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In this work we developed a micro-simulation model based on the work of the
Imperial College Covid19 Response Team (Ferguson et. al.), which had a
significant impact on changing containment policy in the United Kingdom. The
model is based on simulating the behavior of individuals and their social
interactions at home, work, and school and through connections in the community.
Using various recent epidemiological studies, the probability of infection is
calibrated in the different types of social interaction, which depend on the place of
interaction and the age of the individuals.
Compared to other models used in the literature that rely on historical information to
predict the spread of the pandemic – such as exponential spread and SIR models –
simulation models are built based on a detailed structure that captures the
geographic and demographic components of the population. This level of detail
makes it possible to evaluate the effectiveness of specific containment measures
that restrict the movement of people on various levels, such as:
• Closure of colleges and universities, reducing social interaction among
students inside the establishment.
• Quarantine of high-risk age groups.
• Compulsory quarantine of individuals who share a home with an infected
patient.
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• Confinement of infected patients in "dirty" rooms outside the home, reducing
the rate of infection within the family group.
• Increase in testing volume, which reduces the social interaction of undetected
infectious individuals.
• Lock-down: quarantine required for all households, greatly limiting the spread
of infection.

Data used
The microsimulation model requires detailed information on the movement of
people and their social interaction as input. About a third of infections occur in
schools and in the workplace, a third in the home, and the remaining third in others.
It is therefore particularly important to capture movement patterns to schools and
work, for which a database was developed from the following sources:
1. Using the applications to the new school admission system, the journeys from
home to schools were calculated. Unlike other countries such as the United
Kingdom where children go to schools close to home, in Chile there is a greater
flow of students between boroughs. As an example, Figure 1 shows the family
school choices in the Santiago borough of Macul. The size of the circles shows
the percentage of families that go to that borough.
2. Transantiago information (buses + metro) obtained with the activation of BIP
smartcards was combined to determine trips on public transport. Figure 2
illustrates these movement patterns from the borough of Maipu to other
boroughs.
3. Private transport data from the 2012 Origin-Destination survey were used to
infer journeys from home to work. Figure 3 shows the trips by private
transport from Vitacura to other boroughs. This survey also indicates the
percentage of the borough's population that travels by public and private
transportation, which is used to define the flows of both modes of
transportation to simulate journeys to work.
4. Demographic information: using data from the 2017 Census, data is obtained
at borough level on population, age distribution, and family group sizes. This
information is used to capture social interaction in the home and differentiate
transmission rates by age.
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We generated this interactive map in order to visualize journeys to school by
public and private transport.

Figure 2 – Choice of school by residents of the borough of Macul.
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Figure 2 – Public transport from the borough of Maipu.
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Figure 3 – Private transport from the borough of Vitacura.

General description of the simulation methodology
The model is calibrated for the city of Santiago by way of the following process.
1. The first stage is to build the network that defines the contact between
individuals in the city. The model considers three overlapping networks:
• Families and their respective people are generated for the different
boroughs of Santiago, respecting the age and family size distributions
described in the 2017 Census
• Individuals under the age of 18 are assigned a school in a borough,
respecting the actual distribution of the borough where they live based on
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data from the school admission system (see example Figure 1).
• For individuals over 18, it is determined if they work outside the home
(according to the employability proportions of the 2017 Census) and the
location of their work according to the actual distribution described in the
data base for public and private transport (see examples Figures 2 and 3).
2. On each simulated day, individuals are subject to three risks of infection:
• Infection in the home: the rate of infection depends on the number of
individuals infected within the home.
• Infection at work/school: the infection rate depends on the number of
individuals working in the same establishment. In the case of schools, it
depends on the number of students in the school (calibrated according to
the distribution of school sizes documented in the data).
• Community infection: contact connections with the rest of the population
are built randomly within a certain distance. Each individual connects with
other individuals at random according to a probability proportional to the
distance, using models based on social networks.
3. The evolution of the disease in each individual is modeled through the following
states: (1) healthy; (2) infected in an incubation state where it does not spread;
(3) infectious without symptoms; (4) symptomatic infectious; (5) recovered
immune. Two sub-states are distinguished in the infectious symptomatic state:
moderate and critical. The infected individuals go through stages 2, 3, 4, and 5,
except for a fraction of the population that is asymptomatic and does not go
through state 4. On each day of the simulation, the infection status of all
individuals is updated.

Calibration of parameters
The following parameters were used for the simulation:
• Total population of Santiago: 6,103,852 (2017 Census)
• The following boroughs of the Santiago Metropolitan Region were included:
Cerrillos, Cerro Navia, Conchalí, El Bosque, Estación Central, Huechuraba,
Independencia, La Cisterna, La Florida, La Granja, La Pintana, La Reina, Las
Condes, Lo Barnechea, Lo Espejo, Lo Prado, Macul, Maipú, Ñuñoa, Pedro
Aguirre Cerda, Peñalolén, Providencia, Pudahuel, Puente Alto, Quilicura,

Quinta Normal, Recoleta, Renca, San Bernardo, San Joaquín, San Miguel,
San Ramón, Santiago, Vitacura.
• 45% of all infected people are asymptomatic (based on work by Imperial
College).
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• Each individual goes through an initial susceptible state, where they are healthy
and vulnerable to contracting the disease. Once it is spread, it enters a latency
period, which lasts an average of 5.1 days (based on work from Imperial
College).
• From this point they can become symptomatic or asymptomatic, in both cases
they begin to transmit the virus 12 hours before the end of the latency period
(4.6 days after the moment of infection). The infection period lasts
approximately 6.5 days (based on work by Imperial College).
• 90% of those infected and symptomatic remain at home voluntarily (not
going to work or study).
• 4.4% of cases require hospitalization and of these 30% require critical care
(with mechanical ventilation). These percentages vary by age.
• The average hospitalization time is 10.4 days (a weighted average of 8 days for
non-critical cases and 16 days for critical cases).
• The probability that an individual k infects another individual i with whom he

or she has had contact whether at home, work, school or community follows
an exponential probability distribution of parameters
, where the rate
depends on the place of contact l = {home, work, school, social} and the time

t in which they were exposed (based on the flu microsimulation work in
Southeast Asia).
• Infection rates are set in such a way that infections occur with a probability of
1/3 in the home, 1/3 in the workplace + school and the remaining 1/3
elsewhere (based on the seasonal flu transmission parameters used by
Imperial College).
The infection rates are also adjusted on the same scale to replicate the growth
rate in infection observed in the city of Santiago. The details of this setting are
described below.
A calibration of the parameters was carried out using the infection data for the city of
Santiago between March 17 and April 6 (the most recent data to date). Only aggregated
data was used for all of Santiago since detailed information by borough was only
available as of March 30. Simulations were carried out where the following regimes were
defined:
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• March 6: The simulation begins just after the closing of schools and
recommendations for social distancing. In the model, this regime is
implemented as follows:
• To emulate social distancing, community connections between individuals
are reduced to 25% of the original.
• •All connections associated with schools are eliminated and community arcs
are added around the home and among household members attending
school (i.e. sibling connections).
• March 27: Lock-down of seven boroughs. All the connections associated
with work are eliminated for 90% of the population in each commune
under quarantine.
In preparation for the starting state of March 17, an additional simulation was carried
out over the previous days with open schools and without social distancing, to
generate instances with those infected without symptoms (state 2) that were
included within each simulation in the period studied.
The graph in Figure 4 shows the model fit compared to the aggregate data for
Santiago, adjusted for the number of infections between March 17 and April 6.
Since tests to confirm infection take 1 to 5 days to be reported, a 2-day lag is used
to compare the model's prediction with the cases reported by Ministry of Health.
Calibration period of the model

Real
Average
P. 20%
P. 80%

Number of cases of infection

Projection period of the model

Date

Figure 4 – Adjustment of the model over the period 17 March - 6 April 2020
(compared with real data 19/03 to 6/04. Based on this calibration, an out-of-sample
forecast was made on April 12).
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Two parameters were adjusted to calibrate the model to the data: (1) the fraction of
the population not detected at the beginning of the simulation; (2) re-scale the
infection rates (the same proportionally for the different types of infection). The blue
lines show the 20% and 80% percentiles among the 15 simulations run, the purple
line shows the average of the simulations and the orange line the results reported
by the Ministry of Health. Overall, a good fit of the model predictions to the data in
the calibration sample is observed.
To validate the projections provided by the model, forecasts (with the calibrated
model) were generated for the cases accumulated until April 12 (an out-of-sample
prediction). The results (displayed on the right side of Figure 4) indicate that the
fitted model predicts reasonably well outside the sample. It is important to highlight
that the period after April 6 is when the effects of quarantine in the boroughs of the
eastern sector should be seen, and the model is capable of correctly capturing this
regime change in the forecast.
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The model also makes it possible to analyze the evolution of infected individuals for
different geographical areas of Santiago. The maps displayed below show the
number of infections per borough on four different dates (more detail can be seen
on this interactive map).

Day 0, March 16, 2020 (Initial state)
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Day 5, March 21, 2020
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Day 10, March 26, 2020
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Day 14, March 30, 2020

To validate that the parameter calibration is according to the original work of
Imperial College, we calculated the percentage of contagion for each channel
(Home, Work, School, and Community). This can be calculated analytically using
the infection network structure and the estimated qij rates. The following table
shows the results:
Source of infection

Probability

Home

32.68%

Work + School

34.06%

Community

33.26%

To validate the calibration, specific simulations were performed to calculate the R0
value of the model. For this effect, simulations were repeated for a short period at
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the beginning of the infection and methods developed in published literature were
used to estimate the reproduction factor R0. Under the regime that begins with
closed schools and social distancing, the R0 is equal to 1.55. For purposes of
comparison with studies from other countries, a scenario without school closings
and without social distancing was evaluated, where an R0 of 2.75 was obtained,
which is in line with that reported in recent literature (Diamond Princess, early
stage in Wuhan, Australia and WHO reports. The following table summarizes
these results.
Scenario

R0

Closed schools + social distancing

1.55

No restrictions

2.75

Assessment of counterfactual scenarios
With the calibrated model, simulations of different scenarios were implemented
that set alternative measures to contain the spread of infection. In this report the
analysis focuses on measures of social distancing.
The following scenarios were assessed:
• Scenario 1: Social distancing + School closures
• Social distancing for the entire population of Santiago. In the model, its
implementation reduces contact between persons within the community to
25% of the original.
• Schools closed, online university lectures. All contact associated with
places of study is eliminated with community arcs added around the home
and between members of the household who previously went to school (i.e.
connections between siblings.
• Scenario 2: Total quarantine in Santiago
• All of the restrictions in Scenario 1.
• All work-related connections are eliminated for 90% of the region. In this
scenario, a complete closure of boroughs in Santiago.
• Scenario 3: Intermittent quarantines
• Alternating between Scenarios 1 and 2 on a zone level.
• Boroughs are placed in six zones defined by health services.
• A threshold policy is applied, in which lockdown is activated (similar to
scenario 2) in a zone when the number of cases of infection per 100,000
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inhabitants surpasses a threshold X = 50 (different scenarios can be
generated by varying the threshold).
• When the number of active cases drops below the threshold, quarantine is
lifted, and the zone returns to function in conditions similar to Scenario 1.
The following graph compares cases of active infection for each of the
three scenarios.

Figure 5: Comparison of active cases for each of the three containment
scenarios, 90-day horizon. Logarithmic vertical axis.

Early measures aimed at inducing social distancing through the closure of schools
and the prohibition of group events (Scenario 1) generated a contained growth in
the number of active cases relative to the growth observed in other countries. In
epidemiological terms, these measures were effective in reducing the number of
reproduction (R0) to 1.6 (compared to R0 = 2.5 reported in other countries).
However, the closure of schools and social distancing alone is insufficient to contain
the exponential growth of contagion, reaching 100,000 active cases in June.
Scenario 2 (full lock-down in Santiago) quickly reduces the number of active cases
in a short time (around 6 weeks). During quarantine, the R0 reproduction number
drops to 0.6. However, if by lifting the total quarantine no additional measures are
taken to contain the spread and only revert to closing schools and moderate social
distancing, an exponential growth similar to scenario 1 is triggered, which is not
sustainable. Additional containment mechanisms are required to prevent the
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resurgence of post-total quarantine infection, such as mass testing, follow-up of
new infected, non-critical infected confinement and/or intermittent quarantine
strategies according to a defined threshold.
Scenario 3 (intermittent quarantines) appears to be a sustainable strategy,
keeping the number of active infections at a stable level. Figure 6 shows more
detail of the 15 simulations performed for this scenario, extending the simulation
to 150 days. It is observed that the number of active cases oscillates between

Number of active cases

2,000 and 4,000 over that period, achieving some stability.

1 April

1 May

1 June

1 July

1 August

Date [2020]

Figure 6 – Detail of simulations for Scenario 3 (intermittent quarantines) on a
horizon of 150 days.
The dynamics of intermittent quarantines can be seen in Figure 7, where the
evolution of the 6 zones (Health Services) is shown for one of the simulations
(other simulation runs have a similar pattern). The threshold for activating and
deactivating quarantine in each area was set at X = 50 active cases per 100,000
inhabitants, close to the value observed when quarantine was decreed in the 7
boroughs of the eastern sector on March 27.
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Figure 7: Temporal evolution of intermittent quarantine strategies (Scenario 3) according
to the Metropolitan Region Health Service, for a simulation run.
It can be observed that the policy is effectively alternating the closings
between the boroughs, allowing part of the city of Santiago to continue
operating (under social distancing and with closed schools). Quarantines last
10-20 days, a reasonable time to "pause" economic activity in an area. To
evaluate the economic cost of this measure, the percentage of the time that a
borough remains in quarantine - on average 1/3 of the time - described on the
right side of Figure 7 was evaluated.

Conclusions and future work

The analyzed scenarios suggest that a strategy based on social distancing and
school closure is not enough to contain the pandemic. On the other hand, a total
closure of the city of Santiago would quickly reduce the number of active cases, but
it is not sustainable over time without a clear strategy to mitigate the exponential
spread of the virus once the quarantine has been lifted. The alternating zone
quarantine policy is viable to the extent that: (1) there is timely information to
activate the quarantines; (2) social distancing and the closure of schools are
maintained once the quarantine has been lifted.
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Improving the calibration of the model using granular
data
Our plan is to improve the calibration of parameters using more granular
information, through two complementary approaches.
1. Santiago has been subject to two rules that affect the movement of people: (i)
the closing of schools (March 15); (ii) the quarantine of 7 boroughs, from March
27 to April 12. Quarantine affects a subset of the boroughs, where the contagion
rate changes due to the reduction of the infection channels of work and
community. On the other hand, the areas outside the quarantine but that worked
in some of the quarantined communes decrease their infection rate by not going
to work. The intervention of the partial lock-down should generate different
changes in the contagion rate in areas inside and outside the quarantine zone,
which allows identifying the rates of infection from work, home, and community
separately.
2. The number of infected persons reported by the Ministry of Health has two
sources of bias: (i) the lag of the test results may vary over time; (ii) the volume
of tests carried out changes, which alters the fraction of infected people not
detected. However, data from hospitalizations of Covid patients are less
susceptible to this type of bias. Therefore, using the number of hospitalizations,
which corresponds to the most severe 5% of those infected according to the
infection patterns reported in the recent literature, allows for better adjustment of
the model parameters. Furthermore, making predictions about hospitalizations
is more informative to design containment policies that avoid the collapse of the
national health system.
In summary, improving the calibration of the model requires:
• More granular data, ideally geo-referenced, to use geographic variance in
the calibration of parameters (borough seems not to be sufficient since the
quarantines announced for April 13 include only part of some boroughs).
• Hospitalization data, ideally geo-referenced, in order to have a metric on the
spread of the virus with fewer errors of measurement.

Considering other containment strategies
Alternative values of the threshold used to enable/disable quarantines can be
evaluated. Increasing the threshold reduces the time an area remains locked
down, but at the same time increases the demand for hospital capacity (the
number of active critical cases increases). Evaluating different threshold values
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allows us to analyze the trade-off between increasing the capacity of critical beds
and the economic costs generated by frequent lockdowns.
Alternative interventions to lockdown exist to stop the spread of the virus:
• Since one third of infections occur in the home, it is possible to reduce the rate
of infection by isolating non-critical patients in collective confinement centers
(e.g. hotels). Such strategies have proven successful in China. The
microsimulation model can evaluate these containment measures,
incorporating a regime where the connections between individuals in the home
are eliminated once the infected enters the symptomatic phase, thus emulating
confinement.
• One of the reasons why Covid has such a high infection rate is due to the
presence of infected and asymptomatic people who remain circulating and
infecting the population for lengthy periods. This contributes to the rapid growth
of the infection curve even under the scenario of social distancing and closed
schools. This can be mitigated by conducting more mass testing involving
asymptomatic individuals, a strategy that has worked well in South Korea. It is
of interest to evaluate the quarantine policy (total and alternating) in conjunction
with mass testing, which could be located in the workplace. In this way, the
need to apply quarantine becomes less frequent, since the growth of the
number of active infections takes longer to reach the threshold that activates
the lockdown. Policies that alternate between lockdowns and mass testing
have been exemplified as “the hammer and the dance", controlling the spread
of the virus while minimizing the economic effects of extended lockdowns.
• The testing capacity via PCR can be considerably expanded doing them in

a group way (in batches). When the probability of testing positive is
relatively low, it is more efficient to pool samples from several individuals
and do a joint test (using a single dose of the reagent). If negative, negative
is ratified for all individuals in the group. When the result is positive, the test
should be repeated for each individual. The number of tests can be
optimized according to the fraction of tests that test positive, demographic
variables, and test characteristics. The effectiveness of group tests has
been measured in the laboratory and in the field through scientific work that
demonstrates its detection capacity, reducing the cost of testing
significantly.
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