The results of the EM model are shown in Figure 6, with the parameters’ values
from Table 1 and the initial conditions from Eq. (1). The dynamics shown in this fig-
ure have two-time frames, T1 and T2, with unique dynamics in comparison with the
traditional SIR models. In T1, the size of the group of the susceptible non-working
adults increases, as a result of susceptible working adults losing their jobs due to the
economic crisis caused by the spread of the pandemic. This growth is faster than the
decrease in the size of the group due to infected susceptible non-working adults.

Figure 6. The distribution of the population by age, employment status, and health state over
time by the EM model with the parameter values from Table 1.
Source: Authors generated.
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However, the size of the susceptible working adults group decreases even faster rela-
tive to the standard SIR models with similar infection rates. In T2, the increase in the
size of the group of recovered working adults is faster than the standard SIR models
due to the opposite dynamics of time frame T1. Similarly, although infected non-
working adults recover, the graph decreases and then increases slowly, as the number
of total infected individuals decreases and, therefore, previously unemployed adult
individuals return to the workforce.

For the case of Israel, in 2019, the average monthly output of a working individual
is e ¼ 1857 (BOI, 2020), and the tax wedge is 22.7% (s ¼ 0:227)2Based on the EM
model with the parameters from Table 1, and assuming that the government cannot
run a deficit, the daily transfer payment for each non-working individual during the
pandemic outbreak is shown in Figure 7. As can be seen, the government’s ability to
financially support the non-working individuals, without running a deficit, diminishes
with the spread of the disease. The reason lies in the fact that the number of workers is
decreasing as a result of infection or job loss due to the economic crisis. This dynamic
continues until the 14th day - the peak of the outbreak as shown in Figure 6, after
which the trend is reversed as a result of the return of recovering individuals to work,
thus, resulting in an increase in government tax revenue.

Indeed, in the period between the 14th and 37th day (see Figure 6), the outbreak
slows down, and so the number of employed individuals increases. Government tax
revenues are growing and simultaneously, so are the transfer payments to the
unemployed. After the 37th day, the outbreak enters the fade-out phase as shown in
Figure 6. As a result, the number of employed individuals jumps back to the pre-out-
break state, while less individuals require government support.

Figure 7. The daily transfer payment for each non-working adult cnt during the outbreak. The mod-
el’s parameter taken from Table 1.
Source: Authors generated.
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In the model, the parameterm stands for the increase in the job separation rate as a result
of the economic crisis caused by the outbreak, and not just as a result of sickness. Thus, we
assume that as a result of the increase (decrease) in the R0 among the working sub-popula-
tion (Rw

0 ), the proportion of workers who will lose their jobs will increase (decrease).
Figure 8 shows the total working hours (in millions) which a population of size

10, 000 will produce in a month, on average, during three months of outbreak as a
function of the job separation rate ðmÞ:

The transition between employment statuses (working and non-working) will
influence the way the model predicts the impact of the outbreak on the economy
(Figure 9). Specifically, Figure 9(a) shows the influence of the job separation ratio
among the working individuals on the aggregate R0: The dots are the calculated val-
ues from the simulator and the dotted line is a fitting function. The fitting function
is calculated using the least mean square (LMS) method (Bjorck, 1996). In order to
use the LMS method, one needs to define the family function approximating a func-
tion. The family function that has been chosen is

f ðmÞ ¼ p1e
p2m þ p3

After testing multiple function families an exponent function family produced the
highest coefficient of determination. Specifically, resulted in

f ðmÞ ¼ 6:02e�2809:81m þ 0:82 (8)

The fitting function was obtained with a coefficient of determination R2 ¼ 0:996:

Figure 8. The total working hours during the outbreak as a function of the job separation rate
due to crisis (m). The results are the mean of 20 simulation runs. The model’s parameter taken
from Table 1.
Source: Authors generated.
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Similarly, Figure 9(b) shows the average number of infected individuals,
maxtðIcðtÞ þ Iwa ðtÞ þ Ina ðtÞÞ, as a function of the job separation ratio, m: The dots

in Figure 9(b) are the calculated values and the dotted line is the fitting function
(obtained with a coefficient of determination R2 ¼ 0:992)

f ðmÞ ¼ 52:59e�1195:98m þ 17:91 (9)

The introduction of these dynamics significantly affects the maximum predicted
percentage of infected individuals among the population, based on the data from
August 15 to September 15 in Israel, as shown in Figure 9(b). Specifically, for the
case in which m ¼ 0 (namely, without the economic dynamics) as in Lazebnik and
Bunimovich-Mendrazitsky (2021). There is a 37% change between the case where
m ¼ 0andm ¼ 0:001, therefore there is a strong connection between the economic
effect in general, and the job separation ratio in particular, on the pandemic

Figure 9. Output and outbreak dynamics as a function of working individuals losing their jobs as a
result of the crisis : The model’s parameter taken from Table 1.
Source: Authors generated.
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dynamics, and vice versa. From Figure 9(b), it is possible to see that asymptotically,
the increase of m reduces the maximum percent of infected individuals to 17:91%:

In addition, Figure 9(c) shows the influence of the job separation ratio on the total
monthly output. For this case, the family function that has been chosen is: f ðmÞ ¼
p1lnðp2mÞ þ p3, which resulted in:

f ðmÞ ¼ 0:0092lnð1:18mÞ þ 1:08 (10)

And was obtained with a coefficient of determination R2 ¼ 0:88:

4.1. School/work duration policy

Controlling for the location of children and adults in space (school, work or home)
and in time (duration of school and work hours) will allow dynamic planning accord-
ing to the spread of the disease, while minimising economic damage. We assume that
children meet only children in school and adults meet only adults at work, while at
home adults and children can mingle. Based on the proposed model, we change the
number of hours children and adults spend in school and work each day, respectively.
Figure 10(a) shows the average R0 as a function of the duration in hours of the work-
ing ðdWÞ and schooling (dS) day. The dots are the calculated values from the simulator
and the surface is a fitting function R0ðdW , dSÞ: The fitting function is calculated using
the LMS method (Bjorck, 1996) on 576 dots (24� 24Þ: The family function is:

f ða, cÞ ¼ p1 þ p2aþ p3cþ p4acþ p5a
2 þ p6c

2

This family function has been chosen to balance the accuracy of the sampled data
on the one hand and simplicity of usage on the other (Shanock et al., 2010), and was
obtained with a coefficient of determination R2 ¼ 0:56: The fitting function is:

R0ðdW , dSÞ ¼ 0:908�0:015dW þ 0:030dS þ 0:001d2W�0:001d2S (11)

Similarly, Figure 10(b) shows the average maxtðIcðtÞ þ Iwa ðtÞ þ Ina ðtÞÞ as a function
of the duration in hours of the working ðdWÞ and schooling (dS) day. The dots in
Figure 10(b) are the calculated values from the spatial model and the surface is the
fitting function obtained with a coefficient of determination R2 ¼ 0:62 :

ImaxðdW , dSÞ ¼ 32:916�0:740dW�0:547dS þ 0:027dWdS þ 0:020d2W þ 0:004d2S (12)

By setting the gradient of R0ðdW , dSÞ to zero, one retrieves that this NPI policy has
a local maximum which is when children attend school for 8:5 hours. In addition,
there is a positive linear correlation between adults attending work and R0, which is
0:026: Similarly, setting the gradient of ImaxðdW , dSÞ to zero, shows that the minimal
point is ðdW , dSÞ ¼ ð0, 19:7Þ: From Figure 10(b) and Eq. 12 one can see that the worst
cases are when children and adults spend all day (24 hours) at school and work,
respectively, or at home. In either case, the duration of either the work day or school
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has an effect of almost 15% on the highest infected rate of individuals as shown in
Figure 10(b) and by setting the limits dW ¼ f0, 24g, dS ¼ f0, 24g in Eq. (12).

From Figure 10(a) and (b), one can see that in a situation where working hours
and schooling hours are equal to zero, the R0 is low on average but the number of
infected is high. In order to explain these two extremes we need to keep in mind that
in Figure 10(a) the value Z is the average of the R0 throughout the dynamics. At point
(0,0) there is an extreme because at the beginning of the dynamics there is a high R0

but then its value is significantly lower (long tail in the distribution of R0). A high R0

at the beginning of the period increases the number of infected individuals. Because
the recovery period is long, the total number of infections climbs and remains high
for a long time. At point (24, 24) there is an extreme where adults only mingle with
adults and children only with children. Mixing adults and children at home actually
lowers R0 (up to some level) and in particular the extreme (expressed in Figure 9B)
because infection coefficients between children and adults are smaller (see Table 1).

Figure 10. Analysis of the epidemic spread and economical influence as a function of working (24�ta)
and schooling (24�tc) duration in hours each day. The model’s parameter taken from Table 1.
Source: Authors generated.
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Figure 10(c) illustrates the influence of the working and school hours on the out-
put, normalised to one month (186 hours). As expected, the school hours of the chil-
dren have a minor effect on the output; however, the working hours have a positive
linear effect on it. The surface calculated using the LMS method:

EðdW , dSÞ ¼ 1010ð0:131324dW þ 0:00214dSÞ (13)

and obtained with a coefficient of determination R2 ¼ 0:869:

4.2. Lockdown Policy

Partial or full lockdown of several locations or entire countries were broadly used at
the beginning of the COVID-19 outbreak as a policy to reduce the number of
infected individuals and control the spread dynamics. The lockdown policy yields
social distance which reduces the ratio of infection. On the other hand, this policy
negatively affects the economy. Therefore, the optimisation task of finding the min-
imal rate of the population to be locked down such that the outbreak will be con-
strained is important.

The lockdown policy is similar to the school-working hours policy in the manner
that both modify the spatial dynamics of the population. Nevertheless, the school-
working hours policy defines the number of hours all the children and working adult
populations go to school and work, respectively, while the lockdown policy keeps
part (or all) of the population at home all day long alongside the remaining part of
the population keeps the regular working and school hours. In addition, the lock-
down policy isolates individuals at home which is expressed by the fact that individu-
als can contact them, but they cannot initiate any contact with other individuals,
while this constraint does not take place in the working-school hours policy.

Figure 11(a) shows the results of this calculation. Each dot represents R0 of each
case, the lockdown of children, Lc, and the lockdown of adults, La: The black grid
shows the threshold R0 ¼ 1:

The behavior of R0 as a function of La, Lc has been retrieved using the LMS
method and takes the form:

R0ðLa, LcÞ ¼ 1:19þ 8:7 � 10�3La�1:3 � 10�3Lc�3:0 � 10�5LaLc
�1:2 � 10�4L2a�2:0 � 10�6L2c ,

(14)

This was obtained with a coefficient of determination R2 ¼ 0:813: Therefore, it is
safe to claim that function R0ðLa, LcÞ is well-fitting the data. Using Eq (14) it is pos-
sible to find the constraints of La, Lc such that R0 � 1 (by solving R0ðLa, LcÞ � 1).

The lockdown of children has a relatively small effect on R0 as shown by

dR0ðLa, LcÞ
dLc

¼ �1:3 � 10�3�4:0 � 10�6Lc�3:0 � 10�5La,

relative to
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dR0ðLa, LcÞ
dLa

¼ 3:3 � 10�3�2:4 � 10�4La�3:0 � 10�5Lc:

Lockdown of children ðLcÞ have a similar effect relatively to the lockdown of adults
ðLaÞ on the maximum percent of infected individuals, as shown in both Eq (16) and
Figure 11b. The surface calculated using the LMS method:

maxtðIcðtÞ þ Iwa ðtÞ þ Ina ðtÞÞðLa, LcÞ ¼ 32:08374þ
0:18762La þ 0:15785Lc�0:00039LaLc�0:00260L2a�0:00161L2c ,

(15)

and obtained with a coefficient of determination R2 ¼ 0:812:

Figure 11. Analysis of the epidemic spread and economical influence as a function of adult lock-
down (La) and children lockdown (Lc). The model’s parameter taken from Table 1.
Source: Authors generated.
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Furthermore, Figure 11c shows that children’s lockdown has a minor effect on the
economy relative to adults’ lockdown. The surface is calculated using the LMS method:

EðLa, LcÞ ¼ 109ð11:0521�0:0992La�0:0034L2c Þ (16)

and obtained with a coefficient of determination R2 ¼ 0:978:

4.3. Economic-Epidemiological influence on NPI analysis

In order to determine the influence of the school-work duration and lockdown policy
on both the outbreak and the economy, we computed the Policy Harm index
obtained using Eq. (7). The index obtained by normalising the monthly output (EÞ to
an average hour base output by dividing E by 186 (the number of monthly working
hours in Israel) and afterwards further normalising EandR0 by linear scaling both to
½0, 1� after multiplying by the weights weandwe, respectively. The resulting Policy
Harm index describes the relative harmfulness of different variations of the policy
itself and not between policies.

The model predicts that, due to the influence of the working hours on the average
output, there is a major effect on the economic-epidemiological optimal policy, as
shown in Figure 12(a) and (b), compared to Figures 10(a) and 11(a) describing R0 of
the NPI and Figures 10(c) and 11(c) and describing E as a result of the NPI. By dir-
ectly investigating the optimal working-school and lockdown policies, while requiring
that the damage to the economy is equally weighted to preventing outbreak ðwe ¼
wir ¼ 0:5Þ (using Eq. (7)), we obtain that both NPIs have more economical damage
in comparison to their contribution in reducing the infection rate, as shown in
Figures 12(a) and (b). Therefore, both NPI policies are too aggressive from an eco-
nomic point of view.

Figure 12. Analysis of both the adults and children lockdown and school/work duration policies
based on Eq. (7), where the weight of reducing the infection rate and not damaging the economy
is equal (we ¼ wir ¼ 0:5). The model’s parameter taken from Table 1.
Source: Authors generated.
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5. Discussion

The model presented in this paper follows the dynamics that took place between
August 15 and September 15 (2020) in Israel, as presented in Figure 4, with a mean
square error (MSE) of 0:08 after only 11 iterations. Therefore, it is safe to claim that
the model is capable to properly represent the dynamics of the outbreak.

Counter-intuitively, Figures 8 and 9(c) conclude that the higher the rate of job sep-
aration due to the economic crisis, the greater the average total working hours and
the long-term output will be, where the positive effect of the job separation rate on
both variables decreases with the increase in its value. However, as shown in Figure
(9a and b) this results from the dynamics of the outbreak. Workers who lose their
jobs due to the economic crisis cause a rapid decline in the R0, compared to a situ-
ation where, seemingly, workplaces do not respond (without government interven-
tion) to the precarious economic situation during an outbreak. This way, fewer
workers will be infected and the curve will” flatten out”, enabling the non-infected
unemployed individuals to regain their employment status and contribute to the
increase in output (compared to a situation where they would stop working as a
result of sickness due to a high infection rate). That is, an increase in the job separ-
ation rate (m) will reduce the overall R0 in the economy, which will reduce the spread
of the disease; thus the economic crisis will fade, and workers who lost their jobs as a
result of the economic crisis will return to work. Hence, the long-term output will be
greater since the loss of working hours, given the separation job rate, will be less than
the loss of working hours as a result of illness among the workers (without introduc-
ing the separation job rate to the model).

Throughout the study, controlling the spread of the pandemic and preventing out-
breaks has been investigated using two non-pharmaceutical interventions: the dur-
ation of working and school days and lockdown to varying degrees among the adult
and child populations.

The effect of the duration of working and school days on the dynamics of the pan-
demic, and its effect on economic output, is shown in Figure 9 a, b, and c. Under
this NPI, preventing the outbreak (i.e., maintaining R0 � 1) requires solving Eq. (11),
subject to the assumption that R0ðdW , dSÞ ¼ 1, as shown in Figure 9a. Therefore, any
combination of working and school hours in accordance with Eq. (13) (or a smaller
combination thereof) will lead to the prevention of the pandemic’s outbreak. In par-
ticular, and if our interest is only to maximise output, each worker can be allowed a
full working day (9 working hours) combined with a maximum of 6.1 study hours.
In this case, the maximum infected percent among the population will reach 26:2%,
as shown by Eq. (14) and Figure 9b, and the output will equal 1:2 � 1010, as shown by
Eq. (15) and Figure 9c.

Nevertheless, the introduction of this policy ignores the death toll resulting from its
implementation. By sampling all the combinations of school-working hours (dW , dS)
that satisfies R0ðdW , dSÞ � 1 (Eq. (11)), with a 0:5 hour resolution, one can obtain that
ðdW , dSÞ ¼ ð7:5, 4:5Þ will minimise the death toll (0:48%) while maximising the output
and preventing outbreak. These results match the conclusions reported by Keskinocak
et al. (2020) for Georgia state and by Lazebnik and Bunimovich-Mendrazitsky (2021)
for the state of Israel for the number of activity hours in order to obtain R0 � 1: In
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addition, these results match those reported by Di Domenico et al. (2020) indicating
that school closure has a minor influence on the epidemic peak.

The influence of partial to full lockdown among different age-groups (adults and
children) on the spread of the pathogen, the economic loss involved in such policy,
and the predicted percentage of infected resulting from such a decision, is shown in
Figure (10a, b, c). The lockdown of adults and children has a similar (same order of
magnitude) first-order effect (linear coefficients of La and Lc) as shown in Eq. (14).
However, the second-order effect (quadratic coefficients of La and Lc), as shown in
Eq. (14) of adults’ lockdown is two orders of magnitude higher than that of the child-
ren’s lockdown, which implies that during the work day, adults are infected at a
higher rate, compared to the infection rate of children in schools. These results match
the conclusions reported by Oruc et al. (2021) for the state of Georgia regarding the
voluntary lockdown with school closure.

By Figure 11(a) and Eq. (14) we obtain that a lockdown of 90% or more among
adults alongside full mobility freedom (or less) among children, or a full lockdown
of children combined with 54% lockdown of adult, will result in R0 � 1, i.e., will
prevent an outbreak. The maximum percent of infected individuals follow a similar
behavior, as shown in Figure 11(b) and Eq. (17). As expected, the higher the adults
and children lockdown rate, the lower the maximum infected percent of individuals
among the population. However, similar to the influence of the working-school
hour’s NPI policy on the output, there is a linear decrease in the output as a func-
tion of the adult’s lockdown rate (see Eq. (18)), as shown in Figure 10c. Given the
lockdown rate among the adult population, the lockdown rate among children has
relatively minor effect (30 times smaller compared to the adult’s lockdown) on the
output. This is despite the negative impact of children staying home has on the out-
put (see Eq. (S12)). Hence, in order to obtain an epidemic-economic optimal NPI
policy, one needs to minimise the adults’ lockdown while keeping children’s lock-
down as minimal as possible, which results in closing the schools and keeping 54%
of the adult group in lockdown (ðLa, LcÞ ¼ ð54, 100Þ). This policy will lead to a max-
imum contagion rate of 32.21% alongside maximum possible output of (5:35 � 109).
Nevertheless, the introduction of this policy ignores the death toll resulting from its
implementation. By sampling all combinations of ðLa, LcÞ that satisfies R0ðLa, LcÞ � 1
(Eq.(16)), with a one percent resolution, one can obtain that ðLa, LcÞ ¼ ð63, 89Þ will
minimise the death toll (0.21%) while maximising the output and prevent-
ing outbreak.

6. Conclusion

The model developed in this study allows us to examine the impact of non-pharma-
ceutical intervention (NPI) policies on the course of a pandemic spread, while assessing
the economic losses caused by it. The model is implemented to the COVID-19
outbreak, and extends the traditional SIR model by introducing a dead group, two age-
groups, time dimension, and several different locations where individuals can be
present during the day. These spatial-temporal interactions allow us to explore the
reciprocal effects between the spread of the pandemic and economic losses, such as the
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effect of job separation (due to the economic crisis resulting from the pandemic) on
the outbreak dynamics presented in Figure 6. The inclusion of these interactions
improves the accuracy of the model forecasts and allows for multidimensional analysis
of the impact of non-pharmaceutical interventions and the dynamics of the crisis.

As a complement to the model, we provide an open-source code which can be
used as an in silico environment (simulator) that is deployed as a web-based service.
The open-source code will allow both researchers and developers to easily use and
extend our code to investigate more NPIs. Furthermore, in silico environment allows
non-technical individuals (e.g., policymakers) to incorporate real-time data in our
simulator and investigate the way proposed NPI policies, with different scenarios,
influence the economy and the dynamics of the outbreak.

Our results indicate that better outcomes are reachable if targeted NPI policies are
implemented. Differential lockdown among different age groups, or varying working-
school activity hours, significantly improve policy trade-offs, enabling considerable
reductions in economic loss and excess deaths. Moreover, minimising the death toll
while maximising the output and preventing outbreak, can be achieved with a targeted
NPI policy - limiting the duration of working and school days or lockdown - that
applies more aggressive policy measures on the children rather than on the adults.

The results in this study were obtained given the values in Table 1 and the fitting
process presented in Section 2.1, which can vary significantly across countries and
time, and depends on several hyper-parameters such as population density, the age
distribution of the population, etc. Moreover, the proposed model does not take into
consideration the parenting relationship between children and adults, except for the
penalty component in Eq. (S12). Assuming such dynamics, the results shown in
Figure 10(c) could significantly be altered. However, these dynamics are not within
the scope of this research, and we intend to include them in future studies. Further
extensions of the model will be aimed at investigating the heterogeneous dynamics at
the individual level using distributed computing models from computer science.

We are all full of hope and confidence that humanity will overcome the current
corona crisis. In the event of a future pathogen outbreak, especially involving a lack
of immunity among the population, researchers and decision-makers will be able to
follow our approach to more accurately evaluate the outcomes of their policy meas-
ures. The calculations presented in this study assume a high social tolerance for the
substitution rate between saving human lives and minimising economic losses in the
economy. A society that is willing to” sacrifice” output in exchange for saving as
many human lives as possible can always choose lockdown and/or limiting working
and school hours at a higher intensity.

Notes

1. The linear production function represents a production process in which the inputs are
perfect substitutes. In our case, we consider a representative individual that works eight
hours a day, five days a week, with a monthly output reflecting the average monthly
output of each of the workers in the economy.

2. OECD (2020), Tax wedge (indicator). doi: 10.1787/cea9eba3-en (Accessed on 20
November 2020).
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