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Modelling Singapore COVID-19
pandemic with a SEIR multiplex
network model
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In this paper, we have implemented a large-scale agent-based model to study the outbreak of
coronavirus infectious diseases (COVID-19) in Singapore, taking into account complex human
interaction pattern. In particular, the concept of multiplex network is utilized to differentiate between
social interactions that happen in households and workplaces. In addition, weak interactions among
crowds, transient interactions within social gatherings, and dense human contact between foreign
workers in dormitories are also taken into consideration. Such a categorization in terms of a multiplex
of social network connections together with the Susceptible-Exposed-Infectious-Removed (SEIR)
epidemic model have enabled a more precise study of the feasibility and efficacy of control measures
such as social distancing, work from home, and lockdown, at different moments and stages of the
pandemics. Using this model, we study an epidemic outbreak that occurs within densely populated
residential areas in Singapore. Our simulations show that residents in densely populated areas could
be infected easily, even though they constitute a very small fraction of the whole population. Once
infection begins in these areas, disease spreading is uncontrollable if appropriate control measures are
not implemented.

The 2019 coronavirus outbreak has become a pandemic. For the first time in human history, we observe a global
concerted effort that tries to stem the spread of the epidemic with the semi-closing of national borders and
grounding of international flights. Each country has its unique strategies to contain the virus in their territories.
This ranges from complete lockdown in China and the herd immunity cum gradual intervention approach in
Sweden'. While the most direct approach to arrest the virus is to create a vaccine against it, the lead time to
vaccine development is long relative to the virulence of the disease that the best short-term strategy is social
exclusion.

The coronavirus spreads through the simple mechanism of human-to-human contact. This is the reason why
governments around the world implement lockdown and restrict social interactions. Ideally, if we could isolate
everyone, there would be no room for the virus to survive. But this is socially impossible for family members.
In addition, key economic activities still need to go on for the whole society to function, and this requires social
interactions from workers providing essential services. There are two practical means to prevent the spreading
of the virus through such a social route. One is to quarantine all infected individuals and also their contacts?.
This necessitates, however, all infected individuals to be identified immediately once they become infectious.
But there is always a delay in such identification, and worst of all, some infected individuals are asymptomatic.
The capability to carry out large-scale swap test has thus become important as it reduces not only the delay from
disease onset to isolation, but also the number of undetected spreaders. The second approach is social distancing
whose implementation has already severely disrupted the economies of many countries.

In order to properly manage the social-economic impact of the COVID-19 pandemic, governments would
need a clear rationalization on the right policies to undertake. There are questions on whether lockdown should
be implemented, like the case of Sweden versus its Scandinavian neighbors. And if lockdown were to be lifted,
how gradual should we relax the restriction order? The means to address these questions together with the con-
sequential advisories to the governments have been well served by mathematical and computational models.
For example, a meta-population mobility model based on microscopic Markov chain approach® has been used
to forecast the number of COVID-19 cases in each municipality of Spain. The outcome of the simulation had
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informed the Catalonian government ahead of time whether any Spanish region had exceeded its treatment
capacity which led to a quick implementation of intervention measures that addressed the shortages. Meta-
population based global epidemic and mobility model was also employed in another context to assess the efficacy
of travel restrictions on the spread of COVID-19 at both the national and international level*. The results in this
work showed that travel ban had mainly delayed the progression of the disease, with mitigation best achieved
through transmission reduction intervention. In another modeling effort’, the effects of reopening schools as
part of exit strategies of lockdown was examined. It found that a gradual reopening of schools is necessary not
to overwhelm the existing healthcare system or to cause a new second wave of epidemic transmission. There
are also a few studies which look into the transmission of COVID-19 in Singapore®’. All these models use real-
world data to constantly calibrate their computations to drive the simulated scenarios close to reality and near
to the ground truth. And their insights guide governments in their making of policies and decisions. In fact,
the literature of epidemiological analysis is growing fast amid the COVID-19 pandemics, a review of the most
relevant existing literature can be found in Ref.®.

Model. In this paper, we model the spreading of COVID-19 pandemics using the Susceptible-Exposed-
Infectious-Removed (SEIR) model. Unlike the modified version of SEIR model used currently by a few research
groups to simulate COVID-19 spreading®'’, our approach exploits both multiplex'' and temporal networks'?
in conjunction with the SEIR model. Multiplex network had been used in Ref."* to study how the allocation of
resources in a social support layer affects the spreading of virus in the physical contact layer. There are also prior
research that combine SIR or SIS model with multiplex networks to investigate the effects of immunization',
dynamical interactions between viral agents', emergence of epidemic phases's, and contagion dynamics.
Recent research efforts on SEIR model on multiplex network have explored into the spread of rumors®®, and the
transmission of COVID-19 in and between different layers of transportation networks".

The purpose and aim of our SEIR multiplex network model is to emulate the different forms of real-world
social interactions in order to examine the effectiveness of various intervention strategies against the spread of
COVID-19. The ability to tweak social interactions in mathematical models is crucial to find ways to curb the
accelerating tides of epidemic spreading, in addition to giving insights on appropriate exit strategies from lock-
down measures as the pandemic is entering the deceleration phase®. The main application of our model will be
on the evaluation of the pandemic conditions in Singapore.

SEIR model. In SEIR model, individuals are classified into four infection stages, namely susceptible, exposed,
infectious, and removed. All individuals in the population are assumed to be susceptible to the virus before
the pandemic begins. The model starts when the first infectious individual is imported into the population of
susceptible individuals. Note that this imported individual is chosen at random from the population. Following
this, M(#) individuals are selected uniformly at random at each simulated day ¢ to model the M(f) number of
imported cases. As the focus of our study is on the pandemic in Singapore, the information of these imported
cases was obtained from the Singapore Ministry of Health webpage?'.

After a susceptible individual comes into contact with an infectious individual, the susceptible individual
becomes exposed with a probability p. Note that it takes T, days on average before an exposed individual becomes
infectious. Here, the exposure period is assumed to be gamma-distributed with a mean of T, days. Once the status
of an individual is changed to infectious, it spreads the virus to each of its susceptible contact with a probability
of p. Note that each individual can become infectious for different number of days depending on when they show
the symptoms of infection and the time span from disease onset to social isolation. In addition, the infectious
status of an otherwise asymptomatic individual is assumed to cease only when the individual has recovered. The
infectious period is thus assumed to be gamma-distributed with a mean of T; days. Once recovered, an individual
is no longer susceptible to the disease and can no longer become infectious.

Social interactions. Real-world social interaction is often too complex to be represented by ideal complex net-
work models such as the Erd4s-Rényi random network and the scale-free network. Here, we build a multiplex
network'" which is composed of multiple overlapping networks that describe the various types of social con-
nections between agents to study the dynamics of the epidemic outbreak. Specifically, our multiplex network
consists of a household network, a dormitory network, a workplace network, a temporal crowd network, and
a temporal social gathering network. Note that this list of networks is not exhaustive. In principle, any com-
munity which is socially connected in a significantly different way and is not in the existing list of communities
in the model should be added as a separate layer in the multiplex network. For example, a slum network can be
included in our model for cities with a slum neighborhood.

Let us now go into the details of each of our social network. We have a household network in our model which
captures the social interactions among family members within a household. It is represented by a complex net-
work with a community structure. Agents that belong to the same household (or community) are more densely
connected internally than with the other agents within the household network. The size of the household is
assumed to be Poisson distributed with an average of S, members. On the other hand, social interactions within
worker dormitories is modelled separately by a dormitory network as dormitories house a much larger number
of residents compared to normal households. In addition, individuals within dormitories possess a larger num-
ber of social connections with other residents who stay in the same dormitory. Note that our special interest in
worker dormitories stems from the occurrence of a virulent spread of COVID-19 within the dormitory clusters
within Singapore.

‘We model the social contact within and between workplaces by a workplace network. In Singapore, 40% of the
population are employed and work in a workplace. Each workplace is modelled as a community in the workplace
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Figure 1. Epidemic curves for the spreading of COVID-19 in Singapore. The curves are shown for the real data,
and for the simulated dynamics with and without implementation of the Circuit Breaker (CB) measures. The
inset shows an enlarged view of the spreading of COVID-19 within Singapore’s community. Standard deviation
is shown as vertical line for the simulated dynamics. Note that the dashed vertical lines in both plots mark the
beginning of CB.

network. The size of a workplace is assumed, however, to be gamma-distributed so as to include workplaces of
extremely large size. Note that for the sake of simplicity, we have modeled social interactions within schools in
the same way as that of a workplace.

The social interactions within public spaces, such as the public transportation system and markets, is very
different from fixed households or in the workplaces. It involves short-term interactions among random groups
of individuals each day. In our model, we select f. groups of N, agents on average uniformly and randomly on
each simulated day to form f; fully-connected temporal networks. The spreading probability p, within each of
these crowds of agents is assumed to be smaller than those of the household or workplace networks. Specifically,
itis p. = 0.1p. In addition, we model social gatherings such as religious services, academic conferences, and
large-scale dinner events in a similar fashion albeit with a different topology for their social interactions. On each
simulated day, f, groups with an average size of N, agents are formed uniformly at random with the topology of
scale-free temporal networks of average degree k, as their mode of transient social interactions. We assume the
virus spreads with probability p in these social gathering networks.

Combining SEIR model and multiplex network. Mathematically, the combined model can be repre-
sented by the following equations:

N N N
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where N is the total number of nodes or individuals in the network. Here, S;(¢), E;(¢), I;(t) and R;(¢) are the prob-
ability for the individual i to be susceptible, exposed, infectious and recovered at time ¢ respectively. The rate at
which exposed individuals become infectious is o while the rate at which infected individuals recover is denoted
by y. A is the adjacency matrix of the overall network, which incorporates social interactions in households,
workplaces, and dormitories; A8 (¢) is the adjacency matirx of the temporal social gathering network; and A°(t)
is the adjacency matirx of the temporal crowd network.

Results

The outcome of our simulation is illustrated in Fig. 1. The simulation results with CB show good correspondence
with the real data for both the total number of reported cases as well as the reported cases for just the com-
munity spread of COVID-19 (i.e., cases that exclude infections within dormitories). In contrast, a SEIR model
with social contacts modelled by a simple Erd3s-Rényi or scale-free random network cannot adequately capture
the spreading dynamics of COVID-19 in Singapore (see the Supplementary materials for details). We have also
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Figure 2. The dynamical evolution of the reproduction number R, derived from the SEIR multiplex model with
and without Circuit Breaker (CB) measures. Note that the dashed vertical line marks the beginning of CB.

looked at the number of unlinked cases. As of 13 May 2020, Singapore reported around 570 cases of COVID-19
with unknown sources of infection. In our model, unlinked cases arise from infections within a crowd network
as well as by transmissions from individuals with mild or no symptom. At the end of the simulated period, we
observed 314 infected cases from the crowd network. By assuming that an undetected individual is able to spread
the virus for 7 days or more, we classified 137 cases as undetected at the end of the simulated period. Note that
such cases have not happened in the dormitory network because the government has been actively screening
COVID-19 infection in dormitories’ workers since the CB. In our simulation, we found another 290 infections
due to these undetected cases on average. Assuming that some of these cases can be back-traced eventually
through routine screening to asymptomatic individuals, our simulation would have uncovered 314 to 604 cases
with unknown sources of infection.

Our model allows us to simulate the scenario if the government has not implemented the circuit breaker
and has not revamped the living conditions of the foreign workers. Under this scenario, our results show an
exponential rise in the total number of cases. Note that the number of cases will be even more if not for the
maximum capacity of 110, 000 dormitory workers we have fixed in our simulation. This explains the appearance
of a saturation in the curve for the total number of cases without CB. Thus, the CB has successfully contained by
much more than 4 times the spread of COVID-19, and it has correspondingly reduced and prevented the stress
on the medical facilities due to the pandemic.

Figure 2 illustrates the progression of the pandemic in Singapore through the dynamics of R,. We observe
that R, predicts the emergence of three waves of enhanced COVID-19 transmission when R, becomes larger
than one. The first wave happened on 14 Feb 2020 according to Fig. 2. It corresponds to an infection cluster at the
church of the Grace Assembly of God with its first reported case on 12 Feb 2020 (which is also linked to reported
cases from the Life Church and Missions Singapore)?2. There are a total of 33 infected individuals in this cluster.
The second wave began on 22 Feb 2020 (see Fig. 2). It is related to another infection cluster due to a private
function at SAFRA Jurong with its first reported case on 27 Feb 2020. The total number of infected individuals
for this cluster is 48. These two waves of COVID-19 transmission are in fact exceedingly small relative to the
third wave which was started on 29 Mar 2020 based on the R, illustrated in Fig. 2. The third wave is a very large
wave caused by the circulation of COVID-19 within the dormitories of the foreign workers. Although the first
reported case was published on 5 April 2020, its presence could already be preempted from the reported case
of infection within the construction site in the Raffles Place area on 3 April 2020. The total number of infected
foreign workers in the dormitories is about 23, 000 by current count, and the cluster is still growing. The time
delay between the initiation of each wave and the first reported case is consistent with observations of a delay
between onset of symptoms and the diagnosis for COVID-19%.

Without CB, we expect the transmissibility of COVID-19 to be higher, which is confirmed by the results in
Fig. 2. However, the R, should continue to rise beyond the middle of April 2020 if not for the maximum capacity
imposed on the dormitory workers by our model, as explained earlier with regards to the epidemic curve with-
out CB. The purple line in Fig. 1 gives the number of infected cases in the community. There was no substantial
infection within the community initially. Large-scale infection happened only within the dormitory network after
end of March. While infection spreads quickly within the dormitory network, it takes a while for the contagion
to reach the community through interactions within workplaces or crowds as the probability that an individual
comes into contact with a dormitory worker is very small. The virus spreads quickly within the community once
it reaches a critical number and this leads to a steep rise in cases as indicated by the purple line in Fig. 1. This
does not happen however when CB is implemented.

The circulation of COVID-19 within Singapore’s foreign worker dormitories exemplify an epidemic outbreak
that happens within densely populated residential areas. The foreign workers constitute only 5.5% of the whole
population in our model, and we assume that those who reside in dormitories are poorly connected to the rest
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Figure 3. Epidemic curves for the spreading of COVID-19 in Singapore. The curves are shown for the real data,
and for the simulated dynamics with and without implementation of the Gradual Lifting (GL) measures. The
inset shows an enlarged view of the spreading of COVID-19 within Singapore’s community. Standard deviation
is shown as vertical line for the simulated dynamics.

of the population. In our model, imported cases are selected uniformly at random, leaving a very small chance
for dormitory residents to be an imported case. Nonetheless, epidemic outbreak is observed to occur within the
dormitories in 43 out of 50 of our simulations, with the outbreak arriving earlier in some simulations relative
to others. These results have led us to envisage the impact of high transmissibility in such densely populated
residential areas to be far more ravaging in low-income countries where millions of people live in slums.

‘We have employed a SEIR multiplex network model to simulate the progression of the COVID-19 pandemic
in Singapore. We have demonstrated the utility of our model in evaluating the efficacy of Circuit Breaker in con-
taining the spread of the virus. With the Circuit Breaker ending on 1 June 2020, there are uncertainties on the
strategic approaches to lift the various imposed social restriction orders. We envisage that our empirically-fitted
SEIR multiplex network model could play the role of simulating potential strategies with differing level of social
interaction limitations, with the purpose of determining the right amount of social-economic functions that
can be restarted in Singapore without causing any harm to the successful containment effort already achieved
on COVID-19.

As such, we have explored the use of our model to simulate a gradual relaxation of social restrictions from
1 June 2020 to 30 June 2020. Here, we assume that there is no imported cases during the period under study.
We further assume a full restoration of inter-household social connections while intra-household connections
remain unchanged as in CB. The reopening of businesses and workplaces in Singapore after the Circuit Breaker
is known to occur in phases. Here, for simplicity, we consider 30% of the non-essential workplaces to become
socially connected again within the workplace network, with 15% of workplaces for essential services to remain
status quo throughout the month. As a result of the returning of the workforce to their workplaces, we increase
the crowd frequency to f. = 600. We also increase f, = 400, but with a smaller average group size of Ny = 25.
Finally, we assume the social connection within the dormitory network to restore to 50%. Note that temporary
isolation facilities such as factory-converted dormitories have been employed to house foreign workers during
the CB period, which minimizes social contact. Some of the workers are allowed to go back to their premises
after June 2020% depending on their swap test results. We thus restore 50% of the social contact instead of 25%
after the CB. A dormitory room houses typically 12 to 16 workers before the CB. The number reduced to about
10 after the CB*.

Our simulation results based on these parameters (see Figs. 3 and 4 ) show that the strategy of gradual lift-
ing of social restrictions will flatten the epidemic curve, while a drastic resumption of social interactions to the
period of 21 Jan 2020 will lead to another large wave of COVID-19 transmission. Hence, our model indicates
that prudent public health policies that avoid massive social interactions are quintessential in maintaining the
current state of pandemic control. We have simulated the gradual relaxation before 1 June 2020 with a population
size of N = 1,000, 000 and similar results are obtained®.

In addition, we have used our model to study the impact of large-scale gathering at two different stages of
the epidemic, namely when the outbreak reaches its peak and after the outbreak has slowed down. Specifically,
we take 21 April and 12 May as two reference points and simulate the epidemic with and without the presence
of large-scale gathering for an average group size of N, = 10,000 in a population of N = 1, 000, 000. Once the
simulation reaches its reference point, we consider the scenario of (a) full social connections in household, (b)
50% social connections for workplaces of non-essential services, (c) 15% connections for workplaces of essential
services, and (d) 50% social network connections in dormitory. We set the crowd frequency to f. = 300 with
N, = 50. We have also set f; to 1 for each of the 21 simulated days in a society with large-scale gatherings. We
then compare the accumulated increase in the number of new cases since the reference points (see Fig. 5). In
Fig. 5a where there is no large-scale gathering for the reference point of 12 May, 185 new cases are observed in
the community at the end of the simulated period. The number doubles to 378 at the community level when
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Figure 4. The dynamical evolution of the reproduction number R, derived from the SEIR multiplex model with
and without Gradual Lifting (GL) measures. Note that the two very small waves of COVID-19 transmission at
14 Feb 2020 and 22 Feb 2020 discussed in the main text (see Fig. 2) are slightly shifted in this plot due to the
large statistical fluctuations.
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Figure 5. The cumulative increase in the number of new infection cases since the reference day. The two
reference days are: 12 May for (a) and (b) after the outbreak has slowed down, and 21 April for (c) and (d) when
the outbreak has reached its peak. The two curves in each subplot show the cumulative increase in new cases in
the presence or absence of daily large-scale gathering (LG) for a population size of N = 1, 000, 000. Subplots (a)
and (c) illustrate the increase of new infection cases in the community, while subplots (b) and (d) indicate the
total number of new infection cases.
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large-scale gathering is enabled in our model. At the population level, 4, 586 new cases are observed, with the
number increases to 5, 678 when large-scale gathering is held everyday (see Fig. 5b). Similar results are obtained
when gatherings are held beyond the peak of the outbreak on 21 Apr (see Fig. 5¢,d). We see an increase in com-
munity cases from 271 to 541, whereas the total number of new infection cases increases from 5, 830 to 7, 025
when large-scale gathering happens everyday for a period of 3 weeks.

Discussion

More often than not, a model needs to be suitably augmented to capture the greater complexity exhibited in
real-world physical scenarios. Our model incorporates the crucial components of social interactions through the
paradigm of a multiplex of social connections to give an accurate depiction of the actual transmission scenarios
of COVID-19. A multiplex-network representation of social contacts enables greater flexibility in the model-
ling of different types of social interaction for the simulations and evaluations of social exclusion strategies for
epidemic control. In addition, a proper categorization of social entities through multiplex network provides a
formal mathematical structure that is well-suited for a detailed study of epidemic spreading within the different
social communities.

Note however that the model is useful only for short-term forecast and planning as the pandemic also depends
on a number of unforeseen events such as a sudden increase in imported cases or a change in government policy.
The exact impacts of such changes on social interactions are unclear. Frequent calibration with updated data is
thus necessary to capture the evolution of social interaction pattern and dynamics of the pandemic.

Methods
Reproduction number. The basic reproduction number Ry, which is defined as the number of secondary
infections caused by an infected individual, is a closely monitored measure that reveals the current state of the
epidemic outbreak. It serves to inform government officials and epidemiologists who are tasked to contain the
pandemic whether an outbreak is imminent. If the reproduction number is above 1, the infectious cases increase
and the occurrence of an outbreak is expected. On the other hand, if Ry is below 1, the number of infectious cases
diminishes and the epidemic is well-contained. Ry changes dynamically as the virus spreads to different parts of
the population in consequence of social interactions among individuals and communities. The introduction of
interventions such as travel ban and social distancing have the positive effect of lowering the value of R¢. Indeed,
the reproduction number was found to decline from 2.35 to 1.05 after Wuhan was locked down in late January?®.
Two common methods to estimate the reproduction number are the maximum likelihood estimator and the
branching process estimator”’. Here, we adopt the branching process estimator to evaluate the effective reproduc-
tion number R, instead of Ry since the population become partially susceptible after the outbreak begins. First,
we group a time series of daily number of new cases n = {ng, n1, n2,- - - , nr} of length T 4 1into m generations,
where each generation consists of T, number of data points. We then form the set:

T, 2T, mT,
nt =y e > mpee, Y g (1)
t=1  t=T,+1 t=(m—1)To+1

Note that the mean exposed time T, gives the time between infections in consecutive generations or the serial
interval. As we are concerned with an evolving R,, we estimate R, for each generation i as:

*

, n;
Rl = @

New cases are reported and included in an epidemic database after the infected individuals are tested posi-
tive. There is however no simple or direct relationship between the number of reported cases and the number
of actual new infectious cases. In Ref.?%, a linear regression model was used to impute the missing onset date of
infection taking into account the reporting delay distribution. Here, we deduce the onset date with our SEIR
model. Specifically, we simulate M = 50 realizations of the pandemic with our SEIR model and select 20% of
them which best-fit the epidemic curve under study. The number of new infectious cases are then deduced from
these realizations.

SEIR model with multiplex networks. In our simulation, we use an effective population size of
N = 2,000, 000 instead of the actual Singapore’s 7popula‘[ion size of 5.6 million in 2020. This assumption is rea-
sonable because the number of infected cases Y ,_, n; is relatively small compared to the actual population size.
Hence, it is feasible to assume that a large proportion of the population has a vanishing chance of coming into
contact with any infectious individual during the period under study. This assumption has the advantage of
reducing the time of the simulation.

In a similar vein, we have assumed that 110, 000 foreign workers stay in the dormitories instead of the actual
number of 323, 000*°. Dormitories in Singapore are of different sizes, the largest sites house at least 1, 000
people®. For simplicity, we have assumed that each dormitory accommodates 1, 000 individuals in our model.
As a result, our dormitory network shall consist of 110 communities. Each floor in a dormitory typically houses
120 to 180 workers?»*. After calibration (see the supplementary material for details), we set the average degree
of the dormitory network to be k; = 60.15. Most of the network connections are within the community of a
dormitory, with each individual in a dormitory connected to about 0.15 other individual in the other dormitory.
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The rest of the population of size 1, 890, 000 are assumed to stay in households of average size S, = 2.5. A
sample household size is drawn randomly from a Poisson distribution with a mean of 4 = 2.5. Members in the
same household are socially connected with a probability of 0.95. Moreover, we assume that on average each
individual in the household network is socially connected to 0.4 other individuals in another household.

Next, we model economically active individuals in the household network by connecting 45% of them within
the workplace network. Note that these individuals include students “working” in schools. Also, 90% of the
individuals in the dormitory network are included in the workplace network. Furthermore, workers who stay in
dormitories have higher chance to work in the same workplace. The workplace network is assumed to be modular
in nature with an average community size of S,, = 4. The size of a workplace is drawn randomly from a gamma
distribution with a shape parameter of 2 and a scale parameter of 2. Members within the same workplace are
socially connected with a probability of 0.7, while the social connection between workers of different workplace
is set at 0.08. In addition, we have introduced a small number of inter-network household-to-workplace links
that connect non-working household individuals with workplace individuals. Similar household-to-dormitory
inter-network links are also inserted within our multiplex network model.

In the case of our temporal crowd network, we have set f. = 1,000 and N, = 50 for each simulated day. The
parameters for the temporal social gathering network are: f, = 400, N, = 50 and k, = 8.

Our simulation begins with the scenario in 21 Jan 2020, two days before the first reported case of COVID-19
in Singapore, and end on 13 May 2020. Singapore implemented Circuit Breaker (CB) on 7 April 2020 to restrict
social interactions among its residents. After the CB, we set f, = 0 and f, = 400. We turn off social connections
in 85% of the workplaces, with the remaining 15% continue to be functional with essential workers physically at
work. We have also turned off social connections between workplaces. On the other hand, social connections
within the households remain unchanged, albeit we turn off 95% of the social connections between households
while maintaining 5% inter-household connections to represent violations of stay-home measures. To model
Singapore’s government effort in revamping the living conditions of the foreign workers, we reduce the social
connections within dormitories by cutting down 25% of the connections every 5 days until there are 25% of the
connections left. Finally, we set p to 0.1°! and T, to 4. T; is set to 3 for the first 30 days from 21 Jan 2020 to reflect
the longer delay from disease onset to case report at the early phase of the pandemic. It is adjusted to a value of
2 afterward. The values of the parameters are either judiciously drawn from the literature or they are calibrated
from the real-data.

Calibration. To compare the results of simulations with the data, we calculate the mean absolute error ey,
which is defined as follows:

T
1 M D
e, = ? Z |Ntotal(t) - Ntoml(t) > (3)
t=1

where NtoMt (1) is the accumulated number of infected cases at time ¢ simulated from the model while Ngml(t) is

the accumulated number of infected cases at time ¢ given by the data. In other words, we examine the mean of
the first order error over the time span T.
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