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Modelling, prediction and design
of COVID-19 lockdowns
by stringency and duration

Alberto Mellone, Zilong Gong™* & Giordano Scarciotti

The implementation of lockdowns has been a key policy to curb the spread of COVID-19 and to keep
under control the number of infections. However, quantitatively predicting in advance the effects
of lockdowns based on their stringency and duration is a complex task, in turn making it difficult for
governments to design effective strategies to stop the disease. Leveraging a novel mathematical
“hybrid” approach, we propose a new epidemic model that is able to predict the future number of
active cases and deaths when lockdowns with different stringency levels or durations are enforced.
The key observation is that lockdown-induced modifications of social habits may not be captured
by traditional mean-field compartmental models because these models assume uniformity of social
interactions among the population, which fails during lockdown. Our model is able to capture the
abrupt social habit changes caused by lockdowns. The results are validated on the data of Israel and
Germany by predicting past lockdowns and providing predictions in alternative lockdown scenarios
(different stringency and duration). The findings show that our model can effectively support the
design of lockdown strategies by stringency and duration, and quantitatively forecast the course of
the epidemic during lockdown.

By the 2nd of January 2020, forty-one hospital cases of infection by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) were confirmed in Wuhan'. By the 11th of March 2020, the coronavirus disease
2019 (COVID-19) that SARS-CoV-2 causes in humans was declared a global pandemic by WHO?. A relatively
high infectivity*, combined with a substantial fraction of the cases requiring hospital admission and intensive
care>$, makes COVID-19 a threat to the public health. In the absence of effective treatments, capable of prevent-
ing a severe and potentially fatal evolution of the disease in humans, and while a vaccine is not widely available,
governments around the world are implementing social distancing measures to curb the proliferation of the
epidemic’, thus containing the number of complications and deaths. The most drastic of these measures is the
implementation of nation-wide lockdowns. Lockdowns have successfully curbed the spread of the disease®® and
prevented national health services from being overwhelmed by an otherwise unbearably large number of severe
infections. Even though since December 2020 vaccination campaigns have started in several countries, it is still
unclear when the roll-out will guarantee that a sufficient percentage of the population is vaccinated. Moreover,
while vaccines proved to be effective against most new variants'’, the Delta variant has shown a moderate resist-
ance to vaccines'!. This has made governments cautious about lifting social distancing policies, which as of July
2021 are still enforced in the vast majority of the countries'?~'%.

Mathematical models of epidemics play a crucial role in tackling the proliferation of the disease by predict-
ing the future course of the epidemic and by supporting governmental plans including restrictions on move-
ments, testing, contact tracing and vaccine roll-out. The most popular models are the mean-field compartmental
models">~*%, The population is split in multiple, mutually exclusive compartments. Each of these compartments
represents a stage of the disease, with individuals moving from a compartment to another as the disease pro-
gresses. Several compartmental models have been developed for COVID-19. Cooper et al. designed!® a SIR
(Susceptible, Infected and Recovered) model to investigate the spread of the disease in a number of communi-
ties, whereas Kyrychko et al. modelled® the outbreak in Ukraine in a SEIR (Susceptible, Exposed, Infected and
Recovered)-type fashion. Kucharski et al. considered?! a stochastic SEIR model to study the spread of infections
in and originating from Wuhan, while Davies et al. investigated** the UK epidemic using a stochastic SEIR-like
model stratified by age groups. Giordano et al. proposed® a compartmental model in which the infected indi-
viduals are differentiated both by disease severity and diagnosis stage. Ndairou et al. introduced®* a compart-
mental model with a focus on super-spreader individuals. Della Rossa et al. investigated® the impact of Italian
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inter-regional infections by modelling the whole country population as a network of compartmental models.
As far as the effects of radical non-pharmaceutical interventions such as lockdowns is concerned, Flaxman et al.
proposed® a model that estimates, backwards from observed deaths, the disease transmission and studied the
implications of lockdown timing. Oraby et al. considered?” a continuous-time Markov chain compartmental
model and focused on the effect of lockdowns on the hospitalisations. Other mean-field models**** explicitly
take into account the lockdown effects by changing the model structure when lockdowns are introduced or lifted,
but the approaches remain compartmental.

Model

A core, simplifying, assumption of mean-field compartmental models is that all individuals in the population
have the same degree of interaction with everyone else. This assumption is violated when a lockdown is in place,
because while a minority of individuals (e.g. essential workers) has a high degree of social interactions, the major-
ity limits their contacts to the members of their own household. In other words, on the day in which a lockdown is
enforced, the population undergoes an abrupt change in its dynamic behaviour, which undermines the assump-
tion on which traditional mean-field compartmental models are grounded®. The FL-Hybrid (Free-to-Lockdown
Hybrid) epidemic model that we propose in this paper overcomes this fundamental limitation, in that it is able
to model the instantaneous creation and destruction of these two categories of individuals characterised by dif-
ferent levels of social interaction. The FL-Hybrid model exploits a hybrid mathematical framework®" that allows
modelling the interaction between discrete events (e.g. governments introducing lockdowns) on continuous-time
dynamics (e.g. compartmental models).The relevance of the FL-Hybrid model that we introduce is not only due
to addressing mathematically the sudden change of social behaviour caused by a lockdown. The importance of
this new model also lies in the fact that it provides the policymakers with a tool to assess the impact of a past
lockdown on the course of the epidemic as well as to plan for potentially new lockdowns, should the cases be
on a sharp rise in the future. In fact, a parameter that the model allows tuning is the stringency of the lockdown,
i.e. the percentage of population effectively constrained in their own household. Different stringency levels are
reflected in real life by, for instance, what type and how many workers are considered essential, thus being allowed
to move freely, but also how strictly the rules are enforced and, therefore, how many individuals are expected to
abide by them. A second parameter that the model allows tuning is the duration of the lockdown, which may be
crucial to evaluate the optimal time to lift it, thus avoiding a new surge in cases as well as preventing an overly
prolonged paralysis of the economy. Apart from stringency and duration, which are parameters for the policy-
makers to design, the rest of the model parameters can be estimated from analysis of the available data, specifi-
cally the number of active COVID-19 infections in a given country, the cumulative number of deaths, and the
cumulative number of recoveries. The interactions between the free phase and the lockdown phase and, within
these, among the sub-models and their inner compartments are shown in Fig. 1. The mathematical formulation
of the FL-Hybrid model is provided in the following section. A detailed discussion of the model considerations,
assumptions and parameters is provided in the “Methods”.

Mathematical formulation. The FL-Hybrid (Free-to-Lockdown Hybrid) model is a hybrid dynamical
model®! switching between two modes, which we call phases: the free phase and the lockdown phase. Both the
free phase and the lockdown phase of the model are described by sets of ordinary differential equations and
represent the so-called flow of the hybrid model. The switching action (i.e. the so-called jump set of the hybrid
model) corresponds to the government’s action of enforcing or lifting a lockdown.

The free phase models the evolution of the epidemic when the entire population is allowed to move freely
and no strict policy requiring the individuals to stay at home and avoid contacts with others is enforced. This
phase typically occurs at the beginning of the epidemic or after a period of lockdown, when social distancing
measures are relaxed as a result of a drop in number of diagnosed infections. In this phase the assumption of
traditional compartmental models is verified, therefore the free phase is described by a sub-model that is a vari-
ation of a standard SIR model. We refer to this classical model as SUDER, in which the population is partitioned
in five disease stages: S, susceptible; U, undetected or undiagnosed infected; D, detected or diagnosed infected;
E, extinct (dead); R, recovered.

The lockdown phase models the evolution of the epidemic when a lockdown is imposed. The population is
divided into two categories, which we call the free population and the lockdown population. The free population
is a minority that maintains a high number of interactions with other individuals. For example, this is the case
of key workers, who are partially exempt from isolation to carry out essential jobs, but also takes into account
that some individuals do not comply with the regulations. Thus, the dynamics of the epidemic in the free popu-
lation is still accurately described by the SUDER sub-model. On the other hand, the lockdown population is
assumed to have a drastically reduced number of social interactions. This population is split into households,
which are for simplicity assumed to be of fixed size of three members (the rationale of this number is explained
in the “Methods”). The dynamics of the epidemic among these individuals is described by the HP, i.e. Household
Partitions, sub-model. In the HP sub-model the household, rather than the individual, is the fundamental unit
and represents a small group of individuals who often come in contact with each other, but rarely interacts with
the rest of the population. Hence, a household with zero infected individuals at the start of the lockdown will
most likely keep this status until the end of the lockdown. Susceptible members in a household might still be
infected from external contacts, but the probability of this happening is low. Instead, if one or multiple infected
individuals are present in the household, then the HP sub-model describes the spread of the disease among the
household members, who then, if infected, go through the usual U, D, E, and R stages of infection.
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Figure 1. The FL-Hybrid model. Graphical scheme illustrating the switching between the free and lockdown
phases of the FL-Hybrid (Free-to-Lockdown Hybrid) model, as well as the interactions between the sub-models
operating within them. The SUDER (Susceptible, Undetected or Undiagnosed Infected, Detected or Diagnosed
Infected, Extinct and Recovered) sub-model describes the epidemic dynamics within the whole population in
the free phase and within the fraction of the population not isolating during a lockdown. The HP (Household
Partitions) sub-model describes the epidemic dynamics within the fraction of population isolating in their own
household during a lockdown. Specifically, H; denotes the number of households with i undetected infected. The
dashed magenta line represents the potential introduction of infections in isolating households from rare but
unavoidable external contacts with individuals in the SUDER-sub-model.

The detailed mathematical description of the free phase and lockdown phase of the model is provided in the
forthcoming sections. The switching between these phases and the full discussion of the modelling assumptions
is provided in the “Methods”.

Free phase. In the free phase the epidemic evolves according to a standard compartmental sub-model which
we call SUDER sub-model. The SUDER sub-model is a dynamical model consisting of six ordinary differential
equations. Each equation characterises the change over time of the proportions of population experiencing a
specific stage of the disease. This model describes the dynamics of the epidemic when no lockdown measures are
introduced. The system of equations is given by
8(t) = =BS(HOU®),
U(t) = BS(HU (1) — (p + ) U (),
D(t) = 8U(t) — (o +6)D(b),
E(t) = 6D(1),
Ry(t) = pU(®),
Rq(t) = o D(1),

(1)

where S (Susceptible), U (infected Undetected), D (infected Detected), E (Extinct), R, (undetected Recovered),
and R, (detected Recovered) are the proportions of the population at each stage of the disease, while the Greek
letters represent the parameters of the model and are positive numbers. In particular,

e fBis the disease transmission rate from an undetected infected person to a susceptible person. This is the
probability that an undetected person transmits the infection to a susceptible person multiplied by the average

Scientific Reports|  (2021) 11:15708 | https://doi.org/10.1038/s41598-021-95163-8 nature portfolio



www.nature.com/scientificreports/

number of contacts per person. This parameter is dependent both on the infectivity of the disease and on the
number of close contacts between individuals. Therefore this parameter is reduced when social distancing
measures are implemented.

e Jis the probability rate of detection, i.e. the probability that an undetected infected person becomes detected
after any form of diagnosis. This parameter increases as the scale and efficiency of mass testing and contact
tracing policies are improved.

® pand o are the probability rates of recovery of undetected and detected infected people, respectively. Unde-
tected people are generally asymptomatic or develop very mild symptoms, compared to detected people who
might develop life-threatening conditions. Therefore, p is generally higher than o.

e 0 is the mortality rate of detected people and is lowered by more effective treatments.

Lockdown phase. In the lockdown phase the epidemic evolves according to the interaction of two sub-models,
one for the free population and one for the lockdown population. This interaction results in a system of twenty-
two ordinary differential equations.

Among the free population the epidemic evolves according to the SUDER sub-model, therefore six out of
twenty-two equations are analogous to the ones previously introduced and are given by

S¢(t) = —BSf (Vs (1),
Up (1) = BSp()Ur (1) — (p + 8) Uy (1),
Dp(t) = 8Up(t) — (0 + 0)Dy (1),
Ef(t) = 0Dy(t),

Ry (t) = pUs (0),

Ryf(t) = oDs(1),

where both the Latin and Greek letters have the same interpretations as in (1) and the subscript f specifies that
the quantities characterise the free population while a lockdown is enforced.

The remaining sixteen equations describe the evolution of the epidemic among the lockdown population
and constitute the so-called HP (for Household Partitions) sub-model . This sub-model aims at considerably
simplifying the complex dynamics of people isolating in lockdown, while at the same time capturing the funda-
mental behaviour of the progression of the disease. The core of the HP sub-model is the household, which is a
unit composed of 3 individuals. The assumption on the fixed number of individuals is justified in the “Methods”.
The equations model the spread of the disease among members of the same household who are observing the
lockdown measure, but also the fact that households do not isolate perfectly and new infections can be intro-
duced in a household when its members get in contact with infected people from the free population. Let H;
denote the number of households with i undetected infected, with i = 0, 1,2, 3. Then the equations describing
their dynamics are given by

Ho(t) = —BaHo(t) Uy (1),

. 2

Hy(t) = —BpH1(t) — (on + Sp)H1(t) + BmHo(t) Ur (t) — gﬁth1(f)Uf(t)>

. 2 1

Fa(t) = BuH () = 2BiHa(t) = (51 + 26, ) Ha(0) + SBaH (DU (1) — 3 BpHa(0 Uy ),
. 1

3 () = 28> (0) = (57 + 38, ) Ha(®) + 3 Bt (0 Uy (1),

where S, denotes the probability rate that an infected household member infects another susceptible person
within the household. This parameter depends on the level of interaction between members of the same house-
hold, and increases as household members interact more. pj, denotes the probability rate that an undetected
household member recovers before infecting other people within the household. Again, this depends on the
level of household members’ interaction, but decreases as members interact more. 8, denotes the probability rate
that an undetected household member becomes detected before infecting other members. This rate depends
on the efficiency of testing policies. By, denotes the disease transmission rate from an undetected person in
the free population to a susceptible person in a infection-free household. This parameter depends on the level
of exposure of susceptible members in a household to the free population, and decreases as social distancing
measures are tightened.

Let T be the total population, which is considered to be constant. We now define the quantities U; = iH;/T
fori = 1,2, 3, which represent the portions of undetected infected people living in households of type H;. Analo-
gously, we define the quantities D, E;, R,,; and Ry ;. The set of sixteen equations representing the HP sub-model
is then given by
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Ho(t) = —BuHo() U (1),

. 2

Ui(t) = —BuUn(t) — (on + ) UL (1) + ﬂTﬂlHo(f) Ur()) = 38U Uf ),

. 4 1

02(6) = 28,U1(8) = 285U2(0) = (21 428 ) Ua0) + 3B Ui OV () = S Bp LU 0,
. Oh 1

038 = 38,U2(6) — (5 +38 ) Us(6) + S BnUa Oy 0,

on + O (4)

Di(t) = i8,Ui(t) — Di(t), =123,

l.
. O .
Ei(t) = —Di(), i=1,2,3,
1
Roi(t) = 22Uy, i=1,2,3,
1

. O]
Ra(t) = ThDi(t)> i=1,23,

where oy, denotes the probability rate of recovery of a detected infected household member. 6}, denotes the mor-
tality rate of a detected infected household member.

Equations (2) and (4) together describe the lockdown phase of the FL-Hybrid model.

The parameters of the model, both in its free and lockdown phases, are estimated using the official data
provided by the national health authorities. In particular, we consider the time histories of the total number of
COVID-19 diagnosed cases, deaths and recoveries. We then obtain the time history of the COVID-19 active
cases by subtracting the deaths and recoveries from the diagnosed cases. The model parameters are then chosen
so as to minimise the weighted mean squared errors between the model-predicted time histories of the active
cases, deaths and recoveries and the real ones. The model parameters can be periodically updated to reflect
the changes in factors like the stringency of social distancing measures, the effectiveness of testing and contact
tracing regimes and the efficacy of treatments. These changes might alter the infection, detection, mortality and
recovery rates, thus justifying this parameter updating procedure.

Results and discussion
To illustrate the effectiveness of our model we present two case studies, namely the evolution of the COVID-19
epidemics in Israel and Germany.

Stringency. We first illustrate the effect of changing the strength of lockdown policies on the number of
active cases and deaths. We define the active cases of infection at any given time as the difference between the
cumulative number of diagnosed infections and the sum of cumulative deaths and recoveries. Figure 2a,b show
the change in the number of active cases and deaths as a result of changing the stringency of a lockdown in
Israel. We focus on the nation-wide lockdown imposed for thirty days, between 18/09/2020 and 18/10/2020
(days 183 and 213 since the start of the epidemic). The data is compatible with our model prediction that about
65% of the population stayed at home. As shown in Figure 2a a more stringent lockdown would have resulted in
an earlier and lower peak of active infections. A less stringent lockdown would have resulted in a peak of active
cases of about 0.9413% of the population. The beneficial effects of stricter lockdown policies is also evident on
the number of deaths, as shown in Figure 2b. Figure 2¢,d show an analogous behaviour when a change in lock-
down stringency is considered in relation to the national lockdown imposed in Germany between 23/03/2020
and 12/05/2020 (days 23-73 since the beginning of the outbreak), lasting 50 days. Our model suggests that the
government data on active cases and deaths are compatible with 80% of the population isolating within their
own household. In Figure 2c a milder lockdown produces a lower and flatter curve of active cases while the latter
results in a much higher peak, just slightly less than double the actually diagnosed cases. Figure 2d shows that a
milder lockdown would have caused five times as many deaths as a stricter one. While our model suggests that
the lockdown is an extremely effective way to curb the spread of the infection among the population, thus con-
firming previous findings”’, additionally it allows making two types of assessment. Firstly, it is possible to infer
how large the proportion of population actually isolating is. This enables policymakers to evaluate, for example,
whether the isolation rules are enforced in an adequate way or if the number of workers considered essential can
be increased or must be reduced. Secondly, our model helps to quantify the lockdown effectiveness by predicting
potential outcomes, in terms of number of active cases and deaths, when a lockdown is implemented with differ-
ent levels of strength. Figure 2 shows that even milder forms of lockdown (i.e. making sure that about half of the
population is isolating) help to make the curve of active infections flatter, compared to the case of no restrictions,
thus avoiding an extremely large number of infections and deaths.

Duration. Having assessed the effects of lockdown stringency on predicted number of infections and deaths,
we now consider the implications of different lockdown durations. Figure 3a,b illustrates this for the case study
of the lockdown imposed in Israel between 18/09/2020 and 18/10/2020. While the lockdown in Israel lasted
thirty days in this instance, we consider alternative scenarios in which a lockdown with the same stringency is
lifted later or earlier, and we show our model predictions on a window of thirty days after the lockdown end.
As of day 260, a 50-day lockdown would have achieved a tenfold reduction in the number of active cases with
respect to the actual thirty-day lockdown. In Fig. 3c,d we show the same for the German nation-wide lockdown
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Figure 2. Predicted epidemic evolution under different lockdown stringency. Evolution of the COVID-19
epidemic in Israel and Germany as predicted by our model, based on available government data. (a) Actual
evolution and model predictions of the active cases of infections in Israel by lockdown stringency. (b) Actual
evolution and model predictions of the deaths in Israel by lockdown stringency. (c) Actual evolution and model
predictions of the active cases of infections in Germany by lockdown stringency. (d) Actual evolution and model
predictions of the deaths in Germany by lockdown stringency.

between 23/03/2020 and 12/05/2020, considering hypothetical scenarios in which the lockdown would have
lasted 40 or 70 days, instead of the actual 50 days, and predicting the course of the epidemic in a 20-day window
after the lockdown. While the 40-day German lockdown scenarios produce trends similar to the Israeli case, it
is interesting to observe that prolonging the lockdown for twenty more days would not have had as considerable
benefits as if Israel had increased the duration of its lockdown. The number of active cases does experience a fur-
ther drop when the lockdown is longer, while the rise of the number of deaths does appear to slow down. How-
ever, these positive outcomes are not as considerable as those produced by a longer lockdown in Israel (which
was shorter to begin with). Ultimately, our model suggests that a lockdown duration of about 50 days yields the
most benefits, as confirmed by the fact that, had Israel enforced this duration, the additional decrease of active
cases and, consequently, of deaths would have been significant. Longer lockdowns might not yield substantial
improvements, yet they might be deeply damaging from a social or economic point of view.

Subsequent lockdown. At last, Fig. 4 demonstrates that our model is able to predict the evolution of a
new lockdown only based on data from previous lockdowns. This kind of prediction is different from the previ-
ous ones we presented, in that we no longer provide alternative scenarios in which different types of lockdown
are implemented. Instead, here we suppose to be at the start of the second lockdown, and we assume that no
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Figure 3. Predicted epidemic evolution under different lockdown durations. Evolution of the COVID-19
epidemic in Israel and Germany as predicted by our model, based on available government data. (a) Actual
evolution and model predictions of the active cases of infections in Israel by lockdown duration. (b) Actual
evolution and model predictions of the deaths in Israel by lockdown duration. (¢) Actual evolution and model
predictions of the active cases of infections in Germany by lockdown duration. (d) Actual evolution and model
predictions of the deaths in Germany by lockdown duration.

data is available from the future course of the epidemic. The model is able to reasonably predict the number of
active cases and infections in a future time window by leveraging the data collected in the first lockdown. This
is a powerful tool that enables policymakers to design the lockdown in order to achieve, for instance, a desired
peak of the active cases or to limit the total number of deaths. In Fig. 4a,b we consider the second Israeli national
lockdown starting on 27/12/2020 (day 283 of the epidemic). In our model we set a 60% lockdown stringency—
instead of the first lockdown’s 65%—to predict the course of the epidemic in the first 15 days of the second lock-
down. This is compatible with the fact that in the first days this lockdown was milder than the previous one®.
Based on data from the previous lockdown, our model is able to predict that the future peak of the active cases
of infections would be about 0.9% of the population. The future increase of the total number of deaths is also
accurately reproduced. Figure 4c,d illustrate analogous findings for the second lockdown in Germany, starting
on 02/11/2020 (day 247 of the epidemic). This second lockdown is less stringent than the first one®, which is
compatible with a 70% stringency in our model, instead of the first lockdown’s 80%. Moreover, the drastically
increased testing capacity also reduced the case fatality rate of coronavirus®. Using data collected in the first
lockdown and adjusting for a smaller case fatality rate, we predict the course of the epidemic for the first 15
days of lockdown. Our model successfully predicts that the peak of the active cases is approximately at 0.37% of
the total population, and is able to provide consistent forecasts of the future trends of deaths. It is important to
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Figure 4. Predicted epidemic evolution during the second lockdown. Evolution of the COVID-19 epidemic

in Israel and Germany during a second national lockdowns as predicted by our model, based on available
government data. The prediction of the evolution during the second lockdown (enforced at the start of the
second “wave”) is performed assuming no data from the future course of the epidemic is available at the start of
the lockdown. (a) Actual evolution and model prediction of the active cases of infections in Israel throughout
the epidemic. (b) Actual evolution and model predictions of the deaths in Israel throughout the epidemic.

(c) Actual evolution and model predictions of the active cases of infections in Germany throughout the
epidemic. (d) Actual evolution and model predictions of the deaths in Germany throughout the epidemic.

remark that these predictions of the future course of the epidemic are to be considered an initial and provisional
guess of the future trends. When real data is available, this should be used to assess the effectiveness of the lock-
down and, by feeding it back to the model, produce improved future predictions. The motivations, findings and
implications of our model are summarised in Table 1.

Methods
In this section we describe the switching between the free and lockdown phases of the FL-Hybrid model and
discuss the underlying modelling assumptions and justifications.

Switching between phases. When the FL-Hybrid model switches between the free phase and the lock-
down phase (and vice versa), some conditions on the variables need to be enforced in order to guarantee consist-
ency.
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The introduction of a national lockdown is an effective mean of containing the spread of COVID-19. The
implementation of a lockdown requires a careful design aimed at limiting the number of infections and,
consequently, deaths. We propose a model that is able to support this process by providing future predic-
tions on the course of the epidemic for different stringency levels and durations of the lockdown

Background

Stringency Even mild lockdowns, i.e. isolating about 50% of the population, result in dramatic improve-
ments compared to not implementing any form of lockdown. However, ensuring that around 80% of the
population isolate within their household yields reasonably better performances, whilst more aggressive
(i.e. more than 80% isolating population) lockdowns produce negligible additional benefits, which are
potentially outbalanced by the financial and social drawbacks caused by the restrictions

Duration Lifting a lockdown too early (e.g. before 20 days since it started) is likely to induce a sharp new
increase of infections and deaths or, at best, to cause a halt in the decrease of cases. A lockdown duration
Main findings and limitations | of around 50 days produces substantial improvements in terms of limiting the number of infections and
deaths. While enforcing a lockdown for longer periods (e.g. more than 50 days since it started) has been
found to yield marginal improvements, in the long run the negative social and business implications of
prolonged restrictions might outweigh such advantages

Prediction By leveraging data collected in a previous lockdown, it is possible to accurately predict the
peak of active cases and deaths when a new lockdown is enforced. As customary in modelling studies,
our model-based predictions are based on reasonable assumptions, but the real evolution of the epidemic
depends on how prompt and effective the actual public health and safety policies are

Our model can support policymakers to plan ahead of a lockdown by providing them with a tool to predict
the course of the epidemic as a result of different lockdown stringency levels and/or durations. This is
paramount to achieve a trade-off between the negative impact on business and society and the crucial goal
of limiting infections and deaths

Policy implications

Table 1. Policy summary.

When a lockdown starts, the FL-Hybrid model switches from the free phase to the lockdown phase. To
guarantee consistency, the population that is split among the SUDER sub-model compartments in the free
phase needs to be distributed among the compartments of the lockdown phase. To do so, we first define the
lockdown percentage L, which is the percentage of the susceptible and undetected population which will become
the lockdown population. Denote by # the moment at which the switching between free phase and lockdown
phase occurs. Then at the switching the lockdown population will be L(S(¥) + U(f)). Note that we exclude that
detected, extinct or recovered people are part of the lockdown population. This assumption makes the analysis
of the model simpler without compromising its accuracy. In fact, the population in D is assumed to be perfectly
isolated and the population in E, Ry, and R is not infectious anymore. Therefore these variables do not play an
active role in the dynamics of the epidemic, although they still play a fundamental role in tracking the impact of
the disease. Distributing these portions of population among the households would have very little impact on
the evolution of the epidemic among the lockdown population, and for simplicity they can be considered part
of the free population. The free population is therefore (1 — L)(S(£) + U(t)) + D(t) + E(t) + R, (£) + Ry ().
Consequently, the initial conditions for the SUDER sub-model of the free population in the lockdown phase are
Se(t) = (1= D)S®), Us(t) = (1 — LY)U(#), Dy (t) = D(t), Ef(t) = E(t), Ry r(£) = Ry(t), Ras(t) = Ry(t). As far
as the lockdown population is concerned, this has to be split appropriately into households. The total number

of households is given by
N = L(S(t) —; U(t))T‘ )

Let a; be the proportion of households with i undetected infected at the beginning of the lockdown, i.e. H; = a;N,
fori =0, 1,2, 3. The initial conditions of the HP sub-model is then

Hy = agN,
vz AN,
T
D; =0, i=1,2,3, (6)

EiZO, i:1)2)3)
Rui=0, i=123,
Ryi=0, i=123

Note that the coefficients a; are constrained in [0, 1] and must satisfy the system of equations

apg+ar+a+az=1, )
= UM _ 7

@+ 242 + 383 = 0

where the first equation comes from the fact that the coefficients g; are fractions which must sum to 1 and the
second equation ensures consistency in the number of undetected people in lockdown. In fact the total number
of undetected infected in_the lockdown population is given by Hy + 2H, + 3H3 = (a; + 2a3 + 3a3)N and this
number must equal LU(¢)T. By the definition of N and rearranging the terms, the second equation in (7) is
obtained.

Scientific Reports |

(2021) 11:15708 | https://doi.org/10.1038/s41598-021-95163-8 nature portfolio



www.nature.com/scientificreports/

At the end of the lockdown, the lockdown population mixes again with the free population, thus starting a
new free phase, the dynamics of which is described only by the SUDER sub-model. If the switching between
lockdown phase and free phase happens at time ¢, the initial conditions of this sub-model are easily obtained
as follows

3
U@ =Urd+ Y Ui,

i=1

3
D) =Dy + Y Di(h),
i=1
3
Ed) =E®+ > E,
i—1 (8)
3
R, (1) = Ryy (1) + > Rui(D),

i=1

3
Ry(t) = Ray (1) + Y Ra;(d),

i=1
S(#) =1—U®) — D) — E(f) — R, () — Ry(3).

Besides the lockdown percentage, another feature that the model lets the user modify is the lockdown dura-
tion, i.e. the number of days between the lockdown is enforced and lifted. In terms of the mathematical model,
the lockdown duration is the amount of time that the FL-Hybrid model spends in the lockdwown phase.

The parameters of the model have been identified using a nonlinear grey box model in MATLAB. The best
fitting parameters have been calculated by solving a weighted nonlinear least-squares problem. This least-squares
problem was solved using the MATLAB Optimization Toolbox based on the conditions and constraints we dis-
cussed above (e.g. an initial guess and a tuning range for each parameter, a matrix of weights and an estimation
window length). Parameters are usually updated every 20-40 days. The initial guesses of parameters for each
subsequent estimation were set to be equal to the values of the parameters before the update. See the section
“Code availability” for details.

Discussion on modelling assumptions. Before we discuss the modelling assumptions, it is useful to
remark that both the SUDER sub-model and the HP sub-model are mean-field models. This implies that the
models themselves do not capture the infection transmission and evolution in a case-by-case fashion, but rather
describe the averaged dynamics of the epidemic. In this sense, the parameters of the sub-models are to be meant
as average rates over the fraction of population (i.e. free or lockdown population) described by the sub-models.
Carefully choosing the parameters enables making high-precision predictions of the future trends.

In the SUDER and HP sub-models we make the following simplifying assumptions.

e The birth rate and mortality rate are assumed to be negligible and thus the total population T is considered
to be constant in the model. This is a standard assumption for compartmental models.

® Detected people are properly isolated and do not transmit the infection to susceptible people, i.e. the number
of contacts which detected people have is zero. Therefore, the disease transmission rate from detected infected
to susceptible is assumed to be zero. In reality, perfect quarantining does not happen, therefore this rate,
although very low, is not zero and depends on a country’s specific policy on detecting and isolating infected
individuals. The sub-models might be easily extended to have a non-zero transmission rate from detected
infected to susceptible.

® No undetected people will die from the disease, as the development of life-threatening symptoms would lead
to a diagnosis before death occurs. This is not always accurate, especially at the beginning of the epidemic
when low detection rates and the inability of health services to cope with the high number of cases might
lead to official sources under-reporting the number of casualties*. The sub-models might be extended by
adding an additional compartment for deaths from the undetected stage.

® A recovered person will not become susceptible of re-infections. A prior SARS-Cov-2 infection has been
found to be associated to an 83% lower risk of infection, thus justifying this simplifying assumption while
still making highly accurate predictions in a period which is equal to the duration of the immunological
memory>>*. Re-infections might be introduced in the sub-models by allowing a flow from the R compart-
ments to the S compartment at a given immunity loss rate.

In the HP sub-model we make a number of additional assumptions aimed at considerably simplifying the intri-
cate household dynamics, yet without compromising the sub-model prediction accuracy.

e The household size is fixed and consists of three members. While in most countries the average household
size is generally a number between two and four, (3.1 for Israel and 2.1 for Germany in 2019*”), our HP sub-
model requires an integer size. We selected 3 for both countries in order to simplify the theoretical devel-
opment, but the equations can be easily adapted to have an integer household size as close as possible to a
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country’s average household size. Note that, although the number of 3 is quite accurate for Israel, yet it also
produces accurate results for Germany. The main limitation of using the average household size is that this
simplification relies on a normal distribution which ensures that the approximation is valid. In the cases in
which this assumption does not hold, several possible changes can be implemented to maintain the validity
of the model. For instance, outliers can be excluded from the dataset (e.g., the percentage of household with
6 or more members is only 0.76% for Germany*’). Another approach is to blend multiple HP sub-models
which have different household sizes according to the real distribution. Considering households of different
sizes is allowed by our model, but it would cause an increase in the number of HP sub-model equations, with
minimal benefits in terms of prediction accuracy. Another possible solution is still to use a fixed household
size but evaluate the predictions of the model within a 95% confidence interval or a Bayesian credible interval.

e The coeflicients a; are selected arbitrarily, yet reasonably, in order to satisfy the constraints in (7) and the
constraint a; € [0, 1]. Note that since the constraints in (7) are a system of two equations in four unknowns,
once two of the coeflicients, for example ag and gy, are arbitrarily chosen, the remaining ones, i.e. a; and as, are
known functions of the first two. Also note that the bounds on a; € [0,1]and a3 € [0, 1] provide constraints
on the values that ag and a; can assume. The combination of these constraints limits, in fact, the arbitrariness
of the choice. For instance, the coefficient a is constrained to a large value in the range [0, 1]. This is consist-
ent with the fact that, as the infected individuals are a small percentage of the population, the vast majority
of the households at the beginning of the lockdown will have no undetected members. Additionally, note
that the HP sub-model has very low sensitivity over these coefficients. Changing these coefficients does not
produce inaccurate predictions as long as the sub-model parameters—inferred from the official data—are
suitably updated.

e  Within the same household, all undetected infected members are diagnosed at once. This assumption is
motivated by the fact that if one member of the household tests positive for the infection, it is very likely that
the rest of the household will get tested and diagnosed if infected. This process is based on the assumption
that sufficient medical resources are available. Thus, it may not be an accurate assumption at the early stage
of a vast pandemic when the health system may be overloaded.

e Ifinfected household members are diagnosed, to avoid spread of the infection the household as a whole will
self isolate, as well as its members individually. This prevents new household members from being infected
from the outside, and vice versa, and also stops the infection from spreading within the same household.

o All the cases within the same household will evolve in the same way, i.e. they all either recover or die. Obvi-
ously this is not always the case in real circumstances, but, as previously mentioned, this mean-field assump-
tion considerably simplifies the model—making it a simple yet powerful instrument—while still producing
good averaged descriptions of the epidemic evolution.

e The households of individuals belonging to the free population are assumed to be part of the free population
as well. These include, for instance, the households of key workers. The rationale is that, although the families
of the key workers keep isolating at home, they are still virtually in contact with the rest of the free population
through the key workers. This explains why official data is compatible with relatively high percentages of free
population in the lockdown phase of our model.

®  When a susceptible person in an isolating household is infected by an individual outside of the household, it
is assumed that this happens only by contact with an infected individual in the free population and not from
other households. Introducing also inter-household infections is feasible, but the rate would be very low.
This is due to the definition of the household unit as a group of individuals with high degree of isolation with
respect to the free people. It has been noted in early testings of the model that such a low inter-household
rate does not produce significant differences in the predictions. Consequently, such a change would just
over-complicate the HP sub-model while yielding negligible benefits from the point of view of its dynamic
properties.

To conclude this section, we discuss the meaning and practical implications of the lockdown percentage L in
the lockdown phase. This number, which in our model is defined as the fraction of susceptible and undetected
individuals isolating in their own household, should not be considered as an absolute measure of the fraction of
population isolating in reality. Instead, once the baseline lockdown percentage is identified by fitting the model
with the official data, the model allows the user to assess the outcome of more or less stringent lockdowns by
increasing or reducing L relative to the baseline.

Effective reproduction number. In both the free phase and lockdown phase, the epidemic grows if the
time derivative of the undetected population is higher than zero. For the free phase, this corresponds to

BSU — (p +68)U > 0, 9)
which in turn is equivalent to
Rf = LS > 1. 1
P (10)

The term }Jt is the effective reproduction number of the epidemic in the free phase provided by the model, while
the basic reproduction number is

R) = %- (11)
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In the lockdown phase the epidemic grows when Uf + Uy 4 Uy + Us > 0. Using the expressions of these deriva-
tives given in Eqs. (2) and (4) and rearranging we obtain

Rezﬂstf+ﬁh(U1+U2)+ﬂfh( HoUys + 3U Uy + : U, Uy)
(0 +Ur + 30 (% +i8) Ui

> 1 (12)

where R is the effective reproduction number in the lockdown phase. We now want to show that, at the start of
the lockdown the effective reproduction number can be expressed as a function of the lockdown percentage L.
Let 7 be the time at which the lockdown is enforced and let S = S(f) and U = U (7) be the portion of susceptible
and undetected population at the beginning of the lockdown. Then using the initial conditions S¢(¢) = (1 — L)S,
Uf(t) = (1 - L)U, defining a = a; + 2a; + 3asz and using (5), (6), and (7), the effective reproduction number
resulting from the introduction of the lockdown can be expressed as a function of L as

B —L)*SU + Bu(ar + 2a2)L U+ﬁfh(ao+ 1) + Lap) 2D L>U2
(p+8A-LU+L0YL (2 +is)a

RUL) = (13)

By defining n = By(a1 + 2a2)/a, § = B (ao + %al + %az)/a and v = 21‘3:1 (% + i8h)ai/a, the previous
expression reduces to
Bl —L)2S+nL +&L(1 — L)U

REL) = .
i (o101 —D) + L (14

Note that if L = 0, i.e. no lockdown is in&yosed, the expression of the effective reproduction number in (14)
becomes the same as in (10), i.e. Rf (0) =R; and the effective reproduction number of the free phase is retrieved.

Data availability

Official epidemiological data was gathered from the COVID-19 Data Repository by the Center for Systems
Science and Engineering (CSSE) at Johns Hopkins University. The repository is available at https://github.com/
CSSEGISandData/COVID-19.

Code availability
The code is available at https://github.com/alberto-mellone/FL-Hybrid-model.
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