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Predicting effectiveness of countermeasures during
the COVID-19 outbreak in South Africa using
agent-based simulation
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COVID-19 has spread rapidly around the globe. While there has been a slow down of the

spread in some countries, e.g., in China, the African continent is still at the beginning of a

potentially wide spread of the virus. Owing to its economic strength and imbalances, South

Africa is of particular relevance with regard to the drastic measures to prevent the spread of

this novel coronavirus. In March 2020, South Africa imposed one of the most severe lock-

downs worldwide and subsequently faced the number of infections slowing down con-

siderably. In May 2020, this lockdown was partially relaxed and further easing of restrictions

was envisaged. In July and August 2020, daily new infections peaked and declined subse-

quently. Lockdown measures were further relaxed. This study aims to assess the recent and

upcoming measures from an epidemiological perspective. Agent-based epidemic simulations

are used to depict the effects of policy measures on the further course of this epidemic. The

results indicate that measures that are either lifted too early or are too lenient have no

sufficient mitigating effects on infection rates. Consequently, continuous exponential infec-

tion growth rates or a second significant peak of infected people occur. These outcomes are

likely to cause higher mortality rates once healthcare capacities are occupied and no longer

capable to treat all severely and critically infected COVID-19 patients. In contrast, strict

measures appear to be a suitable way to contain the virus. The simulations imply that the

initial lockdown of 27 March 2020 was probably sufficient to slow the growth in the number

of infections, but relaxing countermeasures might allow for a second severe outbreak of

COVID-19 in our investigated simulation region of Nelson Mandela Bay Municipality.
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Introduction

The continued absence of approved vaccinations and med-
ical treatments in the current COVID-19 epidemic
(Greenstone and Nigam, 2020) causes broad uncertainty

on adequate non-medical countermeasures and policy responses.
Since droplet infections are currently assumed to be the main
transmission path of the virus (Gengler et al., 2020), social dis-
tancing measures and lockdowns established as the main tools to
mitigate infection numbers. Owing to exponential growth rates of
COVID-19 infections, both the timing and extent of such mea-
sures are considered essential (Scarselli et al., 2021). The impact
of measures on the transmission dynamics is dependent on their
respective characteristics (Chinazzi et al., 2020; Dignum et al.,
2020; Martin-Calvo et al., 2020; Rocklov et al., 2020; Sugishita
et al., 2020; Vrugt et al., 2020), thus policymakers’ decisions must
pinpoint the specific situation in order to mitigate the utilisation
of healthcare capacities efficiently and balance social, economic
and epidemiological issues. The United States are one example of
the impact of delayed countermeasures, with lockdowns and
other measures having been implemented slowly. The total cases
surged from 1678 to 307,318 between 16 March 2020 and 6 April
2020 and range above 5,800,000 at the time of writing (27 August
2020) (Johns Hopkins Coronavirus Resource Center, 2020; World
Health Organisation, 2020a, c).

Trade-offs between effective countermeasures and economic
activity are known (Dignum et al., 2020; Silva et al., 2020) and of
particular interest in developing and transition countries as they
come along with limited economic resilience, medical treatment
abilities, testing capacities and options to practice social distan-
cing. In comparison to most countries of the Global North, the
infection dynamics in South Africa and other Sub-Saharan
African countries are likely to be additionally driven by factors
such as a comparably young population, the distinct prevalence of
other infectious diseases such as tuberculosis or HIV and the
(spatial) distribution of citizens and economic wealth (Ataguba,
2020; Bannon and Collier, 2003; Davids et al., 2020; Phua et al.,
2020; World Health Organisation, 2019, 2020c). Thus, govern-
ments of the Global South are forced to react under even greater
pressure and uncertainty than in countries with larger testing and
healthcare capacities and are nevertheless confronted with the
need to anticipate the impact of policy measures.

South Africa is a transition country with one of the highest case
numbers is the world, but currently faces a sudden drop in new
case numbers. From mid-July to mid-September, the number of
reported active cases in South Africa declined from ~170,000 to
50,000, which led the South African President Cyril Ramaphosa
to announce that his country has presumably passed the peak of
infections. Several lockdown measures were eased or ended under
consideration of economic and social concerns (Al Jazeera, 2020).
A presentation of interim results of an unpublished ser-
oprevalence study for several districts in Cape Town on 2 Sep-
tember 2020 cautiously supports optimistic assumptions about
future case numbers in South Africa (Bloomberg, 2020, Hsiao,
2020). However, since reliable data, especially on unreported
cases in South Africa, are scarce, the present analysis aims to
contribute to the on-going debate on appropriate counter-
measures and the current epidemiological status in South Africa.
The impact of different lockdown characteristics and timing on
further infection dynamics is simulated and discussed. A parti-
cular focus of the analysis is on the possible consequences of
fading out measures too early. The South African Nelson Man-
dela Bay Municipality (NMBM) is selected as a research area, as it
is an example of urban areas in the Global South (see Fig. 1).
From a spatial perspective, South African cities are characterised
by large socioeconomic disparities and segregation (Davids et al.,
2020). About 35 Million people live below the upper poverty line

and the unemployment rate is about 30%. The country is char-
acterised by few agglomerations. Sustained and harsh lockdown
measures, such as those initially implemented by the South
African government in the beginning of the epidemic, can thus
lead to many people having to fight for their economic survival
(Department Statistics South Africa, 2019a, b). Comparatively
limited capacities of the health system may result in a lack of
intensive medical care throughout the country (Bossert et al.,
2021; Davids et al., 2020; Schröder et al., 2021), particularly in the
poor and densely populated townships or the remote rural areas.
The impact of the high prevalence of potential comorbidities (e.g.,
HIV, tuberculosis) has not yet been conclusively assessed, but is
suspected to be detrimental (Hogan et al., 2020).

The first cases of COVID-19 in South Africa were reported in
early March 2020, with the total number of reported cases and
deaths rising to 1353 and 27, respectively. By mid-June, cumu-
lative infections exceeded 100,000, with about 2000 deaths. The
previous peak of new daily cases was reached in mid-July, with
about 14,000 new cases reported daily. Since then, the number of
daily new cases has decreased significantly (Johns Hopkins Cor-
onavirus Resource Center, 2020; World Health Organisation,
2020b). It remains uncertain whether current policy measures or
other effects such as increased (but unobserved) immunity,
weather changes or habituated behaviour of the population are
responsible for the decline, to name but a few. In April 2020, the
government has published a catalogue of measures (South Afri-
can Department of Health, 2020) divided into five general lock-
down levels, with level 5 corresponding to the disaster response
measures as applied from 26 March to 30 April. A less stringent
Level 4 lockdown was then imposed until the end of May,
followed by several variations of level 3 measures, with an
increasing number of activities being allowed. Since 17 August,
the restrictions have been set to level 2 (Davids et al., 2020;
Wikipedia, 2020).

As a novel approach, transportation simulations are applied to
mimic human social interactions that are required for COVID-19
transmission (Bontempi et al., 2020; Squazzoni et al., 2020).
Reliable data on social interactions at the micro-level are scarce
(Bontempi et al., 2020). Agent-based models (ABMs) are thus
currently becoming popular as they are able to bridge this gap
based on sociological or behavioural economic theories and
assumptions. Using demographic as well as network and location
data, human behaviour and the resulting social contacts can be
simulated to a certain extent and contact-driven infection events
can be computed from known infection parameters such as
infectivity (Davids et al., 2020; Dignum et al., 2020; Gomez et al.,
2020; Hackl and Dubernet, 2019; Muller et al., 2020). Compared
to purely mathematical epidemiological modelling, which became
famous in the twentieth century and is still widely used
(Hethcote, 2000; Kermack et al., 1927; Remuzzi and Remuzzi,
2020; Squazzoni et al., 2020), agent-based approaches are often
better suited to account for spatial effects, inhomogeneous
information and the stochastic character of biological systems
such as human social interactions (Shi et al., 2014). Anthropo-
centric ABMs can track such human contact events within a
realistic synthetic population in a simulated area throughout the
day (Horni et al., 2016). To overcome habitual mono-
disciplinarity in scientific attempts to understand current epi-
demics (Bontempi et al., 2020; Squazzoni et al., 2020), ABMs are
generally able to integrate a variety of approaches.

The present analysis is based on transportation science, beha-
vioural economics and epidemiological models to simulate an
epidemic from spatial and demographic data and corresponding
assumptions. As a novel approach, the multi-agent transport
simulation framework MATSim (Horni et al., 2016) is used to
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simulate the movements of a synthetic population in a synthetic
network of links and nodes on a common day. The network data
is taken from OpenStreetMap (OpenStreetMap contributors,
2017) and consists of linked streets and locations of certain
categories such as shops, workplaces or schools. A synthetic
population, previously created from South African Census data
(Joubert, 2018) is used to populate the network and perform
different activities during the day, such as working, having leisure
time or spending time at home. In the simulation, all activities are
connected by means of transport, e.g., cars, minibus taxis or
walking. The MATSim-related epidemic simulation framework
Episim (VSP TU Berlin, 2020) is used to track the movements of
these agents in the network. All encounters of infected and
uninfected agents are identified as potential infection events and
an infection then occurs based on a stochastic process. In a next
step, the infected agents pass through an extended SIR model,
that is parameterised based on the preliminary epidemiological
findings on COVID-19. SIR models exist with various extensions
and are among the most common models for analysing epidemics
(Anderson and May, 2010; Keeling and Rohani, 2008; Kermack
et al., 1927; Roche et al., 2011). In Episim, the agents’ state of
health goes through different stages, in short, the agents are either
susceptible, infected or recovered.

The present analysis shall contribute to the debate on appro-
priate policy interventions in South Africa. A particular focus is
set on the duration of the measures and their impact on the
spread of COVID-19. It has recently been suggested that the
intensive care units in South Africa may not be sufficient to cope
with the current situation (Bossert et al., 2021; Schroder et al.,
2021). At the same time, the current status of the COVID-19
pandemic in South Africa has not yet been definitively deter-
mined. Accordingly, the timing of termination or reinforcement
of interventions is of particular importance to successfully con-
tain the spread of the virus. The results imply that if measures are
terminated too early, the healthcare system may be
overburdened again.

A second purpose of this case study is to further promote the
potential of agent-based transportation simulation as a viable
approach to bridging the gap between insufficient micro-data on
social contact and the impact of policies on human behaviour.

Methods
The analysis consists of two main steps. First, MATSim-based
transportation simulations are used to compose realistic move-
ment and activity profiles of a synthetic population in a network
of streets and locations. Second, Episim-based epidemic simula-
tions identify potential infection events and compute the resulting

disease progression based on the MATSim output. The corre-
sponding code including underlying datasets can be downloaded
from https://www.comses.net/codebases/d4e5bb89-973d-486b-
ab46-26781306ffc9/releases/1.0.0/.

Transportation simulation. The underpinning transportation
simulations are conducted with MATSim version 12.0-2019w48-
SNAPSHOT (Horni et al., 2016) and are based on a 10% popu-
lation sample for NMBM derived from the 2011 Census and 2004
travel survey data (Joubert, 2018). The main descriptive statistics
of the synthetic population are presented in Table 1. The popu-
lation comprises a total of 114,346 agents living in 32,597
households (3.51 agents per household). The age pyramid shown
in Fig. 2 and the average age of the synthetic population of 30.27
years show a population structure with higher proportions among
the young population groups. The agents move within a virtual
network generated from OpenStreetMap data (OpenStreetMap
contributors, 2017) (see Table 1 for network statistics). In the
course of a simulation run, each agent performs one or more
activities, with a run being virtual 108,000 seconds or 30 h long,
starting at midnight and ending at 6 a.m. the following day. The
activities are divided into the following groups: “home”, “work”,
“educ_primary”, “educ_higher”, “shopping”, “leisure” and
“other”. Table 2 shows the absolute numbers and Fig. 3 the spatial
concentration of activities. It can be seen that relatively few
activities related to work are carried out. This is due to the process
of population synthesis, where all activities not clearly identified
as primary labour activities fall under the category of “other”. The
infectivity parameter for “other” is set to a comparably low value,
in order not to overestimate the impact of this mixed indicator.

The simulation has a total of six travel modes that allow agents
to travel between activities. The so-called teleportation modes
such as pedestrian, bicycle and passenger allow the agents to
travel at a predefined speed along a direct air line to their
destination. Furthermore, the so-called network modes allow
agents to travel with vehicles through the virtual network. These
include cars, but also formal public transport in the form of
public bus and train, and informal public transport as a minibus
taxi. Currently, all formal bus operations in NMBM have been
suspended (Algoa Bus Company, 2020). It can therefore be
assumed that customers are substituting regular bus services with
minibus taxis. The MATSim population file is modified
accordingly.

Minibus taxis are the backbone of the region’s transport
system, while motorised individual transport is of less impor-
tance. Public minibus taxis are expected to play an important role
in the epidemic simulation, as both the probability and intensity
of contact are assumed to be high. In addition, the relatively
crowded vehicles mix people from different places of work and
residence. In 2014, there were 2374 minibus taxis in NMBM with
an average capacity of 15 passengers (Neumann et al., 2015). In
order to represent minibus transport, a Demand Responsive
Transport (DRT) framework is implemented into the model

Table 1 Descriptive statistics from the simulation model.

Variable Values

Number of network nodes 14.503
Number of network edges 39.507
Number of agents (10% sample) 114.346
Mean age of agents (years) 30,27
Number of households 32.597
Household size (persons per HH) 1–10
Average household size (persons per HH) 3,51
Mean annual household income (ZAR) 141.499
Number of minibus taxis (DRT) 2.347
Mean euclidean distance 5.873m
Mean travelled network distance 11.926m
Average vehicle occupancy (persons per vehicle) 3,01
Ratio of empty runs 14%
Rejection rate 8%

Table 2 Activity prevalence.

Activity Prevalence

Home activities 236.033
Work activities 8.043
Primary education activities 33.537
Higher education activities 4.765
Shopping activities 22.226
Leisure activities 46.508
Other activities 114.729
Total number of activities 470.253
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(Bischoff et al., 2017). The reduced population sample usually
requires adjustments to network and vehicle capacities to match
the real scenario load.

However, in the following scenario, this would result in
minibus taxi capacities of 1.5 seats, which is problematic for the
epidemic simulation. Furthermore, due to a lack of sufficient data
on stops and timetables the DRT module cannot be set up as a
stop-based service, which would be more similar to the operating
schemes of minibus taxis. Instead, DRT vehicles operate as a
door-to-door system and thus require adjustments in number of
vehicles and passenger capacity to achieve similar trip distances
and contact times. Finally, rounding errors can occur with this
set-up, as 1 agent represents 10 real people. To address these
concerns, after several calibration runs, a model with 2374 DRT
vehicles with a capacity of 15 seats is chosen based on occupancy
rate, travel distances and the rejection rate (see Table 1 for DRT
statistics).

The different modules of the simulation such as agents, the
road network, the locations of activities or the available
transportation modes can be further specified and adapted to
specific real-world cases. In this way, analyses of different
disciplines can be conducted, e.g. for evaluating the efficiency of
transport systems or changes in people’s behaviour as a result of
interventions.

Epidemic simulation. The Episim framework (VSP TU Berlin,
2020) builds on the output of a preceding MATSim and is
designed to detect possible infection events and corresponding
infection chains. MATSim simulates the trajectories of agents as
they perform their activities and travel within the network. The
underpinning OSM-based network file contains information on
the types and locations of the different activities. These static

locations are complemented by the means of transport, i.e., the
specific vehicles, derived from the MATSim-generated plans file.
The same file contains information about the timetables of the
individual agents. By merging these information, it is possible to
identify potential infection events. Episim uses the activity and
transportation locations as individual containers. Only agents,
that sojourn in the same container at the same time, can infect
each other with a certain probability. Moreover, only infectious
agents can infect other agents and only susceptible agents can be
infected.

Disease progression. Once the agents are infected, they go through
different stages of an extended SIR model (Kermack et al., 1927)
(see Fig. 4). An exposed state and the option to self-quarantine
extend the model to an SEIQR model. Subsequent to an infection,
an initially healthy and thus susceptible agent evolves from sus-
ceptible to exposed to infectious. Owing to the incubation period,
it is assumed that agents are not infectious before day 4 after
infection (Anderson et al., 2020; Lauer et al., 2020; Rocklov et al.,
2020). From this stage on, a stochastic process determines whe-
ther the infected agents are asymptomatic and recover without
complications or show mild symptoms or become seriously sick.
The probability of an asymptomatic infection was set to 80%,
which refers to the upper bound of the findings of current studies,
in order not to overestimate the number of infections according
to the conservative approach of the analysis (Birhanu et al., 2020).
In the case of symptomatic infection, infected agents are assumed
to self-quarantine, as the dangerousness and infectivity of
COVID-19 are widely known. The self-quarantine lasts 14 days
and is assumed to block all social contact, even within the
household. Agents who went into self-quarantine remain tech-
nically mobile in the simulation. However, they are neither
contagious nor susceptible and thus cannot participate in

Fig. 1 Map of Nelson Mandela Bay Municipality, South Africa. The investigated area of Nelson Mandela Bay Municipality is indicated through a red
border. A smalll map of Southern South Africa and a scale are included on the bottom right.
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infection events. About 4.5% of all infected agents become ser-
iously sick ten days after infection. Of these, a share of 25%
becomes critical the following day. Infectious agents recover
16 days after infection and patients with severe disease after
23 days (Muller et al., 2020; Silal et al., 2020; Verity et al., 2020).
The distinction between seriously sick and critical agents allows
to check the utilisation of the healthcare system. Seriously sick
agents require basic hospital care and may become critical, i.e.,
they require respiratory support and thus intensive care.

At this stage, the setup requires two assumptions: First, all
infected agents finally recover. As recovered agents are assumed to
be immune and no longer infectious, omitting death does not bias
further infection events. Immunity is currently a matter of
intensive research and discussion. Although there is indication
that immunity might be neither absolute nor permanent, it is
assumed both for simplicity and lack of evidence that recovered
agents are immune (Edridge et al., 2020; Wu et al., 2020). Second,
it is assumed that every infected person has sufficient space,

economic wealth and social support to withdraw and live in full
quarantine for two weeks. Finally, births and natural deaths are
not included in the model because simulations cover a relatively
short period of time.

Infection events. In Episim, infection events are based on a
probabilistic model and occur solely in containers. These con-
tainers are created from OSM data and the agent activities are
generated by MATSim. Each container is assigned to a certain
category, such as Work, Minibus Taxis or Leisure, and is asso-
ciated with a certain infectivity parameter. For example, a
crowded and unventilated minibus taxi is more likely to be the
site of an infection event than a sprawling public park. The
contact intensities are depicted in Table 3 and are taken from
the original Episim configuration. As the original framework was
configured for Berlin, Germany, some values were adjusted to
reflect regional conditions in the NMBN. The parameter for
home-based activities was increased from 3 to 6 in consideration

Table 3 Activity parameters that define the remaining share of each simulated activity relative to the period before the initial
policy measures began.

Scenario Home Work Minibus taxis Leisure KiGa and prim. educ. Higher education Shopping Dropby Other

Infectivity parameters 6 5 20 5 7 2 5 7 3

Level 1 100% 100% 100% 100% 100% 100% 100% 100% 100%
Level 2 100% 100% 100% 70% 100% 100% 90% 100% 100%
Level 3 (lax) 100% 50% 50% 20% 70% 70% 50% 70% 40%
Level 3 (strict) 100% 50% 50% 15% 0% 0% 40% 0% 30%
Level 4 100% 30% 30% 10% 0% 0% 40% 0% 20%
Level 5 100% 5% 0% 0% 0% 0% 10% 0% 10%

At level 1 no activity type is restricted, at level 5 only 5% of working, 10% of shopping and 5% of other activities occur.

Fig. 2 Age pyramid of the simulation model agents. The green horizontal bars on the left indicate the absolute numbers of male agents for each year of
age. The orange horizontal bars on the right show respective years of age for female agents.
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Fig. 3 Aggregation analysis of the activity locations in the simulation model. The colour of the hexagonal grid depicts the absolute number of activities
taking place within the aggregated raster, ranging from no activities (black colour) to over 1000 activities (yellow colour). A grid size of 500m and linear
scaling is employed.

Table 4 Summary of the South African “risk adjusted strategy” for the activity types used in the epidemic simulations.

Lockdown level Activities Designated measures

Level 5 Work Critical works such as for production of essential goods (such as food, water, electricity, logistics, medical and
social services) permitted.

Public transport Only transportation of cargo permitted, exceptional public transport services for permitted activities only.
Leisure Citizens are ordered to stay at home, except for certain purposes (purchase essential goods, essential travel to

work, important funerals, emergencies),
Education Not listed, however, schools remained closed during level 5 period. (South African Government, 2020)
Shopping Trade of necessary goods such as hygiene products, food, fuel or winter closing permitted. Retail of non-essential

goods such as alcohol or streetfood prohibited.
Level 4 Work Partial reopening of certain industries (e.g., up to 50% employment in automotive manufacturing). All social and

care work permitted.
Public transport Demand responsive increase of service on appropriate terms and only for permitted activities.
Leisure Exercises are permitted under strict conditions. Gyms, facilities or sport clubs are excluded from this.
Education Not listed, however, schools remained closed during level 4 period. (South African Government, 2020)
Shopping Home delivery of hot cooked food permitted as well as resale of educational books, stationery and personal ICT

equipment.
Level 3 Work Full employment in important industries, service and public sectors. Other industries and sectors are limited to

50% employment.
Public transport Limited domestic air travel permitted, due to the reason for travel.
Leisure Walking, jogging and cycling permitted. Personal movement permitted for essential activities.
Education Not listed. However, schools re-opened on 01 June and closed again on 27 July. (South African Government, 2020)
Shopping Wholesale and retail trade generally permitted with exceptional restrictions, e.g., on alcohol.

Level 2 Work Only few restrictions.
Public transport Higher activity due to less restricted activities.
Leisure Interpovincial travel permitted, personal movement permitted for essential activties.
Education Not listed. Based on the temporarily opening while the Level 3 period, we assume schools to be open only with

precautions and reduced timetables.
Shopping All retail permitted, restaurants operate based on delivery and take away.

Level 1 All activities are permitted in general. However, the use of cloth masks and social distancing are mandatory and
public gatherings are prohibited.
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of larger household sizes and general living conditions. The value
for minibus taxis providing public transport services was set to 20
(the original value for public transport was 10 and referred to
public transport in Berlin).

Once a susceptible and a contagious agent are in the
same container, an infection occurs with a certain probability
described by

Pn;t ¼ 1� exp½�θ ∑
m≠n

qm;t inm;tτnm;t �: ð1Þ

Here, Pn,t denotes the infection probability of susceptible agent
n at day t in a contact with an infectious agent m. The infection
probability is determined by three contact-specific parameters
qm,t, inm,t and τnm,t. Moreover, the parameter θ is a calibration
parameter and is used to adjust simulated to real infection
numbers in a subsequent calibration process. q denotes the
shedding rate, i.e., the general infectivity of the virus, which could
vary by time and agent. i is an activity-specific parameter that is
intended to take into account the different contact intensities at
different locations. τ denotes the time that the agents m and n
spent together in the same container. In the present analysis, θ is
set to 1.5 × 10−7 (see Figs. 5 and 6) and q is assumed to be equal
for all simulated contacts. The chosen parameters for i are
depicted in Table 3. Since it is unlikely that a person in a
container interacts with every other person, each agent can infect
at most three other agents.

Policy interventions. The South African government has pub-
lished a catalogue of countermeasures for five different levels of
lockdowns (South African Department of Health, 2020), which
are summarised in Table 4. The restrictions aim to mitigate social
contacts by limiting economic, educational or social activities to a
reasonable level. Table 4 clusters the proposed measures into
groups related to the activity groups used in the simulations. The
qualitative policy descriptions were translated into quantitative
restriction parameters to approximate the impact of the different
levels on economic and social life (see Table 3). This approach
requires a number of assumptions, such as that the entire
population is able and willing to follow the instructions. However,
again following the idea of a conservative approach, these
assumptions should result in an underestimation of future case
numbers and still allow for several conclusions. The translation of
qualitative statements into quantitative numbers is by nature
prone to errors and the results must be interpreted with respect to
this uncertainty. However, the catalogue provides valuable points
of reference and makes it possible not only to put the various
measures for the agents’ activities in an ordinary relationship, but
to refer them to each other. Minor misinterpretations can be
cured by adjusting the calibration parameter in a subsequent step
of the model calibration.

The Episim framework enables the simulation of non-medical
policy interventions of different types and severity. By reducing
the prevalence of certain activities carried out by the MATSim
agents during the day, the impact of different real-world measures
can be reproduced or anticipated in the simulations.

The activities that an agent performs during the day are taken
from the plans file of the MATSim output and correspond with
locations from the OSM network file. In Episim, these locations
are used to create containers of certain categories, such as Home,
Work, Leisure or Shopping. By default, all activity parameters are
equal to 1 and thus all agents perform activities in full accordance
with their designated plans. If a government decided to fully
restrict only leisure activities, the corresponding activity para-
meter for Leisure would be 0. Accordingly, the decision not to
allow half of the workforce to work would result in an activity
parameter of 0.5.

As a part of its COVID-19-strategy, the government of South
Africa has published a catalogue of lockdown rules with different
levels (South African Department of Health, 2020). Level 5
corresponds to very strict regulations, such as curfews from
8 p.m. to 5 a.m. and orders to stay at home except for absolutely
necessary reasons. Public transport is severely restricted, as are
non-essential occupations. On the contrary, level 1 advises the
population to behave considerately and follow general personal
measures such as wearing masks and keeping a distance of 2 m,
but does not restrict personal movement or economic activity in
general.

For an impact evaluation of lockdown levels on the infection
dynamics the published regulations have been translated into
activity parameters, which are used to incorporate the effect of
reduced activities during the lockdown periods (see Table 3).

Epidemic calibration. The policy parameters are then included in
a series of calibration simulations that are adjusted to real
infection data by varying the parameter θ in the infection equa-
tion (1). Accordingly, changes in θ affect the probability of
infection between two agents. Since real case numbers for the
NMBM are not available, values were calculated on the basis of
the number of cases in South Africa and as an approximation
according to the percentage of the population (ECDC, 2020).
θ enters the infection equation non-linearly and affects all
infectivity parameters of the activities equally to maintain their
order. The parameter θ was adjusted in an iterative process with
the intention of obtaining a value that yields an infection count
that approximates case numbers in real data, is robust to small
changes, and does not systematically overestimate case numbers
or the rate of spread.

For the analyses, θ was set to 1.5 × 10−7. The simulations start
with ten randomly selected infected agents and the onset of
infections is adjusted to the beginning of May. Here, the number

Table 5 Evaluation of the different calibration scenarios using the squared sum of errors (SSEs) and the slope of a regression
line (β).

Measure Period 1.35E-7 1.425E-7 1.5E-7 1.575E-7 1.65E-7 Reported cases

SSE (daily new) June 596,406 383,650 151,235 66,904 281,466
SSE (daily new) July 559,869 360,976 139,636 56,807 252,080
SSE (cum. infections) June 250,190,256 144,013,690 54,593,092 7,830,920 39,498,999
SSE (cum. infections) July 246,702,843 143,107,272 52,816,701 2,134,236 28,140,527
β (daily new) June 1.47 1.95 3.02 4.6 6.25 4.15
β (daily new) July 1.84 2.84 4.51 7.01 9.46 1.08
β (cum. infections) June 70.06 86.37 109.4 140.28 173.29 169.35
β (cum. infections) July 93.62 119.12 161.35 221.17 283.87 244.34

All calculations were carried out with an onset in June and July and until end of the calibration phase.
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of official cases exceeded the threshold of 100, which, given the
10% population sample, corresponds to 10 infected agents. The
simulated infection chains are adjusted to the number of reported
cases until 27 July 2020 (see Figs. 5 and 6). The current state of
research is not yet conclusive by how much the real number of
cases exceeds the reported cases. Thus, the simulations were
calibrated to the reported cases in a conservative approach,
intentionally under- but not overestimating the true infection
dynamics. By that, the results must be interpreted with caution as
they represent a hypothetical scenario without unreported cases.
This approach allows specific conclusions to be drawn on
correlations between non-medical countermeasures and infection
dynamics.

The stochastic selection of initially infected agents introduces
some between-run variance due to changes in their daily social
contacts. The selection of ten instead of one infected agent already
mitigates this bias and the analysis is also based on an ensemble
of 100 simulations. Figures 5 and 6 depict 100 different random
realisations and their averages for θ= 1.5 × 10−7 and variations of
5% and 10% in both directions to check the sensitivity of the
models.

Table 5 presents the evaluation of the different scenarios by
sum of squares of errors and slopes of regression degrees. The
evaluation periods were set from the beginning of June and the
beginning of July until 27 of July. The earlier periods are not used
because they are probably too distorted by the modified initial
conditions (ten randomly infected agents on 01 May). Although
the quality measures do not allow for an unambiguous ranking of
the results, 1.5 × 10−7 was chosen as calibration parameter. 1.5 ×
10−7 has only the second or third best squared sum of errors
(SSEs) values in the model comparisons, but the slope of the
longer-term regression degrees is smaller but similar to the value
of the reported cases. A slightly higher θ might result in a better
fit, but runs the risk of overestimating rather than under-
estimating the real cases, which can be observed in particular in
the regression coefficients for the daily new cases in July.

Results
The main results of the simulations are depicted in Figs. 7 to 10
and are presented in form of a simulated time series of active
corona cases per day. The cumulative number of recoveries is
additionally displayed as it allows to check for robustness and
adds a cumulative perspective. Each figure is divided into six
panels, representing one possible policy scenario each, with
lockdown measures ranging from level 1 (no or lax measures) to
level 5 (strict measures). The lockdown intensities are taken from
an official scenario description by the South African government
(South African Department of Health, 2020) (see Table 4) and
differentiate several activity types such as work, leisure or

education. All simulations started on 12 May 2020, when the
number of active infections in the real-world equalled 100 and a
level 4 lockdown was in place. Level 3 measures were introduced
on 1 June and reinforced with new school closures on 27 July
2020. When conducting the simulations, it was assumed that this
tightened lockdown would last for 30 days until 26 August 2020
to have a noticeable effect. From August 26, different durations of
the proposed lockdown levels will be simulated to analyse the
impact of early or delayed lifting of the different measures.

The general shape of the infection curves is similar for all
results. Until 26 August 2020, a sustained exponential with few
deviations can be observed. From 26 August 2020 on, the curves
differ in terms of infection dynamics. As expected, strict and long
lockdowns tend to decrease the active case numbers, while lax
and short lockdown lead to a faster spread of the virus. Figure 7
depicts the result for additional 30 day lockdown periods from 26
August until 25 September 2020. The period prior to the antici-
pated measures was characterised by a strict level 3 lockdown.
Thus, as expected, reducing the lockdown intensity to level 1 or 2
leads to increased virus activity and an approximate tenfold
increase in active cases within 30 days. Maintaining the stricter
level 3 measures leads in a downward sloping curve. Obviously,
the mitigating impact of the measures requires some time before
it becomes visible. Stricter measures are able to slightly reduce the
number of active infections. In all six measure cases, the sub-
sequent end of all measures on 25 September 2020 leads to an
accelerated increase in active numbers. In all scenarios, the
infection curves peak between October and November, which
due to high numbers of both infected and recovered and thus a
large number of immune persons. Notably, the peak of infected
individuals in all scenarios occurs at about the same time at the
intersection with the recovery curve, with both variables having
scenario-dependent values between 200,000 and 300,000 repre-
senting between half and two-thirds of the NMBM population.

A change from from 30 to 60 days of simulated additional
measures (Fig. 8) leads to strong effects on case numbers. The
general trends apply, as described above, in terms of accelerated
growth in numbers for lax lockdown levels and a decline in the
stricter scenarios. Although this decline is not sufficient to miti-
gate the case numbers even after the measures end on 25 October
2020, the peak of infections is shifted several weeks into the future
and occurs in early 2021.

Figures 9 and 10 refer to 90 and unlimited days of lockdowns,
respectively. Consistent with the previous comparison, the
extended strict measures are able to reduce case numbers. In
scenarios with unlimited measure duration, the virus dies out
under a level 5 lockdown by the end of 2020 in most simulations.
However, ending the lockdown even at low case numbers leads to
a return to the exponential growth path in the surviving infection
chains.

Table 6 provides an overview on the infection locations by
computing the share of infections per activity class for all lock-
down levels and durations. In all configurations most agents are
infected at home (~96% to 86%), followed by minibus taxis (17%
to 0%) and educational activities (11% to 2%). Despite some
minor variations, mainly due to the stochastic part of the simu-
lations and the relative character of the values shown, a higher
lockdown level and a longer lockdown duration results in a lower
share of out-of-home activities. Since more agents are forced to
stay home under a harsh lockdown, they are more often infected
by returning infectious family members. This trend is amplified
by the comparatively high average and maximum household size
(see Table 1). The prevalence of infections per activity class
generally correlates with the infectivity parameters (see Table 3)
and the prevalence of activities (see Table 2). The infectivity
parameters for minibus taxis and primary education activities

Fig. 4 Flowchart of the states of agents. The possible states of the agents
during their process from susceptible (S) to recovered people (R)
are shown.
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were set to comparably high values and education activities are
the second most frequent activity class after other activities. The
shift of infection locations from out-of-home activities to the
agents’ homes with stricter measures is much less evident or even
imperceptible for the short lockdown durations of 30 and 60 days
compared to the other groups. This is due to a comparably long
period without any measures following the corresponding lock-
down period, which then balances the values again.

Discussion
Most simulation configurations with lenient measures indicate a
peak of active cases in autumn 2020. From then on, the dynamics
of the epidemic slow down, as both currently infected and
recovered (and thus non-susceptible) agents account for about
half and up to two-thirds of the population, respectively. This
proportion is in line with current epidemiological estimates
of the required thresholds for herd immunity (Fontanet and
Cauchemez, 2020; Kwok et al., 2020; Randolph and Barreiro,
2020).

The development of infection numbers over time is determined
by the level and duration of the lockdown. In general, continuous
and strict lockdowns can be confirmed as effective measures to
flatten infection curves and postpone large numbers of cases into
the future or even eventually eradicate the virus (Tian et al., 2020;
Vasconcelos et al., 2020). This finding is consistent with the
observed effectiveness of the stringent measures in Wuhan, China
(Lau et al., 2020). With lax measures, the effect of subsequent
exponential growth of infected individuals over time outweighs
the effect of reduced social contacts (Anderson et al., 2020). The
measures that are sufficient to produce decreasing case numbers
in the simulations are between a strict and a lax level 3 variant.
However, since θ and other parameters were chosen to under-
estimate case numbers, the actual level required for containment
could also be at level 4 or 5. In any case, it can be assumed that
level 2 measures will prove insufficient in a period of rapidly
increasing case numbers.

In all scenarios, a complete termination of the lockdown ulti-
mately leads to a renewed increase in infections. Except for a
comparatively long and strict lockdown scenario, the measures
are not sufficient to eradicate the virus. However, they can con-
siderably reduce the number of new cases and therefore relieve
the burden on the health system. The strict measures can thus
prove to be a means of gaining time to expand the capacities of
the health system and to research medical treatment and pre-
vention measures. However, as the case numbers of any active
epidemic return to an exponential growth path after the measures
have ended, an on-and-off strategy of strict measures could prove
risky and of little benefit.

The results presented above were generated based on an agent-
based transport simulation framework. Agent-based transporta-
tion simulations typically aim to model realistic human behaviour
at a micro-level in relation to their environment. As the artificial
agents interact in the network, contact durations can be tracked
as important infection parameters and used to simulate infection
chains. Agent-based modelling can easily integrate available data,
but the approach also allows bridging data gaps with theory-based
assumptions. As an example, agents’ daily movements from home
to work can be modelled either using detailed travel diaries or, if
no such data are available, based on the assumptions, e.g., that
humans act in a utility maximising way, i.e., choose the fastest
route or the most appropriate transport mode.

The idea of MATSim is to link the different activities of agents
throughout the day with appropriate means of transport. The
population data used in this analysis contain information about
the agents’ daily schedules and the class of each activity per-
formed. Thus, such models can pass more detailed lockdown
parameters to the simulation than other current approaches.
However, choosing and calibrating these parameters is challen-
ging because their exact values are usually unknown and can
hardly be translated into quantitative numbers. Other contribu-
tions address the problem by using, e.g., mobility data or severity
indices or simply not distinguishing between constraints for dif-
ferent activities (Davids et al., 2020; Silva et al., 2020).

Fig. 5 Daily new case numbers for NMBM (green dots) and simulated infection chains with daily averages (black lines) of 100 random realisations.
Fifty percent and 80% confidence intervals for the estimations are depicted in blue. Ten Agents are initially infected (black dot) on 01 May. The dotted
vertical lines refer to different periods of lockdown levels starting at 27 March 2020 with level 5. Lockdown level 4 was initiated on 01 May and eased to
level 3 on 01 June 2020. The level 3 measures were altered during the subsequent weeks with major changes on 12 July 2020, when new school closures
were announced. At the same time, several other stricter restrictions were already in power.
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Fig. 6 Cumulative case numbers for NMBM (green dots) and simulated infection chains with daily averages (black lines) of 100 random realisations.
Fifty and 80% confidence intervals for the estimations are depicted in blue. The dotted vertical lines refer to different periods of lockdown levels starting at
27 March 2020 with level 5. Lockdown level 4 was initiated on 01 May and eased to level 3 on 01 June 2020. The level 3 measures were altered during the
subsequent weeks with major changes on 12 July 2020, when new school closures were announced. At the same time, several other stricter restrictions
were already in power.

Fig. 7 Simulated infection dynamics in NMBM with an anticipated 30-day-lockdown from 26 August 2020 on. All lockdown measures end after 30 days
on 25 September 2020. The six panels refer to the different policy scenarios ranging from level 5 (very strict lockdown) to level 1 (no lockdown measures).
The grey lines represent the case numbers of 100 simulations with various seeds for each policy scenario. The coloured lines denote the mean total number
of active infections (orange) and the mean cumulative number of recovered infections (green), respectively. The confidence intervals are computed at a
50% and an 80% level. The vertical lines denote the dates of earlier governmental lockdown measures (black, dotted) and the simulated measures of
30 days (red, dashed). On 1 June 2020, the lockdown measures were relaxed from level 4 to level 3. On 27 July 2020, lockdown level 3 remained active,
but schools were closed again and several other restrictions were in placed such as alcohol selling bans (referred to as lockdown level 3 (strict)).
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Table 6 Percentage of infection sites per lockdown level.

Scenario Home Work Minibus taxis Leisure KiGa and
prim. educ.

Higher
education

Shopping Dropby Other

30 days lockdown
Level 1 0.6964 0.0149 0.1483 0.0163 0.1057 0.0032 0.0048 0.0001 0.0103
Level 2 0.6964 0.0150 0.1483 0.0158 0.1061 0.0032 0.0048 0.0001 0.0103
Level 3 (lax) 0.6950 0.0148 0.1492 0.0163 0.1068 0.0032 0.0047 0.0001 0.0100
Level 3 (strict) 0.6899 0.0150 0.1538 0.0166 0.1071 0.0032 0.0046 0.0001 0.0098
Level 4 0.6896 0.0150 0.1539 0.0165 0.1075 0.0032 0.0046 0.0001 0.0097
Level 5 0.6891 0.0148 0.1547 0.0166 0.1072 0.0032 0.0046 0.0001 0.0097

60 days lockdown
Level 1 0.6964 0.0149 0.1483 0.0163 0.1057 0.0032 0.0048 0.0001 0.0103
Level 2 0.6993 0.0151 0.1473 0.0131 0.1069 0.0032 0.0046 0.0001 0.0104
Level 3 (lax) 0.6921 0.0147 0.1523 0.0160 0.1080 0.0032 0.0044 0.0001 0.0091
Level 3 (strict) 0.6755 0.0142 0.1719 0.0173 0.1069 0.0029 0.0038 0 0.0074
Level 4 0.6793 0.0138 0.1707 0.0167 0.1060 0.0027 0.0037 0 0.0070
Level 5 0.6889 0.0125 0.1678 0.0161 0.1019 0.0026 0.0034 0 0.0067

90 days lockdown
Level 1 0.6964 0.0149 0.1483 0.0163 0.1057 0.0032 0.0048 0.0001 0.0103
Level 2 0.7033 0.0152 0.1461 0.0095 0.1080 0.0033 0.0042 0.0001 0.0104
Level 3 (lax) 0.7062 0.0130 0.1434 0.0137 0.1100 0.0029 0.0036 0 0.0071
Level 3 (strict) 0.8033 0.0116 0.1036 0.0094 0.0641 0.0017 0.0023 0 0.0040
Level 4 0.8811 0.0072 0.0503 0.0053 0.0478 0.0010 0.0020 0 0.0027
Level 5 0.9444 0.0042 0.0148 0.0017 0.0320 0.0006 0.0009 0 0.0013

Lockdown until 31
December
Level 1 0.6964 0.0149 0.1483 0.0163 0.1057 0.0032 0.0048 0.0001 0.0103
Level 2 0.7047 0.0152 0.1457 0.0082 0.1084 0.0033 0.0040 0.0001 0.0104
Level 3 (lax) 0.8819 0.0055 0.0069 0.0013 0.0985 0.0025 0.0015 0 0.0020
Level 3 (strict) 0.9605 0.0084 0.0057 0.0011 0.0209 0.0001 0.0013 0 0.0017
Level 4 0.9633 0.0046 0.0036 0.0008 0.0246 0.0005 0.0014 0 0.0012
Level 5 0.9643 0.0034 0.0030 0.0006 0.0265 0.0006 0.0008 0 0.0009

The proportions of the infection sites are displayed for the measurement periods as introduced above. All values are computed for infection simulations ranging from 12 May until 31 December 2020 and
vary only in their lockdown duration from 26 August 2020 on.

Fig. 8 Simulated infection dynamics in NMBM with an anticipated 60 day lockdown from 26 August 2020 on. All lockdown measures end after 60 days
on 25 October 2020. Compared to the lockdown scenarios of 30 days (Fig. 7), the mitigating effect of the measures is much stronger and leads to a
temporal trend reversal in the three strict policy scenarios. After the end of measures, the active case numbers return to steep exponential growth paths.
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Fig. 9 Simulated infection dynamics in NMBM with an anticipated 90 day lockdown from 26 August 2020 on. All lockdown measures end after 90 days
on 24 November. Compared to the lockdown scenarios of 30 or 60 days (Figs. 7 and 8), the simulation of strict lockdown levels (from level 3 upwards)
corresponds with an increased number of dying-out infections during the measures period. In the case of lockdown levels 4 and 5, the extended measure
period reduced active infections to a level, that multiple infection chains end even in the days after ending the lockdown measures. Nevertheless, the
remaining infection chains return to exponential growth rates.

Fig. 10 Simulated infection dynamics in NMBM with an lockdown from 26 August 2020 on, the measures are continuous and are not lifted. Despite the
long-run measures, the number of active case continuously increases in the simulations with the three lax lockdown levels and decrease in the strict ones.
Enduring a strict level 5 lockdown until the end of the year eradicates the active infection in almost all simulations.
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The present simulation setup is associated with a number of
limitations resulting from the assumptions made for calibration.
The main role of the utilised policy parameters is to balance the
infection locations by class and to model the impact of specific
policies and network effects. Deriving the policy parameters from
the government’s published policy catalogue thus puts the para-
meters in a sufficiently accurate context. However, unlike the
simulated agents, many people are not able to follow the reg-
ulations accurately, so real-world out-of-home infections may be
underestimated (with the exception of education activities, which
are easier to monitor). In the epidemic simulation, 100 initially
infected people or 10 randomly selected infected agents were
assumed. The higher number of initially infected agents reduced
the variance in the ensemble of realisations. However, this pro-
cedure creates artificial conditions at the beginning of the simu-
lations and distorts the natural infection process in the first few
days, thus reducing the validity of the results. The short-term
distorting effect was accepted in favour of a sustainably lower
variance in the simulations.

The Episim simulations are finally calibrated by adjusting the
calibration parameter θ. The strategy of underestimating infection
numbers leads to a systematic underestimation of daily case
numbers in the simulations and to more (still) susceptible agents
than in reality. Accordingly, the simulated scenarios are likely to
have a delayed peak of infections and a prolonged epidemic
course. The 27 July 2020 was chosen as the cut-off date for the
calibration. By the date of writing, official case numbers in South
Africa peaked at ~14,000 (daily new) or 350,000 to 450,000
(cumulative) at the end of July and have declined log-linearly
since then. In September, during a period of comparatively lax
measures, daily new cases consolidated between ~1000 and 2000,
with a cumulative total of 650,000 cases. One possible inter-
pretation of the simulated results in relation to these develop-
ments is that, as intended, the simulations underestimated the
infection dynamics and that the peak in new cases observed by
South Africa in July 2020 is related to the peaks in the simulations
dating to autumn 2020 at the earliest. In this case, with a popu-
lation of about 58 million and an estimated required proportion
of insusceptible agents of at least 50% during the peak, about 98%
of all infections in South Africa would have been unreported. This
value is higher than previous estimates of up to 87% of unre-
ported cases (Hao et al., 2020; Pei, 2020), but could be explained
by the demographic and economic structure of South Africa.

The observed peak in July and August (see Fig. 11) could turn
out to be an intermediate peak, followed by a temporary decline
in case numbers. On the one hand, the consolidation of cases in
September could give support to this hypothesis and might
denote the beginning of a second period with higher infection
numbers. On the other hand, comparatively lax level 2 measures
were applied during this time and could slow down the decline.
Other possible explanations relate to unobserved epidemic
parameters that were not included in the simulation, such as
environmental influences (Bontempi et al., 2020), changes in
hygiene and social distance behaviour, weather changes or
mutations of the virus.

Conclusion
The results stress that from a purely epidemiological point of
view, a strict and long lockdown is a theoretically first-best
countermeasure in all simulations. A strict lockdown leads to
significantly fewer infections compared to all other scenarios
and does thus reduce the impact on the limited healthcare
system capacities. Under the assumptions discussed above, the
simulations suggest that a certain combination of chosen
intermediate measures might be sufficient to consolidate the
number of active cases. The results cannot confirm beyond
doubt President Cyril Ramaphosa’s statement that infections
have peaked. However, assuming a high proportion of unre-
ported cases and in view of the intended underestimation of
infection dynamics, the simulations carefully indicate a sound-
ness of this assumption.

Data availability
The simulation setup used for this study can be downloaded from
the following link: https://www.comses.net/codebases/d4e5bb89-
973d-486b-ab46-26781306ffc9/releases/1.0.0/. The original epi-
demic simulation framework used during the current study is
available under https://github.com/matsim-org/matsim-episim/
tree/d796bc4bfdff27d9112f6de5932b7615c9a0420a. The popula-
tion data analysed during the current study are available under
https://doi.org/10.17632/dh4gcm7ckb.1.
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Fig. 11 Official case numbers for South Africa from 1 May to 20 September 2020. Orange points denote cumulative cases, black points refer to daily new
infections. Note that the peak in new infections is located at the end of July and the beginning of August, respectively.
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